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Summary

Dark matter, dark energy and inflation form the backbone of the current cosmo-
logical model. Collectively, they paint a picture of a universe’s structure sourced
by quantum fluctuations and then billions of years of gravitational clustering in an
expanding universe. These concepts are illustrated in Part I, which serves as an
introduction. This thesis then breaks new ground on all three topics: we simplify
inflationary calculations, showcase the power of current and future large-scale struc-
ture analyses, and advance our understanding of galaxy formation and the nature
of dark energy.

In Part II, we establish a technique to better understand cosmological correlators,
the primary observable in the inflationary universe. Traditionally, cosmological cor-
relators are computed with the standard but complicated Schwinger-Keldysh in-in
formalism. Here, we show that for non-dissipative systems, we can calculate correl-
ators using the more widely used in-out formalism. In de Sitter space, we achieve
this by extending the expanding Poincaré patch with a contracting one. This leads
to simplified calculations with fewer Feynman diagrams and only one propagator.

Part III jumps forward a couple of billion years, and we study the clustering of
dark matter and galaxies in the mildly nonlinear regime using its Effective Field The-
ory. Specifically, we develop the one-loop bispectrum of galaxies in redshift space,
addressing key subtleties about its renormalisation. We then analyse BOSS data
and demonstrate that the inclusion of the bispectrum significantly reduces error bars
in key cosmological parameters compared to using only the power spectrum, show-
casing the importance of including the one-loop bispectrum in future data analyses.
Finally, we forecast the predictive power of two next-generation galaxy surveys,
DESI and MegaMapper, again using the loop power spectrum and bispectrum. Our
analysis focuses on new physics, such as neutrino masses, and, more ambitiously, on
primordial Non-Gaussianity - a key probe of the nature of inflation.

In Part IV, we discuss two topics in the late universe. We develop a method
to obtain direct signals of the formation time of galaxies and show that the large-
scale distribution of galaxies is sensitive to their formation time. This is due to
additional parameters appearing in the bias expansion when assuming galaxies form
over a prolonged period of time. Lastly, we turn to dark energy, where we model
the influence of clustering quintessence on the distribution of galaxies. Again, we
analyse BOSS data, this time with particular emphasis on the dark energy equation

of state parameter.
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Introduction

The history of the universe spans incomprehensibly vast scales of time and space.
According to our current cosmological models, we can describe the universe from
approximately 1073 seconds after the beginning of time. During this infinitesimally
early stage, we believe that one or more quantum fields drove a phase of dramatically
rapid, accelerated expansion, commonly referred to as inflation. Eventually, these
fields decayed, transferring their energy to the Standard Model particles known to
us, such as electrons, photons, quarks, and neutrinos. This period left behind a
crucial signature: tiny quantum fluctuations from inflation seeded slightly denser
(hotter) and less dense (cooler) regions of the primordial universe.

After about 370,000 years, as the universe expanded and cooled sufficiently,
protons and electrons combined to form neutral atoms. Light, no longer bound by
the primordial plasma, was then able to detach and travel freely to reach us today,
forming the Cosmic Microwave Background (CMB) - a snapshot of the very early
universe. Though this afterglow from the Big Bang is extremely uniform, the tiny
ripples visible to us make the CMB the most precise cosmological probe to date.

Over the next hundreds of millions of years, the universe entered a phase of
gravitationally induced magnification of these fluctuations. Matter streamed toward
the denser regions, leaving the slightly underdense areas even emptier. This period
exemplifies the immense hierarchy of scales in physics: It took hundreds of millions
of years of gravitational collapse to eventually light up the first stars. About one
billion years later, the first galaxies formed, and fast forward to today - 13.8 billion
years after the universe’s inception - the gravitational pull resulted in billions of
galaxies in colossal clusters.

The visible narrative is, however, only a small part of the story. Two integral
components of the cosmological model dominate the universe. Dark matter, unlike

ordinary matter, is not visible to us other than through its gravitational effects. We



Chapter 1: Introduction

can ’see’ it through its gravitational lensing effects !, it is essential to explain the
measurements of the CMB, and in the large-scale structure, dark matter is necessary
to form the gravitational wells to form galaxies. Meanwhile, dark energy, which
constitutes the majority of the universe’s energy, is driving the accelerated expansion
of space itself, likely driven by a cosmological constant - a constant vacuum energy
with ever-increasing influence as space expands.

Cosmology has now evolved into a precision science, coalesced into a robust
framework known as the ACDM - A is the symbol for the cosmological constant,
and CDM stands for Cold Dark Matter. The solidity of this base model positions
cosmology at the forefront of efforts to measure physics beyond our current models.
In the mission to extract as much information as possible from the cosmos, the work
presented in this thesis can be roughly categorised into three interwoven efforts of
cosmology.

Our clearest insights into the universe’s composition and evolution - including
early hints at the initial quantum fluctuations - thus far come from studying the
distribution of the fluctuations in the CMB. However, the CMB ultimately only
provides a two-dimensional snapshot of the early epoch of the universe. Recognising
that the early fluctuations gave rise to the structures we see today - galaxies and
a web of dark matter - Large-Scale structure (LSS) cosmology can extract three-
dimensional data from billions of years of cosmic evolution. While this offers greater
sensitivity to the evolution of the universe, the three-dimensional nature of LSS data
also surpasses the information content in the CMB. The challenge lies in untangling
billions of years of gravitational clustering - an issue less dominant in the CMB.
A major theoretical breakthrough in the modelling of gravitational clustering of
dark matter and galaxies is the Effective Field Theory of Large-Scale Structure
(EFTofLLSS). It disentangles the large scales of interest from the complicated small-
scale physics while still capturing how the small-scale physics affects the larger
scales. The EFTofLSS has already been able to extract cosmological information
from galaxy surveys 7], and there is a large ongoing effort to refine its predictions
for current and future data sets.

Although ACDM explains almost all current observations exceedingly well, it
must be incomplete. It does not integrate with the broader model of high-energy

physics. For example, we have very little knowledge of the particle nature of dark

1Light follows the shortest path in space, which is curved by the presence of dark matter,
effectively bending the light like a lens.



matter 2, the quantum field theory (QFT) in curved spacetime that underpins in-
flation remains poorly understood, and the nature of dark energy remains an open
question - both theoretically and in light of tensions between early and late time
measurements. This avenue of cosmology pursues more complete models of the
universe, exploring extensions to the standard cosmological model.

Perhaps the most exciting prospect in cosmology is its potential to access en-
ergy scales that are far beyond the energy scales we can test on Earth. Inflation
is estimated to have occurred at an energy scale about 10'? times higher than the
highest energies probed by current colliders, making the early universe the ultimate
observational probe of high-energy physics - possibly even for quantum gravity. This
idea, called the cosmological collider program [8], explores the possibility that high
energy particles in the early universe may have interacted with the inflaton, leaving
an imprint on the distribution of matter. We need to have an extraordinary under-
standing of the inflationary universe to achieve the precision needed to detect these
faint signals - much like our extraordinary understanding of structure formation
and the composition of the universe will likely soon allow us to measure the mass of
neutrinos. If we reach a similar level of understanding of the inflationary universe,

we can probe for the highest of energies in physics.

2The mass of the dark matter particle is among the least constrained numbers in all of physics.
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Overview of this Thesis

This thesis consists of four parts. The first part serves as an introduction, and
the remaining parts are ordered according to the evolution of the universe.

Part I introduces all the cosmological parameters that we discuss in this thesis.
In the process of introducing all of those parameters, we simultaneously also cover
the key concepts upon which the later chapters build. In Ch. 2, we introduce
the Hubble parameter Hy, the key fractional densities {2, Qx, Weam,ws }, the dark
energy equation of state parameter of w, and the sum of neutrino masses ) >, m,, in
the context of the background constituents and evolution of the universe. We then
turn to the perturbed universe in Ch. 3, where we introduce dark matter clustering
parameters, og and Sg. This chapter also provides an overview of relativistic and
non-relativistic perturbation theory, including the conceptual introduction to the
EFTofLLSS. Finally, Ch. 4 focuses on inflation, where we derive the inflationary
power spectrum, introducing the amplitude parameter A, and the spectral index n.
We complete the set of parameters by presenting the non-Gaussianity parameters
{floc. | fxi, b derived explicitly with in-in calculations from the Effective Field
Theory (EFT) of Inflaton. This discussion also introduces the in-in formalism, which
lays the basis for the next part of this thesis.

Part II aims to better understand cosmological correlators and inflation. Here,
we show that instead of relying solely on the in-in formalism introduced in Ch. 4,
cosmological correlators can also be computed using the more familiar in-out form-
alism. This approach allows us to calculate with standard in-out Feynman rules,
and we can leverage established techniques from the in-out framework to be directly
applied to cosmological correlators. We illustrate this with a number of examples,
such as obtaining correlators as a sum over residues of Feynman propagators, deriv-
ing recursion relations for flat space correlators, and developing new cutting rules.
Finally, with the in-out formalism for cosmological correlators, we can define an
S-matrix that satisfies the standard optical theorem.

Part III is composed of three chapters based on a series of papers in large-scale
structure cosmology, bridging the early and late universe. In Ch. 6, we extend the
introductory EFTofLLSS material from Ch. 3 and present the full development of the
power spectrum and bispectrum of galaxies in redshift space at one loop. This is a
very technical chapter showcasing the full renormalisation of these observables. We
then show two applications of this theory. First, in Ch. 7, we analyse BOSS data [9]
using the EFTofLLSS power spectrum and bispectrum prediction, highlighting the



importance of the bispectrum loop. Finally, in Ch. 8, we analyse the constraining
power of future galaxy surveys. In particular, we focus on the detectability of
neutrino masses and primordial non-Gaussianity. The parameters analysed and
forecasted in the latter two chapters have all been introduced in Part 1.

Part IV explores two key aspects of late-universe cosmology. In Ch. 9, we invest-
igate how the timescales of galaxy formation imprint themselves on the large-scale
distribution of galaxies - an effect captured by three parameters in the EFTofLLSS. In
this process, we find great simplifications for bias expansions in the form of recursion
relations, which we also prove in this chapter. This work extends the discussion of
the non-locality in time from Ch. 3. Finally, we analyse dark energy models mo-
tivated by the EFT of dark energy, specifically clustering and smooth quintessence.
Here, we develop the theory of biased tracers in the presence of quintessence in
the EFTofLLSS up to the one-loop power spectrum. This entails doing perturbation
theory with exact time dependence, leading to several subtleties in Ch. 10. Using
BOSS data, we finally analyse the equation of state parameter of dark energy in

great detail.






Part 1

How we Parametrise and Model the

Universe






The Smooth Universe

2.1 Introduction

It is ambitious in and of itself to try to describe the universe as a whole. In
this ambitious quest, it is likely the best idea to start as simple as we can. This
is what we start with in this section. We introduce the defining symmetries of the
universe on large scales and discuss the contents of this smooth universe. We can
then, through the general theory of relativity, derive the universe’s evolution at large.
Luckily, our universe is, in fact, quite smooth, and therefore, some parameters that
determine the evolution of the universe can already be introduced in this chapter. In
particular, relevant for Chs. 7 and 8 we here introduce the Hubble parameter Hy and
the dimensionless Hubble parameter h, key fractional densities {2, Qx, Wedm, wp }
as well as the dark energy equation of state parameter w relevant for Ch. 10 and

neutrino masses ) ., m,, for Ch. 8.

2.2 The Background Geometry

As stated in the introduction, cosmology is concerned with describing the uni-
verse as a system. One of the first things we can ask about a system is what its
geometry is. Is the universe flat? Is it evolving? What do we even know about
the universe? The answer to this is in part based on evidence and partly based on
philosophy. The first important observation is that on very large scales, the universe
looks the same in every direction we look. We call this principle isotropy, which is
observationally confirmed to extreme precision [10]. Then, we invoke a philosoph-
ical argument, assuming that Earth, or even the Milky Way, does not have a special
place in the universe. That is, if one were to observe the universe from a completely
different point, the universe would also seem isotropic. We call this principle of the
universe looking the same from every place homogeneity, and of course, it is hard to

test since, on cosmological scales, we cannot really move. Nevertheless, it is difficult
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to picture a universe that is not homogeneous. Together, homogeneity and isotropy
form the cosmological principle, and to first approximation, almost all cosmology is
described this way.

One can show that only three three-dimensional spaces satisfy homogeneity and
isotropy: flat space, a sphere and hyperbolic space. The principles invoked so far
do not say anything about the evolution of the universe. Historically, there were
many attempts to model the universe as a steady, time-invariant object [11|. There
was, however, overwhelming evidence against it, as well as difficulties modelling it
even mathematically [12, 13]. In the most fundamental geometric construction of
the universe, we, therefore, are inclined to stay neutral about the time evolution of
the universe.

To summarise, we assume the universe is homogeneous and observe the universe
to be isotropic. Furthermore, we are agnostic about its time evolution. This leads us
to the Friedmann-Robertson-Walker (FRW) metric, which describes the spacetime

of a universe satisfying the above principles *

+1, spherical,

et drd
Ly drdr i k=d0. flat, (2.1)

2 _ 32 2| 72
ds® = —dt” +a(t)” |dZ _Kl—K:Z’Q

—1, hyperbolic,

where a(t) is called the scale factor and is a measure of how the universe expands
(or may contract). Through the scale factor, we directly introduce one of the most
important scales in cosmology, called the Hubble rate H = %, where the dot denotes
the time derivative "= d/dt. The Hubble scale 1/H separates the scales for which
the expansion is relevant from the ones it is not relevant. Today, the Hubble radius
is around 14 billion light years and thus cosmic expansion only becomes significant
on scales vastly exceeding those encountered in our daily lives. In contrast, we think
the Hubble radius in the early universe was ~ 1073% smaller! Therefore, the present-
day Hubble parameter H tells us something about the scale of the universe and, as
we will see further below, also about its age. This is the first of the parameters we
introduce in this section, and we will constrain in Ch. 7 using large-scale structure

(LSS). For simplicity one usually normalises Hy = 100 2 km s~ 'Mpc™*

, so that we
measure h which is a dimensionless number or order one. The subindex 0 here and

everywhere throughout this thesis indicates the present time value of the parameter.

!Throughout this thesis, we use natural units, i.e. c=h =1



2.3. The Background Constituents

We have set up the background geometry of a universe with a homogeneous and
isotropic background. Right now, this universe is empty, which is obviously not
true since, for example, this thesis could not exist otherwise. Hence, in the next
section, we look at how we can populate the universe with ingredients like matter
and radiation and how, in turn, the scale factor behaves because of the matter

content.

2.3 The Background Constituents

As we mentioned in the introduction, on large scales, the universe appears iso-
tropic, and our metric in Eq. (2.1) is currently set out to do exactly that. Therefore,
the background matter fields will also be homogeneous and isotropic. From sym-
metry alone, homogeneity and isotropy completely restrict the background fields to

have an energy-momentum tensor of the form

T,uu = (ﬁ + ﬁ)UuUI/ +]5§uua (22)

where U, is the fluid’s velocity relative to a comoving observer 2. The functions
p(t) and p(t) are the definitions of the coarse-grained * density and pressure of the
fluid. Energy conservation on the level of the energy-momentum tensor means its

divergence vanishes. For the 0 component, this implies
0=V, T%=p+3H(p+p). (2.3)

On large scales, the relation between the pressure and the density can be captured
by a simple equation of state parameter w = p/p. As we discuss below, the equation
of state parameter can be calculated for each of the different constituents of the
universe. While w is known for most of the fields (like dark matter or radiation),
different dark energy models predict different equation of state parameters. We
derive and analyse this from first principles in detail in Ch. 10.

This simple form of Eq. (2.3) allows us to solve it exactly. In almost all scen-

arios, w can be taken as a constant 4 as we assume the physical laws governing the

2Comoving, means an observer moving with the expansion of the universe, but otherwise having
constant spatial coordinates.

3Coarse grained, i.e. averaged over large scales because for now, we do not care what the
microphysics of these fluids are. We care about their macroscopic description, purely relying on
their symmetry properties on large scales.

4In [14], a weakly time-dependent equation of state was introduced to probe some dark energy
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background fields do not change over the history of the universe. Then we have

N —3(14w)
pmm(2) (2.4)

Qo

where py and ag are the density’s and scale factor’s present-day values. The exact
value of w depends on which species of matter we want to consider. We briefly
discuss the most important ones here.

For matter, pressure is caused by particle motion, and the energy density is the
rest mass energy. For non-relativistic matter particles, the rest mass energy is much
greater than the pressure, and therefore, we take w,, = 0. Within the total matter
density p,,, we can distinguish between baryonic matter p, (like galaxies), peam dark
matter, and as we discuss below - neutrinos. We make special mention of these three
components since we will be encountering them throughout this thesis.

By contrast, for massless particles like photons, radiation pressure becomes com-
parable to the energy density. The electromagnetic energy-momentum tensor is
traceless Tﬁ = 0 °, and therefore —p + 3p = 0. Hence, for radiation we have
w, =1/3.

Neutrinos need more careful modelling and are in between matter and radiation.
In the early universe, when they were relativistic, we count them towards the radi-
ation with equation of state parameter w, = 1/3. From neutrino oscillations, we,
however, know that the sum of neutrino masses must satisfy »_.m,, > 0.06eV [15].
This means that with the decrease in temperature over the course of the evolution
of the universe, we expect neutrinos to have become non-relativistic and behave like
matter with w, = 0. This transition from relativistic to non-relativistic leaves an
imprint on the large-scale structure of the universe. In addition, the energy density
of neutrinos at late times is proportional to their masses, i.e. p oc Y. m,,. While
there is a lot of ongoing research [16, 17| on how exactly to model neutrinos for cos-
mological structure formation, these two signatures already let us constrain neutrino
masses, and we will come back to this in Ch. 8.

For cosmology, perhaps the most interesting and uncertain equation of state
parameter is the dark energy one. A prime candidate for dark energy is the cosmo-

logical constant, describing a constant vacuum energy parametrised by the constant

aspects capturing a large number of models beyond ACDM. There we take w(a) = wo+ (ag —a)wq,
—3(14wo+aowa)
and can also be solved exactly to be p = po (%) e~ 3walao—a),

50ne can find that the energy-momentum tensor for radiation must be traceless either through
direct calculation, or purely by the conformal symmetry of Maxwell’s equations.
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A, describing the accelerated expansion of the universe exceedingly well. One typic-
ally adds the term Ag"” to the Einstein Field equations, which we will encounter in
the next section, describing the expansion as a purely geometrical property sourced
by the vacuum energy of space. To discuss its properties in terms of the coarse-
grained pressure and density, however, it is insightful to write it as an induced

energy-momentum tensor

T" = —pag", (2.5)
where py = ﬁ and from Eq. (2.2) we can immediately read off py = —pp and
therefore wy = —1. It is not clear, however, if the accelerated expansion is indeed

caused by the cosmological constant. From a theoretical point of view, the size of the
cosmological constant, as measured in cosmology, seems to be in stark disagreement
with the vacuum energy predicted by quantum field theory ¢. Alternatives to the
cosmological constant are an active area of research, in particular with regards to
the Hubble tension [20, 21] and through recent measurements from DESI [22, 23].
In Ch. 10, we will in detail discuss one such proposal inspired by the Effective
Field Theory of dark energy. We will, in particular, discuss the implications on
the distribution of galaxies if there is a dark energy component with an equation
of state parameter w # —1 and then also constrain this parameter with the data
available. We typically reserve w, without any subscript for the general equation
of state parameter for dark energy; as noted above, this is w — wy = —1 for a
cosmological constant.

Finally, we note that, of course, all these constituents are present in the universe
simultaneously, and we have to consider them all together for an accurate picture
of the evolution of the universe. Therefore, for the large-scale behaviour of the
universe, we typically consider an energy-momentum tensor with more than one
field present. The full energy-momentum tensor is thus the sum of the individual
ones so that T, = >, T/ and therefore p =", p; and p= >, ;.

2.4 The Background Equations of Motion

In the last two sections, we have described the geometry of our homogeneous and
isotropic spacetime and then analysed the general structure of the components of

such a universe. The way these two parts interact is through the dynamics governed

6This is known as the cosmological constant problem, pointed out over fifty years ago [18, 19].
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by the Einstein Field equations
1
RM — §Rg’“’ =8nG TH. (2.6)

Note that by homogeneity and isotropy, the entire dynamics of the spacetime is
parametrised through the scale factor. For a general energy-momentum tensor of
the form Eq. (2.2) and the FRW-metric Eq. (2.1), we can then obtain the dynamics

of the spacetime with the equations of motion for a, called Friedmann-equations:

and =————(p+3p). (2.7)

a\* &G _ k i 4nG
R a 3

These equations govern the evolution of the scale factor a as a function of the
constituents of the universe described by their pressure and density. As mentioned
at the end of the last sections, the pressure and densities can be the sum of several
types of fields.

A particularly useful way to write the first Friedmann equation is in the form of
an energy budget. For this purpose for each species i, we introduce the fractional

energy densities §2; = g%fﬁi. Combining this with Eq. (2.4) we have

2 a —3(14w)
Q=002 (= . 2.8
o (2) 28)
To bring the curvature into a similar form, we can define €2, = —% so that we

can relate it to the present day value with

H2 (a2
Qe = Qo—n (—) . (2.9)

The curvature parameter is currently constrained to be extremely close to zero.
This was one of the original motivators to develop the theory of inflation, known as
the flatness problem. This problem states that a small deviation from zero of the
curvature parameter today means an enormously small deviation from zero in the
early universe, which seems highly tuned. Inflation, which we will discuss in more
detail in Ch. 4, gives a mechanism for this and naturally predicts a very small value
for curvature. How small it is and what sign the curvature exactly has, however,
can distinguish between inflationary models. We will discuss the measurability of
) with galaxy surveys in Ch. 8.

With these definitions, we can now rewrite the Friedmann equation as a simple
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energy budget equation

ZQi =1. (2.10)

(2

The power of the above equation is that we can go through the known sources
like radiation, matter, dark energy and neutrinos and see if their fractional energy
densities add up to one. Any deviation from one would imply that we are missing
some new form of matter. In Chs. 7, 8 and 10, we will encounter measurement of
several fractional densities as introduced here. Sometimes, we also define w; = ;h?
to reduce the parameter degeneracy, which is what is measured in the CMB analyses
[24]. We note that in almost all contexts in these chapters unless marked specifically
otherwise, we mean the present-day values of the parameters. Explicitly, we will
discuss wp and weqm, which are the baryon and cold dark matter densities in these
chapters. We will measure and forecast constraints on €2,,, the total fractional
matter density, implicitly €2; the dark energy fractional density since in the late
universe {3 + €2,, ~ 1 and forecast the curvature parameter 2.

These parameters are insightful in and of themselves in that they tell us what the
universe consists of at different times. This is imperative, for example, to understand
how the universe will evolve. Therefore, the parameters we have introduced so far
already give us deep information about the universe. One classic example that we
can calculate from the parameters introduced so far is the age of the universe. As
has been verified very well by CMB and LSS measurements, the universe is flat
Q. ~ 0, and most of the energy is split between a cosmological constant {2, matter

Q,, and a little bit of radiation €2,. So we can write the Friedmann equation as

H? a\ a\ !
— = Q. — Qrol — . 2.11
Hg A0 T Hhmo (GO) i (GO) (2.1)

In this quite accurate model, we now calculate the age of the universe. So starting
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the clock at t = 0, and denoting the age of the universe as ¢y, we have:

to
= / dt (2.12)
0

ap 1 d
‘/o aH (a)""

1 /1 1

= — da
Hy Jo a\/QA,o + Qa3 4+ Q00

~ 13.8 * 10? years,

where from the first to the second line, we used dt = g—l‘f[ and from the second to the
third line, we used the rescaling symmetry of the FRW-metric. The values for Hy,

Quno, Qa0 and Q, o are derived from observations [24].

2.5 The Einstein de Sitter Universe

Sometimes, it is useful to study a toy model of the universe in detail since it
is analytically exactly solvable. These kind of model universes can give rise to
properties that generalise to the real universe, or at least provide motivated approx-
imations. One particularly useful model we take inspiration from in Chs. 6 and 9
is the Einstein de Sitter (EdS) universe 7. We will see that since some formulas
become much simpler in this universe, they lead to informed approximations. In
this model, we assume a flat universe and that the only component is matter, i.e.
Q,, = 1. With the Friedmann equations, we can then solve for the scale factor and

Hubble constant exactly. By finding

H?  (a\™’
e (a_o) : (2.13)
0

this becomes solvable quite easily, and we can express the scale factor and the Hubble

rate as a function of time: 8

3\ 2
a(t) = ag (§H0t> , and H(t) = 3 (2.14)

"We note, in neither of these sections will we be working in an EdS universe, but we draw
inspiration from its analytic structure for approximations. In Ch. 10 in contrast, we explicitly do
not work with this approximation.

8We here chose the expanding solution.
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This model is instrumental since it inspires a lot of simplifications that, to good
approximation, can be used in almost all large-scale structure perturbation theory.
For a complete discussion on perturbation theory in an EdS universe, see App. B.1.1.

Finally, we note that it is possible to solve for the scale factor and the Hubble
rate as in Eq. (2.14) for other ingredients and several fluids. However, beyond
the presence of two different species, it becomes increasingly complex, to the point

where, in practice, it is done numerically to capture the whole physics.

2.6 De Sitter Space

Another spacetime of fundamental importance, especially in the later chapter
about inflation Ch. 4, is de Sitter space. We will see there that we eventually will
need to formulate quantum fluctuations on a (quasi) de Sitter space background.
Then, in Ch. 5, we will delve further into the geometry of de Sitter space to introduce
new techniques for QFT in curved space and give an explicit construction of how
this works in de Sitter space. We here want to give a simple definition of de Sitter
space and highlight some of its features.

9 we will here view it as a

There are many ways to introduce de Sitter space
subclass of an FRW universe !°. The defining property is that the Hubble parameter

H is a positive constant, and we take k = 0. That is, we have
H = const., and a(t) = age™". (2.15)

Very typically, in this context, we consider the metric in conformal time, that is,
n = —H e "t with n € (—00,0). The metric in these new coordinates then has

the nice property that it looks like rescaled Minkowski space, that is

ds® =

(—dn? + di?) , (2.16)

(Hn)?
which we will be using when talking about inflation. Note that one of the sym-
metries of de Sitter is dilation symmetry; that is, the metric is invariant under
n — A\n, T — AT, for a positive real X\. This is why dynamics in de Sitter space

end up being the same on all scales, i.e. scale invariant.

9For example, as one of the maximally symmetric spacetimes along with Minkowski and Anti-de
Sitter spacetimes, or as an embedded hyperboloid in higher dimensional Minkowski space.

0Technically, this metric only covers the expanding Poincaré patch and not the entire de Sitter
geometry. For the introduction here, we, however, leave it at that.
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Ht implies that % = H? and the two Friedmann

Finally, note that a(t) = ape
equations Eq. (2.7) have the same left-hand side. If we combine them, we get the
condition p = —p, which is the same as for dark energy. In fact, we could have
introduced de Sitter space, similarly to the EdS universe in the previous section,
simply by demanding 2, = 1, which we can see from Eq. (2.11), to give a constant
Hubble parameter. Indeed, the symmetries for dark energy and the ones we will
encounter for inflation are very similar, even though inflation is a theory of the very

early universe and dark energy dominates only in the late universe.



The Perturbed Universe and the
Effective Field Theory of Large-Scale

Structure

3.1 Introduction

In the last chapter, we saw that on the largest scale possible, the entire universe,
symmetries like homogeneity and isotropy allow us to describe the universe in relat-
ively simple terms. As is often the case in physics, nature becomes more complicated
when we go to smaller scales. In cosmology, small scales encompass galactic phys-
ics, baryonic physics, and active galactic nuclei. Splitting the physics of interest on
large scales from the small-scale physics that we cannot describe with our current
understanding, which is analogous to the situation in particle physics. There, we
assume a fundamental theory of quantum gravity should, in the low-energy limit,
give rise to the standard model of particle physics. In cosmology, we have no hope
of describing the entire universe down to every galaxy, or even every electron, in
detail. Instead, we again focus on the lower energies, i.e. on the larger scales. We
will see that through Effective Field Theory, we can still perturbatively capture the
effects that small-scale physics exerts on the large scales.

To make progress, from our background description in the previous chapter, we
have to alleviate some of the assumptions. If the universe were entirely homogeneous,
no galaxies could exist - we call objects that break homogeneity inhomogeneities.
These inhomogeneities are initially small fluctuations; thus, we can treat them as
perturbations to the background that we discussed in the last section. Even after
they become sizeable, we can still formulate a perturbation theory for the relevant
scales, as we will see in Sec. 3.3.

We will start with relativistic perturbation theory, which has at least three ap-

plications relevant to us. The first application is in the early universe, during re-
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combination !. Before recombination, the universe was hot, relativistic, and the
different components of the universe, i.e. neutrinos, photons, matter, etc., were in-
teracting with each other. A prime example of this interaction between baryons and
photons are baryon acoustic oscillations (BAO), which are sound waves that arise in
the early universe from the interplay between photon pressure and matter overdens-
ities. We encounter these oscillations even in large-scale structure after billions of
years of gravitational clustering. While relativistic and complicated, perturbations
at that time were very small, and therefore, linearised relativistic perturbation can
be applied.

The task for large-scale structure cosmology can be framed to model the gravit-
ational interaction of those initial perturbations over the evolution of the universe.
Hence, a very well-modelled early universe with all its different parts is the starting
point for large-scale structure cosmology. The second relevant application of relativ-
istic perturbation theory for us is large-scale structure, where we will, in fact, see
how we can reduce it to the Newtonian perturbation theory. In essence, this is be-
cause after the decoupling from the cosmic fluid, matter behaves non-relativistically
on the scales we are interested in. So, we can neglect a lot of the terms from the
relativistic equations.

In the context of large-scale structure, another challenge arises. Throughout the
evolution of the universe, the initially small fluctuations cluster through gravity and
can become large, even larger than the background density. This led to the devel-
opment of the Effective Field Theory of large-scale structures, which smoothes over
the small scales where we have very large overdensities and describes a consistent
theory of the larger, perturbative scales, taking into account the non-linear effects
through effective interactions. In Sec. 3.3, we will discuss in detail the conceptual
ideas behind a consistent effective theory of gravitational clustering on large scales.
We leave explicit calculations to Ch. 6, which builds up the basic calculations from
the equations of motion derived here.

Finally, one can ask why inhomogeneities even exist in the first place 2? We will
answer this when discussing the very beginning of the universe in Ch. 4. The third
application of the perturbation theory discussed in Sec. 3.2 is, therefore, inflation

(and, in fact, dark energy). This is because some of the symmetries are the same,

!Recombination is the name we give to the time in the early, hot universe, when the CMB
was produced when electrons and protons recombined to form neutral hydrogen, letting the now
unbound photons stream freely.

2We note that this is not the original motivator for inflation, but it is a very natural question
that is answered by inflation.
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and there, as well, we consider relativistic perturbations on an FRW background.
The key difference is that in Ch. 4, these perturbations are so small that we have to

treat them quantum mechanically.

3.2 The Perturbed FRW Universe

Now let us go back to the geometry of the universe, and its constituents, this
time assuming there are small perturbations on top of our homogeneous and isotropic
background. We do this both for the geometry of space-time, which is a modification
from Eq. (2.1), and also allow for more complicated behaviour of the constituents
in the universe, leading to a more general approach to Eq. (2.3).

As we will see, a major subtlety in describing the perturbations is the gauge
freedom, that is, the coordinate choice 3. The right choice of coordinates to describe
our theory will be key to simplifying the calculations. This will, in fact, be highly
relevant to the introduction to inflation in Ch. 4 as well.

We will perturb the metric into a time-dependent and a small spatially dependent
piece, that is g, (Z,t) = §u(t) + 09, (Z,t) and similarly for the energy-momentum
tensor T}, (%, t) = T, (t) + 8T, (F,t), where the background parts g, and T}, (t) are
simply Egs. (2.1) and (2.2). For the metric, we adopt K = 0 from now in Eq. (2.3),
since it is now measured to almost certainty that the universe is flat [25].

A general linearly perturbed FRW-metric, in principle, has scalar vector and
tensor modes. This decomposition is a particularly suitable treatment because, to
linear order, the scalar, vector and tensor modes do not mix. Tensor modes, i.e.
gravitational waves, are a key probe for inflation and an active area of research.
However, this is not the main focus for us in this thesis. Without a continuous
source, vector modes decay away very rapidly and, therefore, are not usually of
key importance in standard cosmology 4. We will, therefore, omit them in this
section. Our focus will be on scalar modes, which are the prime source for large-
scale structure and one of the key interests in inflation.

The most general expression, including only scalar perturbations on top of an

FRW background, includes four functions. There are the “Newtonian" potentials

3For example, to describe the altitude, we choose sea level as the zero point. However, the
freedom to specify the zero point is a key simplification we can exploit, which is called gauge
freedom. There are also Gauge-invariant, physical quantities that do not depend on the Gauge,
like the height of a human.

4For cosmic string or modified gravity theories, they might be a key observable, but this is
beyond the scope of this thesis.
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U(z,t) and ®(Z,t) and the functions A(Z,t), and B(Z,t). Then, the perturbed

metric is given by
ds® = —(1 4 20)dt* + 2a(t)0;Adtdz’ + a(t)? [(1 — 2®)6;; + 0,0, B] dv'dx? |, (3.1)

where we omitted to write the functional dependence of the scalar perturbations
for brevity. As mentioned, a key subtlety is the choice of coordinates or the gauge.
This subtlety, in principle, comes from the fact that perturbing a metric and splitting
small and large scales is not a covariant procedure and introduces a gauge depend-
ence. However, physical observables should be gauge invariant or independent of
who observes them. When only considering the metric, this leads to the “Bardeen

" which is what we will work with in this section. There are two scalar

variables,
Bardeen variables, meaning that the four functions in Eq. (3.1) describe only two
physical scalar functions. In the Newtonian gauge ®> we choose coordinates, so that
A = B =0, and in those coordinates ® and ¥ coincide with the Bardeen potentials.
Now, given that these variables are gauge-independent, we can calculate observables
in Newtonian gauge, which then will be true in any gauge. The metric, which is the

same as we write in Eq. (6.10), is then given by
ds® = —(1+2U(Z,1))dt* + a(t)*(1 — 20(Z,t))dz* | (3.2)

where one can recognise that in the absence of the potentials ® and ¥, we simply
have the unperturbed metric Eq. (2.1) for K = 0.

There will be additional important gauge invariant quantities when consider-
ing the matter sector as well. We will encounter this and other gauge choices in
Ch. 4 when discussing inflation. Let us introduce those matter fluctuations then.
Throughout this treatment, while in principle we introduce generic variables, their
interpretability is quite clear. For example, it is quite intuitive to think that a co-
moving observer with the FRW metric, that just moves with the expansion of the
universe, might have an additional velocity on top of that describing a more “in-
dividual" movement. We then treat this velocity as a small perturbation relative
to the cosmic expansion. Formally, we start with describing momentum, 7* instead

since it is the more fundamental quantity ®. Momentum and velocity will play a

5The Newtonian Gauge is reminiscent of the weak field limit, which is how we obtain Newtonian
dynamics from the full theory of general relativity.

6 Apart from simplifying calculations, it is also the natural moment arising from the Boltzmann
Hierarchy.
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key role in formulating the EFTofLLSS and is a big discussion point in Ch. 6 in the
context of renormalisation.

Apart from the momentum, we can also promote the energy density p(Z,t) =
p(t) + dp(z,t) and pressure p(Z,t) = p(t) + op(Z,t) to also allow for spatial de-
pendence, since we consider effect beyond homogeneity and isotropy. However, we,
for now, do not assume dp and dp to be small. This is important eventually for
large-scale structure, where the density perturbations can become sizeable. The
splitting is simply to remind that p(t) and p(t) are the quantities we introduced for
the background in Eq. (2.2). Finally, we can also consider anisotropic stress as a
perturbation Hé-, which is a directional shear that the fluid may experience. The

energy-momentum tensor we then consider is given by *

o o@D a(t)m () 53
YT\ ) im @ ) p(E )0+ T (E ) ) '

where one can take the anisotropic stress to have vanishing trace II¢ = 0 since we can
always absorb it into other components. From here on, we can proceed exactly as in
the previous chapter. We get fluid equations from the energy-momentum tensor con-
servation V, T = 0 and then the relationship to the geometry through the Einstein
equation in Eq. (2.6). Let us start with the energy and momentum conservation
equations and start with the v = 0 component. This is in complete analogy to
Eq. (2.3), just that we now have a perturbed metric and energy-momentum tensor.

Neglecting products of metric perturbations and momentum, we have
1 .
VI =—p— aaﬂrl —3H(p+p) +3P(p+p) =0, (3.4)

which is the relativistic continuity equation, linear in metric and momentum perturb-
ations. We will come back to this equation in detail when studying non-linearities.
Let us continue with the spatial components of the energy-momentum conservation.
Again, keeping terms linear in the metric perturbations and momentum perturba-

tions, we have
V,T¥ = ar + daHr; + 0;p + 011 + (p + p)o,¥ = 0. (3.5)

Before moving on to the Einstein equations, we want to highlight that in the absence

7qu comparison, written in this form, the unperturbed energy-momentum tensor from Eq. (2.2)
reads T} = diag(—p(t),p(t), p(t), p(t))
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of pressure, and in the Newtonian limit Eqgs. (3.4) and (3.5) already resemble the
EFTofLSS equations of motion Eq. (6.12) 8. We will discuss this in much more
detail in the next section, where, in particular, we expand the discussion to account
for the effect of non-linearities.

The Einstein equations tell us more about the evolution of the metric perturba-
tions as well as their interaction with the matter components. We set up the whole
system with Eqs. (3.2) and (3.3) and calculate both sides of Eq. (2.6). In the un-
perturbed case, this gave us the Friedmann equations Eq. (2.7). Here, we instead
get four equations, which, to linear order in perturbations, are °
3H2(1—2V) — 6H® +2a720°® = 8nGp (3.6)

O (HV +®) = —4xGam; (3.7)

(818] — %(2]82> ((I) — \I/) = 87TGG2HZ‘j (38)
@, Ly (1—2\1/)—<'1'>—H(3¢>+\if)+i32(<1>—xp) = —47Gp.  (3.9)
a 2 3a? ’ '

One can see that in the absence of perturbations, ie. ® = ¥ = 0, p = p, and
p = P, Egs. (3.6) and (3.9) give the background Friedmann equations Eq. (2.7).
Furthermore, in the absence of anisotropic stress, or when isotropic stress is very
small, we can take & = W, which is what we typically do in large-scale structure.
As mentioned in the introduction of this chapter, there are two (eventually three
when counting inflation) very important limits of these equations to us. In the hot
early universe, photons, matter and neutrinos all interacted with each other and were
highly relativistic. This means the full set of equations is relevant here. However,
both metric and fluid perturbations were small compared to the background, and
we can fully treat them linearly. The set of equations we then have to consider are
the perturbed continuity equations and the Euler equations, yet with slight modific-
ations to capture interactions with each other, like Thomson scattering of photons
and baryons. Photons and neutrinos themselves require extensive modelling with
a much more detailed Boltzmann hierarchy. On top of that, we have the Einstein

equations that should be read with all fluids present simultaneously, i.e. p =" pa.

8For the sake of comparison, in those limits we have p = 0, a weakly varying gravitational field
® = 0, to linear order ® = ¥, and 1Y = % + 7%, However, we emphasise that in this section,
we derived fluctuations to linear order, and especially the inclusion of non-linear terms in II¥ is
purely schematic.

9The spacial Laplacian is simply 0% = 9;0;6%, and in general, the i and j spatial indices are
raised /lowered with §%.
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This leads to a large and complicated set of equations involving all matter and ra-
diation species. It should not be astonishing that a hot relativistic soup of particles
is difficult to model. To solve these coupled Boltzmann and Einstein differential
equations, we use numerical solvers like CAMB or CLASS [26, 27|. While they were
initially introduced to study the CMB anisotropies, for us, these solvers provide the
initial matter overdensity, which is the starting point of all the gravitational mod-
elling we do afterwards. For Chs. 6, 7, and 10, these codes, is what gives us the
linear power spectrum Pp;(k). What this object is, we will discuss in more detail in
Sec. 3.4.

This brings us to the other use of these equations, which is the gravitational
clustering of matter. After decoupling, matter largely evolves through gravity and
non-relativistically. This is simpler in a lot of ways to the early universe since now we
effectively only have to consider the matter species and only consider non-relativistic
terms. However, the matter perturbations cannot be treated linearly anymore in
the later universe as clustering leads to very over and under-dense regions such as
galaxies or voids. On top of that, it is computationally infeasible to model all the
effects of galactic physics on the large-scale distribution of matter. This is the reason
the Effective Field Theory of large-scale structure is required. We aim to model the
large-scale distribution of matter while perturbatively taking into account the effects

the small-scale physics has. We will discuss this in detail in the next section.

3.3 The Effective Field Theory of Large-Scale Struc-

ture - Conceptual Aspects

In Ch. 2, we discussed the background evolution of the universe, assuming com-
plete isotropy and homogeneity. There, one can think of the universe as averaged
entirely over all space. Then, in Sec. 3.2, we put small linear perturbations on top
of this smooth background, with, in principle, infinite detail regarding the size of
these fluctuations at any point in space. In the late universe, this level of detail
becomes unfeasible since perturbations become enormously complicated. Just ima-
gine a function p(Z,t) containing the information of every galaxy, star or electron
in the universe! What we do instead is an approach in between: we smooth over
the very small scales, blurring out the very small-scale physics. This means we have
some sensitivity to the small scales, while still focusing on physics that we can model

relatively well with perturbation theory.
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This framework is called the Effective Field Theory of Large-Scale Structure,
which is the theory of the large-scale dynamics of dark matter. It consistently
incorporates the effects of small-scale physics in a perturbative expansion, allowing

us to model the matter overdensity all the way into the mildly non-linear regime.

3.3.1 The Newtonian Equations of Motion

We first do a lot of simplifications before we delve into the subtleties of non-
linear dynamics. We will see that eventually, the dynamics we encounter will simplify
substantially. This is primarily because we consider the matter to be non-relativistic,
and most importantly, the clustering of dark matter is a causal process hence we
consider sub-horizon scales. More intuitively, we do not consider the whole universe
to affect the clustering of matter, but only the matter that is in causal contact
with each other. This means that we are interested in the length scale A < H~!.
In practice, this means that the derivative term in Eq. (3.6) dominates ', and we

simply get the Newtonian limit of the Poisson equation
O*® = 4nGa*dp. (3.10)

At late times and for matter on sub-horizon scales, anisotropic pressure also becomes
negligible, which through Eq. (3.9) implies that from here on, we can take ¥ = ®.
We will see that exactly this sub-horizon limit that we took above will also give
us the Euler and continuity equations in the Newtonian limit. To see this, let us
be a bit more specific about the type of energy-momentum tensor we would like to
consider.

From here on, we are interested in the overdensity of matter. The other con-
stituents influence the matter perturbations in the early universe before decoupling
and through the background evolution. However, after decoupling, as the name sug-
gests, the matter perturbations can be described on their own, in particular since
photon and neutrino perturbations are extremely small compared to the matter
perturbations in the later universe. We can then go back to Eq. (2.2) and consider
perturbations and the absence of pressure, but again with a perturbed velocity, or

as we will prefer momentum. We then have

T = pUrU,, (3.11)

10Tn Fourier space this implies & > aH and hence 3¢2H (¥ + H®) < k2.
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where in contrast to Eq. (2.2), the four velocity has a general but small velocity
perturbation U, = U# +6U,. The normalisation condition U,U* = —1 then implies
that U* = (y(1 — ®),a (1 + ®)v'), where v(v) is the Lorentz factor. Therefore,

the energy-momentum tensor for matter that we need to consider is given by !

T _ (—p(l +v%) a pvj> | (3.12)

” 3 ‘ .
—a~ 1 g PV,

where we opted to write the entries in terms of the velocity to connect to the four-
velocity we defined above. However, we will shortly go back to using the momentum
7 = pv'. We note that in the previous section, we derived equations that were
linear in the metric fluctuations, but we never assumed the fluid perturbations to
be small. This comes in handy now, since we can simply take - symbolically -
H;'» — v'v; — %5;@2 12 and p — %1)2. The full continuity equation we get from the

energy conservation, just as in Eq. (3.4), is then given by
VTV = —p(1+v?) — 200" — =Oim' — 3Hp — Hv® + 30p + &> = 0.  (3.13)
a

Again, considering we are interested in non-relativistic physics deep inside the hori-
zon, these equations will simplify to their Newtonian limits. To see this, note that
the size of the velocity terms in the linear regime we have v? ~ %”@, and so in the

2 is at best of the size of a metric perturbation

non-linear regime, i.e. dp ~ p, v
®. This immediately makes the last term second order in metric fluctuations. Fur-
thermore, again, terms with a time derivative are similar in size to those multiplied
by the Hubble parameter, for example, d ~ HP, and so again, given we are deep
inside the horizon, and the derivative term o d; dominates over the horizon terms
o H. In summary, all of the terms involving v? or ® in Eq. (3.14) containing go as

H® < 9;n', which is how we get to the Newtonian limit
. I, .
p+3Hp+ -0, = 0. (3.14)
a

The same argument can be made for the Euler equation. The full relativistic equa-

' In order to eventually get the kinetic tensor o;; on the right-hand side of the Euler equation
defined as the second moment from the Boltzmann hierarchy as in [28], one could add it in the
space-space part. We neglect it here since it will simply feed into the effective stress tensor we will
motivate below.

21t is this identification that tells us that anisotropic stress is small, i.e. the right-hand side of
Eq. (3.8) is negligible and hence we can set the two metric perturbations equal to each other.
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tion is given by

, 1
VHT;-M = Cl7:('i + 4aH7Ti + 8j(p1}ﬂ}j) -+ p@@ + 502@@ = O, (315)
where we can again immediately see that the last term is of the size of a second-
order metric perturbation and thus negligible. All other terms are of the size of
linear metric perturbations. Then, the final sub-horizon Euler equation is again

simply the Newtonian limit
. -1 i -1
™ + 4H7T1 +a 8]- — | +a p@Z(I) = 0, (316)
p

where we again chose to write it in terms of the momentum. We can recognise that
Egs. (3.14) and (3.16) are now exactly Eq. (6.12), however, without the effective
stress tensor 7;;, which we will discuss in the next section.

While the above derivation shows in detail how we obtain the Newtonian limit,
when we consider perturbations on sub-horizon scales, the relativistic derivation
somewhat obscures the connection to the Boltzmann equation. Confident, therefore
that the Newtonian limit sufficiently describes perturbations on sub-horizon scales,
we could have alternatively started our discussion by modeling dark matter as a
collisionless fluid described by its phase space distribution function f(Z,p,t), as
done for example in [28]. In the Newtonian limit, the equations of motion then stem

from the collisionless Boltzmann equation'®

of _ pm f _ 020f

— —m——=—= =0,
ozt dp

ot | ma?oxi (3.17)

where m is the mass of the dark matter particle, which, however, eventually drops
out. The various fluid quantities that we have encountered are simply the moments
of the phase space distribution. The first three are the density p, momentum 7* and
kinetic tensor 0%, and are defined by

mtd

m ) 1 ) . 1 o
=% [t = [dwi o= [P T
a a ma P

where we omit writing the dependencies for brevity. The equations of motion arise

from integrating successive moments of the collisionless Boltzmann equation: the

13This is the Boltzmann equation one obtains in the sub-horizon limit when starting from the
full relativistic collisionless Boltzmann equation pd,, f — 't/ ﬂpapﬁ % =0.
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zeroth moment yields the continuity equation, Eq. (3.14), and the first moment leads
to the Euler equation, Eq. (3.16), now featuring the kinetic tensor on the right-hand

" For a perfect fluid, ¥ vanishes exactly; however,

side, as noted in footnote
on small scales, this is not true for dark matter. Applying a smoothing procedure
ensures that the Boltzmann hierarchy can be consistently truncated, but generates a
non-zero stress tensor that contributes to the effective fluid description. This brings

us to the last conceptual point of this section.

3.3.2 Smoothing and the Effective Stress Tensor

So far, we have taken the full theory of general relativity and reduced it to the
scales and limits relevant for gravitational clustering. We have done this by setting
an upper limit on the scales we want to consider, that is the sub-horizon limit, which
are scales smaller than Hubble. As mentioned earlier, the key point of the EF TofLLSS
is to set a lower scale of interest as well. We enforce this by smoothing over the very
small scales 4. We will now see that it is this smoothing that leads to the effective
stress tensor on the right-hand side of the Euler equation, show why it is necessary
and finally, how we integrate out the small scales.

The fields we can perturbatively control are the long-wavelength fields X;, where
X € {p,®,7'}. The X; are the original fields but smoothed over with a window
function so as to blur out the very small fluctuations. We will define this moment-
arily. Eventually, we are neither interested in the exact way this smoothing process
works nor over what scales this smoothing happens °, but we want to make sure to
have a theory that is consistent for the regime we are interested in.

Let us imagine we want to smooth over scales of order 1/A with a window
3
function Wy (%) = <\/L27) e~22"7  We then define the short and long-wavelength
fields to be the convolution with this window function

X(7,1) = / B Wy (T — 7)X (7 1), (3.19)

and define the short wavelength field X, = X — X;. To see what this does in practice,
we can look at Fig. 3.1, where we illustrate this with a fictitious example of a density

perturbation. While we can see very clear spikes that are perturbatively hard to

4 Note that by assuming the matter fields are non-relativistic, we already implicitly assumed
that we are not going to formulate a theory about the smallest scales, since, for example, the
velocity field at the centre of a galaxy is very non-perturbative.

5That is, after renormalisation, the EFT is independent of the cutoff scale.
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Figure 3.1: Fictitious example of raw and smoothed overdensity profiles of dark matter.
The sample is taken from the Millennium Simulation [29] at z = 0 and created through
pixel brightness of a 1D slice of 2048 pixels. The raw overdensity was smoothed with

Eq. (3.19), with different smoothing scales.

control, the reality in nature is, in principle, even worse. We note that Fig. 3.1 was
created by capturing the brightness of a 1D slice containing 2048 pixels. Each pixel
can be viewed as an already smoothed over region, therefore the A = oo case really

is, A ~ % = 22h Mpc ™!, which smoothes over scales just about the size of

the Milky Way.

Now that we have gained some intuition about smoothing, let us see how this
idea manifests in the equations of motion. This is quite straightforward for linear
equations since we can simply smooth the whole equation. For the Poisson and

continuity equation, Eqgs. (3.10) and (3.14), this simply implies that

0*®, = 4rGa*Sp, (3.20)
1 )
pl + 3le + a@ﬂ} =0.

However, when we have products of fields, as we do in the Euler equation Eq. (3.16),
the smoothing leads to more subtleties. This is because the smoothed products of
fields is not equal to the product of the smoothed fields, i.e. (XY); # X;Y;. In fact,
the smoothed products of fields explicitly depend on the short wavelength fields,
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and we have (see for example [30])
1 .
(XY)r = XYy + (X Yo + 150.X0'Y + O(A™), (3.21)

where we note that the scales we are eventually interested in are much larger than
1/A, hence % < 1. This is a general pattern in the EFTofL.SS. We always understand
the product of fields to be the smoothed version of that product. This smoothing
each time then depends explicitly on the short modes and hence needs special care.
We will encounter this subtlety a lot more in Ch. 6 when discussing bias and redshift
space renormalisation.

Now, if we smooth the Euler equation. The last two terms of Eq. (3.16) are non-
linear. Therefore, as exemplified in Eq. (3.21), there will be terms that explicitly
depend on the short modes, and also, we will get higher derivative terms. Let
us collect all of these terms into a quantity we for now just call 7,;'°. Then, the
smoothed Euler equation reads

i

. . . -2 1 '
7+ 4HT +a ' p oD, = —ailﬁj <a_ (@@laj@l — 5ij(aq)l)2) + + Tij) ,

ArG 2 o
(3.22)

where we rearranged some terms so that all the linear terms are on the left and the
non-linear ones on the right, and used the Poisson equation.

Now let us discuss 7;; in detail. In some sense, it is the backbone of the EFTofLLSS
as it is the key feature that allows us to formulate a consistent and renormalisable
field theory. This is because the effective stress tensor will eventually give rise to
the counterterms that absorb the UV dependence of the loops.

As mentioned in Eq. (3.21), we will get for example the following terms after
smoothing 7;; D % (0;0,0;®,),. Hence, the exact structure of 7;; is an incredibly
complicated function and dependent on very high-energy physics, far beyond what
we can describe analytically. However, our aim is to capture the effects of the
high-energy physics, relevant for the long-wavelength fields - this is what we call
effective interactions. To capture the effective interaction, we integrate out the
short-scale physics by ensemble averaging '7. This average, by design, only depends
on the long-wavelength fields and introduces a stochastic part uncorrelated to the

dark matter fields. That is, schematically 7; = (7}5) + 7'3 + 7§;, where the second

16This includes the smoothed kinetic tensor, a;j , introduced at the end of the last section.
1"We will discuss what exactly we mean by ensemble averaging in much more detail in Sec. 3.4.
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and third part are the higher derivative and stochastic terms. We will expand the
ensemble-averaged part in an EFT expansion, an expansion based on every term
allowed by the symmetries. To do this, we need to investigate the symmetries of
the problem and the relevant dependence of this effective stress tensor, 7;;, on the
long-wavelength fields. In short, we need to check what and how 7;; can depend on.
Let us start with the first.

From here on, we will drop the sub-index X; — X since all fields we consider in
this thesis from here on are implicitly the long modes. We emphasise that all the
equations in Ch. 6 and onward are meant to represent the long-wavelength fields;
we omit writing the subindex every time. Now, to investigate 7;;, let us rewrite the
Euler equation in its final form. We have

;I

; ) +a ' pdi® = —a 107, (3.23)

7:('1' -+ 4H7T1 + a_lﬁj (

which is just Eq. (3.16) with the additional term on the right-hand side. The sym-
metries of 7;; are therefore dictated by the left-hand side of the above equation. We
notice immediately that the left-hand side is rotationally invariant, implying that
the right-hand side must be as well. Less trivially, the equations of motion are in-
variant under the subset of diffeomorphisms that keep us in the Newtonian gauge

in the non-relativistic limit. These are the Galilean shifts given by ®
t—t+a(t)r;, 2 — "+ E(). (3.24)

It is useful to show how the different fields change under such shifts. We have (see

for example [31])

O =0, 0 — 0, -0, m—a+pal'(t), vl —v + afi(t),

p—p, D — D —a(Et)+2HE (L))", (3.25)

and it is quite simple to see that the left-hand side of Eq. (3.23) is invariant under
these shifts, implying that 7¥/ must be invariant as well. These symmetry consider-
ations are enough to find the dependence of 7;; on the long-wavelength fields. One
typically chooses to take ® and v* for this expansion as we do, for example, in Ch. 6.

Then Galilean invariance tells us that 7;; can only depend on the metric perturba-

18These are the same shifts we impose for the velocity in Sec. 6.5.2, with the identification
XZ — aé"L
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tion with at least two derivatives, so it is of the form 0,0,® and the velocity field
would need to come with at least one derivative to be an invariant, that is d;07.
Additionally, note that we defined 7% to also contain the higher derivative terms
mentioned in Eq. (3.21). Finally, as mentioned above, to account for the difference
between a given realisation and the mean when taking the ensemble average of the
short modes, we also introduce a stochastic field € that is uncorrelated with the dark
matter fields. Now that we know what fields the effective stress tensor depends on,
we have to consider what this dependence looks like.

This question boils down to asking how the short modes affect the long modes.
Clearly, the effect of the short modes on the long modes is spatially local; that is,
a galaxy at the other end of the universe will not greatly affect the behaviour of a
long wavelength field here. This makes the dependence local in space. In contrast,
a short mode in the distant past has affected the long modes today. This is because
the short modes evolve over similar time scales to the long modes; hence, the short
modes influence the long modes over their whole history. Therefore, we cannot
simply average over these time scales, making the expansion non-local in time. In

summary, the effective stress tensor must have the following form,

t
FiE ) = / At H(#)F (9,0,,(Fa, ), O (T ), O 611, ) (3.26)
t
= / dt' HYK (t,t)0'0 ®(Za(z,t, ), ') + ...,

where F'¥ is a completely general rotationally invariant function, and in the second
line, we wrote the first leading term, with K being an arbitrary kernel capturing the
influence of 9°07® on the effective stress tensor over its history '°. Finally, we note
that we do not evaluate the fields at & but at their fluid position over its history,
which is given by Zy. The exact structure of Zy allows us to integrate over the field’s
history while remaining invariant under Galilean shifts. The fluid line element is

recursively given by
tl
Ta(7,t,t) = f—i-/ dt"H(t")o(Za(Z,t,t"),t") , (3.27)
t

and in practice, one can perturbatively expand it in powers of v up to the required

order.

YLocal in time would mean K(t,t') = k(t)dp(t — t'), which collapses the integral, and makes
the left-hand side only dependent on the values at .
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On the field level, we have now established all the relevant ideas to discuss the
Effective Field Theory of large-scale structure in the context of dark matter. We
have formulated a consistent theory of the long-wavelength fields, integrating out
the short scales that led to an effective stress tensor. There are standard ways to
perturbatively expand the overdensity and momentum and then solve the Euler and
continuity equation order by order. We refrain from going into the technical details
of this here since it is done in detail in Ch. 6 from the ground up, which is also why,
in this section, we focused on conceptual aspects rather than computational ones.
Nevertheless, in the next section, we briefly connect to what we eventually measure.

We note that the description of galaxies - often called biased tracers - in the
EFTofLLSS follows the same symmetry principles we laid out in detail here for 7;;.
Indeed, in Ch. 6 we proceed in an analogous way, and the general equation we give
Eq. (6.124) is almost the same as for 7;; in Eq. (3.26). The non-locality in time
we have encountered here is discussed in the context of galaxies in detail in Ch. 9,

where we will see that it becomes a measurable effect.

3.4 Large-scale Structure Observables

In the last sections, we went from describing the uniform background of the
universe to describing linear and then non-linear perturbations. These perturba-
tions, importantly, are functions of space and contain a wealth of information. The
challenge we then face is how we summarise this wealth of information.

While there are more and more approaches as to what the best way is to extract
information from galaxy surveys as for example, in [32, 33|, we here focus on n-
point functions, which is what will be relevant for us in the later chapters. We keep
the discussion in the context of dark matter since we just introduced it in the last
section, but it is the analogous concept for any density field. Let us first introduce

the dark matter overdensity that is

5(T,t) = 1, (3.28)

where here and from now on, we drop the subscript m for matter. The most common
observables in cosmology are then the n-point statistics of the overdensity, which
are products of the overdensity field at different points.

The origin of the fluctuations in the universe is likely quantum mechanical, as

we will establish in Ch. 4. So, we understand the origin of the fluctuations as the
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realisation of one of the many possible quantum mechanical outcomes. The expect-
ation values, therefore, should be understood as an ensemble average of different
realisations of the universe. In practice, we have access to only one realisation of the
universe, and therefore, we rely on spatial averaging. This works since sufficiently
distant regions can be causally disconnected and can be viewed as independent real-
isations. Invoking ergodicity, spatial averaging provides a reasonable estimate of
the ensemble average. Depending on how many causally disconnected regions we
have access to, this leads to a better or worse estimate of the ensemble average, and
therefore, there is a sample variance. Given the finite observable volume and, hence,
accessibility to information in the universe, there is an upper bound on the sample
size, which then defines the cosmic variance - the fundamental limit to statistical
precision in cosmology.

Now, let’s go back to the n-point functions. The most straightforward one-
point statistic we have actually already seen is (p(Z,t)) = p(t), making the spatial
averaging explicit. Of course, Eq. (3.28) implies for the one point statistic of the
overdensity (§) = 0 2. The simplest non-zero correlation function is then simply
the 2-point correlation function, which is the most prominent to date in cosmology.
It is defined as

§(T1,72) = (0(71)d(22)), (3.29)

where we left the time dependence implicit. Now, let us briefly revisit homogeneity
and isotropy on large scales since they greatly simplify the statistics of interest
in cosmology. We have already seen for the one-point function how this ended
up reducing the complexity. While we have established that perturbations explicitly
break homogeneity and isotropy, their statistical properties still obey them. This, for
example, means that no matter in what direction we look, we expect the probability
of two galaxies (or dark matter overdensities) to have a certain distance from each
other to be the same. To be precise, homogeneity and isotropy imply that the two-
point function is only a function of the distance, i.e. £(#,72) = £(|7 — @), and
this generalises to higher n-point functions.

It is often much simpler to analyse the n-point correlation functions in Fourier
space. For example, because on linear scales, the different Fourier modes evolve
independently. We therefore define d(k,¢) as the Fourier transform of Eq. (3.28).

20For the EFT expansion of biased tracers, the vanishing of the mean needs to be implemented
explicitly, in particular in the context of redshift space distortions, as in Ch. 6.
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Then of fundamental importance is the power spectrum, which is given by
(0(k, t)8(K 1)) = (2m)*6p(k + K )P (k. 1), (3.30)

and one can show quite easily that the power spectrum is simply the Fourier trans-
form of £. Of great importance is also the 3-point function, or the Fourier space

version, the Bispectrum

—

(0(ky, )0 (K, )0 (K, 1)) = (27)26p (k1 + ks + k3) B(ky, ko, ks, t). (3.31)

The power spectrum and bispectrum for galaxies in redshift space will be the primary
focus for us in Chs. 6, 7 and 8.

Finally, in our quest to introduce all the cosmological parameters of interest
for this thesis, we here introduce the ones related to the linear dark matter power
spectrum. The linear power spectrum, Py;(k), is the power spectrum we obtain from
the Boltzmann codes mentioned at the end of Sec. 3.2, i.e. we get them from the full
relativistic linearised equations of motions. Importantly, this is before gravitational
non-linearities become sizeable. The dark matter parameters are motivated by early
measurements of the dark matter power spectrum in lensing surveys and have gained
more attention because of recent disagreements between their early and late time
measurements. To define them, let us introduce another type of smoothing to the
one we encountered in the last section, which simply averages everything in a sphere
of radius R. this is called a top-hat distribution Wg(r) = 0y (R—r) ==,

the Heaviside function. We might then be interested in the variance of fluctuations

where 0 is

on a certain scale. This can be expressed as
/ —k2P11 k)W2(kR), (3.32)

where W, is the Fourier transform of Wip. Historically, the scale R = 8h~'Mpc has
been chosen as it roughly marks the transition between linear and non-linear regimes
of structure formation. Another parameter introduced because of particular sensit-
ivity to it in lensing is Sg = oy \/m, where (2, is the matter density parameter
we have introduced in Sec. 2.4. These parameters have become very familiar in
cosmology and are viewed as benchmarks by some. Therefore, while we measure the
full set of cosmological parameters in Ch. 7, we deduce these benchmark parameters

from galaxy surveys, offerting another late-time datapoint as, for example, in [34].



The Inflationary Paradigm and its

Parameters

4.1 Introduction

Inflation is the leading candidate for a consistent theory of the early universe
and will be one of the key topics in the first two parts of this thesis. At its core,
it describes a period of accelerated expansion at the very beginning of the universe.
Guth initially proposed inflation [35] to solve two shortcomings of the Big Bang
model. One of them is the flatness problem, which we already briefly discussed in
Sec. 2.4, addressing the very small value of the curvature today and its projected even
smaller value in the early universe. The other problem arises from the uniformity
in the CMB, where we see regions that are not in causal contact but are in thermal
equilibrium. This is called the horizon problem, which is an apparent violation of
causality. Even more strikingly, these causally disconnected regions have correlated
density fluctuations. Said intuitively, regions of space seem to have communicated
with each other, even though the time it would have taken them to communicate
is longer than the time the universe existed. The inflationary paradigm proposes
that these very faraway regions were very close to each other in an earlier period,
had time to communicate and then, through a quasi-exponential expansion, were
brought very far apart from each other. This rapid expansion would also decrease
any initial curvature present to a very small value, thus solving both problems and,
in fact, many others !.

Perhaps the most striking consequence of inflation is that it provides a mechanism
for the seed of structure. This is so striking because inflation was engineered to
solve the problems above but then predicted the primordial distribution of structure

through quantum mechanical formulations of inflation.

Inflation also gives a mechanism to dilute magnetic monopoles predicted by grand unification
theories and also gives a mechanism for the low entropy in the early universe.
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So far, the story we told is of a smooth universe in Ch. 2, and we put small
relativistic perturbations on top in Sec. 3.2. The initially small matter perturbations
then start to become sizeable through gravitational clustering, which we discussed
in Sec. 3.3. However, we have not answered yet why there even are perturbations
and, more strikingly, why in the very early universe, they appear to be Gaussian to
very good approximation. As we will see, the short answer to this is that this very
rapid expansion was driven by a scalar field that governed the amount of time that
inflation takes place. Through quantum fluctuations in this scalar field, the rapid
expansion of the universe ended slightly sooner or later in some regions of space. So
regions started to dilute sooner or later, making them have slightly lower or higher
energy density. In essence, quantum fluctuations in the early universe are likely
responsible for seeding all the structures we see in the universe today.

The aim of this chapter is twofold, somewhat representative of the state of cos-
mology regarding inflation 2. On the one hand, there remain many open questions
regarding the theoretical framework of inflation as well as the possible models that
can even exist. On the other hand, while slow roll inflation has remarkably predicted
an approximately scale invariant power spectrum that has been well confirmed by
now, there are further discoveries such as non-Gaussianity that would be the smoking
gun confirmation for inflation. In this quest, we derive the relevant inflationary para-
meters that we eventually constrain with large-scale structure surveys.

We start with an introduction to quantum field theory in curved space and in-
troduce the idea of slow-roll inflation. We then move on to more general inflationary
models and will do some more explicit calculations. This does not only highlight
the difference between the calculations that are classically done in inflation as op-
posed to the ones we introduce in Ch. 5 but will also allow us to later derive the
key parameters which we will be forecasting in Ch. 8 coming from the inflationary
bispectrum. In this process, we will also encounter the inflationary parameters from

the power spectrum, which we will be measuring eventually in Ch. 7.

4.2 Inflation - Setting the Stage

Let us go back all the way to the unperturbed geometry discussed in Eq. (2.1) and
again in flat space. As mentioned, inflation aims to describe a period of accelerated

expansion. It can be seen quite quickly why this solves the flatness problem, for

2The potentially third pillar one can consider are string compactifications leading to de Sitter
vacua, setting the stage for inflation [36]. This will not be the focus of this chapter.
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example. From Eq. (2.9), if we want the left-hand side to become small, we need a
period where ﬁ decreases and the same conclusion can be made to solve the horizon
problem. Now ataLH < 0, is equivalent to d@ > 0, which can be viewed as the defining
characteristic of inflation.

There are two more deep insights we obtained from observations of the CMB.
On the one hand, we observe that the small fluctuations for each component have
the same overdensity profile. That is, for example for two species (for example dark
matter and photons), right after inflation, we have ﬁf’ﬁ = %. We call this
property adiabaticity. This means fluctuations can be captured by a single function
of space, i.e. a scalar field that affected all other fields similarly. Phrased differently
we believe the initial fluctuations were not created by several complicated processes,
but one fundamental degree of freedom, that gave rise to all fluctuations.

Another implication of CMB measurements is that the perturbations seem to
have the same power on almost all scales. This means that when looking at the fluc-
tuations of the CMB, we see roughly the same distribution of fluctuations, whether
one looks at a very small part of the sky or a very large part of the sky. This is
shown in Fig. 4.1 showcasing the latest CMB results [25]. A constant line there
would mean complete scale invariance. We note, however, that the scale invariance
is approximate, with slightly more power in large fluctuations.

As mentioned in Sec. 2.6, scale invariance is a property that arises for the dy-
namics in de Sitter space. Therefore, the measured approximate scale invariance,
combined with the required accelerated expansion, leads us to believe that the space-
time at the time of inflation was very close to de Sitter, i.e. quasi de Sitter. We saw
that in Sec. 2.6 exact de Sitter space g = H?. Instead, for quasi de Sitter space, we
introduce deviations from that ¢ = H?(1 — ¢), where we can see

H
H?’

€ =

(4.1)

and given we are interested in small deviations, we take 0 < ¢ < 1 3. The parameter €
is called the slow roll parameter, and as we will see shortly, relates to the potential of
the scalar field responsible for inflation. Inflation ends when € — 1; this is equivalent
to saying @ — 0. In order to make sure that the accelerated expansion lasts long
enough to solve the horizon and flatness problem mentioned above, € cannot evolve
e 4

too fast either. This leads us to introduce a second slow roll parameter {; = - °,

3The positivity of € is given as long as the matter sector satisfies the null energy condition.
4We omit using the letter 1 as is typical for the second slow roll parameter since we use it as
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Figure 4.1: Reconstructed primordial power spectrum from the observed power spectrum
of the CMB measurements, showcasing the approximate scale invariance of primordial
fluctuations. The figure is taken from [25], with some variables adjusted to match the

formalism used in this thesis.
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which when assumed to be small, restricts € to only evolve slowly.

Now let us explore the simplest and earliest models of inflationary backgrounds
that can achieve the conditions mentioned above. This means we want to look at
the background evolution in the presence of a scalar field in a for now general FRW

background. To start, let us simply consider a scalar field with some potential

s= [ @y B@W - v<¢>] , (42)

and to make connections with all the formulas we developed in Ch. 2, we also write

out the energy-momentum tensor given by

Ty = 0,60, = [ 30,07+ V(6. (43)

Now we proceed similarly to Ch. 2 with a smooth background, and so we can, for
now, neglect all spatial derivates and focus on the temporal ones only. That is,
we, similarly to the previous matter variables, split the field into a time-dependent
background part called ¢ and a small spatially dependent perturbation, which we
will discuss in the next section. From the energy-momentum tensor and our earlier

definitions of density and pressure, we then get

p=3FHV(E), p= 30 - V(). (1.4)
We can get the equation of motion <Z~|— 3H é +V'(¢) = 0, by plugging in the density
and pressure into Eq. (2.3). Furthermore through Eq. (2.7), we can write ¢ = $5’sz.

So if we want inflation to start with a very small value of € and end when it becomes

order one, we need to transition from most of the energy being in the potential
1=,
§¢ <V, (4.5)

to a point where the kinetic energy takes over. The second slow roll parameter can
be written as & = 2 (% + e). In the slow roll regime, this implies ¢ < H¢, which

through the equations of motions tells us that H gz_ﬁ ~ V'(¢). Putting everything

together and also using H? ~ V, we therefore get

V< |V| (4.6)

the conformal time variable throughout the inflation sections and in Ch. 5.
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in the slow roll regime. Finally, taking the derivative of H qz_S ~ V'(¢) and combining

it with the smallness of the second derivative of ¢, we obtain
VI < |V, (4.7)

in the regime where the slow roll parameters are small. So we now have three
equations describing the potential in the slow roll phase, i.e., at the beginning of
inflation. From Eq. (4.5), we see most of the energy is in the potential and not in
the kinetic energy. Then Eqgs. (4.6) and (4.7), tell us the potential changes very
little in this regime, and the small slope is also not changing very much. This is why
we called the parameters slow roll this whole time: the scalar field is slowly rolling
down this very slightly varying potential. So to summarise, ¢ < 1 makes sure we're
rolling down this potential slowly, and & < 1 make sure we do so for a prolonged

period of time °.

4.2.1 The Comoving Curvature Perturbation

In order to eventually make contact with observations, we have to address a
similar subtlety as we did in Sec. 3.2, with the key difference that the perturbations
we consider are so small that we have to quantise them. In Sec. 3.2, we encountered
the gauge invariant Bardeen potentials, which are combinations of metric perturba-
tions that do not change under changes of coordinates. We said there that there are
more gauge invariant quantities when considering the matter sector as well, which
will be the key for us when discussing inflation. We will focus again just on scalar
perturbations, which allows us to compute all the parameters we will measure and
forecast in Chs. 7 and 8 and is also the primary focus in Ch. 5.

Now with the exact same perturbation variables as defined in Sec. 3.2, and with
o

q= 8—;;7ri we can recognise that the combination
H
p+Dp

is gauge invariant and is called the comoving curvature perturbation. The correla-

tions of ¢ are the key observables of inflation ¢, an example of which we have already

SWe note that Eqs. (4.6) and (4.7) are a consequence of the smallness of the slow roll parameters,
but only in that regime. That is, the smallness of the parameters implies the potential, but the
potential is not the starting point of our discussion.

6There are, of course, other observables from the tensor or even vector sector, but we here
focus on scalars.



4.8. Quantum Field Theory in FRW Universes and the In-In Formalism

seen in Fig. 4.1. The reason ( is such a powerful variable for inflation is that for
single field and adiabatic models C = 0 on super-horizon scales (so scales larger than
the horizon at the time), and hence does not evolve [37, 38, 39]. This means that
once the mode exits the horizon, they are frozen in time and, in particular, unaf-
fected by how inflation ended. This is important because we currently have very
little knowledge about how the energy in inflation was passed on to the standard
model particles 7. In turn, this also means that when computing observables in
inflation, we want to predict them at the time of horizon crossing and match that
to observations after horizon re-entry.

In the following sections, we will see how we can capture the quantum mechanical
effects of the perturbed scalar field. We will first do quantum field theory on a curved
spacetime to exemplify how we are quantising those systems and what calculations
they entail, especially including interactions. Then, in Sec. 4.4, we will do explicit
calculations in the Effective Field Theory of inflation. Note that, in the end, to make
contact with observation, we will want to relate the model to ¢ that we defined in

Eq. (4.8), which we will do as well in Sec. 4.4.

4.3 Quantum Field Theory in FRW Universes and

the In-In Formalism

In this section, we want to exemplify how we eventually treat fluctuations to the
scalar field we discussed so far in a quantum mechanical way. In particular, we here
assume that the metric is not perturbed. We will address this subtlety in the next
section, where we will see that the theory that eventually describes the inflationary
fluctuations operates exactly in the way we describe here, just with very particular
interactions present. Furthermore, the formalism for the calculations we perform
here is exactly what we challenge in Ch. 5. In order for the notation to be the same
as there and to better discuss the symmetries, we will sometimes switch to conformal
time dt = a(n)dn and use the conformal Hubble parameter H = 0,a/a.

Let us start by writing the scalar field as the background and fluctuation part
Gran = &(n) + ¢(x,m). While we discussed the background in detail in Sec. 4.2, we,
from here on, will always denote the fluctuation by ¢, which we will now outline how

we quantise it in curved space. Let us first consider the theory without interactions

"We note, however, that the modes eventually reenter the horizon and, after reentry, directly
affect gravitational clustering.
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with a general mass. We call this the free theory. On a general FRW background,

the action then reads

S = %/alg’ycdna(n)4 [(8,@)2 + m2¢2} , (4.9)

and the equations of motion can be read of as
1
g(@?} + 2H0, — 0 + a*m?*)¢(z,n) = 0. (4.10)

To quantise the field and to solve the equations, we write the field out in its Fourier

modes

(b(l', 77) = / (271')36 (fk(n)aE + fk (77)‘17,;) ) (411)
where a; and aL are the typical creation and annihilation operators &, and it is often
useful to call the term in the bracket in Eq. (4.11) ¢(k,n), which is just the Fourier
transformed field. The mode functions f are the classical solutions to the equations

of motion in Fourier space, that is
1
E(ag + 2H0, + k* + a*m?) fi.(n) = 0. (4.12)

Unfortunately we cannot solve the above equation in full generality. However, there
are several useful examples that we will also use in Ch. 5 to showcase the results
there. The normalisations of the mode functions, i.e. the boundary conditions,
are given by the canonical commutation relations and annihilation of the flat space

vacuum state in the infinite past ®. Then some commonly used constellations are

Vil

fe(n) = =it =T () D (<kn)  (massive, dS),  (4.13)
fr(n) = in\%_k 1 (conformally coupled, dS), (4.14)
fr(n) = \/%(1—}-2']{377)6_%” (massless, dS), (4.15)
folt) = S (Minkowski, B = VE T id), (4.16)

8Typical in the sense that [az, ag] =0, [az, a%/] = §(k — k') and a;|0) defines the ground state
of the Fock space.
9In de Sitter space, this defines the Bunch Davies vacuum.



4.8. Quantum Field Theory in FRW Universes and the In-In Formalism

9 m2
4 H?
v = 1/2. These are the same examples we use in Eqgs. (5.4) - (5.7). Conformally

where v = H® is a Hankel function and conformally coupled, means
coupled are particularly interesting to study (for example [8, 40]) since they are
closely related to the Minkowski ones, where we know quantum field theory very
well. We will see in the next section that for the standard model of single field
inflation, we will mostly be interested in a slightly modified version of the massless
mode function in de Sitter space. The slight modification takes into account that
we are not exactly in de Sitter space, but quasi de Sitter space captured by the slow
roll parameters, and also introduces a general speed of sounds parameter.
Eventually, we are interested in correlation functions of these fields, at the time
of reheating, which is when inflation ends, i.e. we are no longer in the accelerated
expansion phase. We, therefore, take the limit n — 0 when computing correlators.

For example, the power spectrum is defined as

—

Lim 06 (k, )¢ (k' m)|0) = (2m)°0p(k + k') Py (k), (4.17)

and for a massless scalar field in de Sitter space, we have

H2

IS (4.18)

Py(k) = lim | fif* =
While slightly hard to spot, this power spectrum is scale invariant '°. This is re-
miniscent of the approximate scale invariance in Fig. 4.1, and if we were to add
Eq. (4.18) to Fig. 4.1, we would simply see a constant line. We will discuss how
scale invariance is very slightly broken in the next section. The inflationary power
spectrum will also give rise to two parameters that are still of great interest in
observation, one of them measuring the deviation from exact scale invariance.
Note the similarity in the definition of Eq. (4.17) to Eq. (3.30), where we defined
the power spectrum for classical late-time matter perturbations. Here, however,
we are taking vacuum expectation values of a quantum mechanical system. As we
noted there, however, the probabilistic nature of these late-time perturbations does,
in fact, have its origin in the quantum mechanical perturbations we describe here.
Next, let us look at the interacting theory. That is, we allow the action in
Eq. (4.9) to have terms that go as ¢® or more. What exact interactions are present

is a very complicated question, which, for single field inflation, we will answer in

10The condition for an n-point function in Fourier space to be scale invariant is for it to scale
as k—3(n=1),
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the next section. The exact interactions determine the shape of the potential we
described in Sec. 4.2. Hence, the parameters we will derive in the next section
that constrain the single-field interactions are fundamental to the understanding of
inflation.

The primary objects we eventually hope to measure in cosmology are the late-

time n-point spectra,

By (ky, k) = 6p <Zk> H O(ky,)), (4.19)

a=1

where we defined inflationary n-point correlation functions
([T Ok) = lim (@] | ] Oka, n)I). (4.20)

For simplicity, we restricted the discussion to equal time correlators, and O might
be any operator of interest, such as ¢ or (. Let us briefly comment on our quantum
mechanical picture that is best suited for this calculation . In standard quantum
mechanics, we typically work in the Schrodinger picture, where the states capture
the time dependence of the system, and the operators stay fixed. In contrast, in
the equivalent Heisenberg picture, the time dependence is carried by the operators,
and the states are fixed. In perturbation theory, we will work in the commonly
used interaction picture, which is a middle way between the two. By introducing
interactions, we inherently changed the time evolution operator of the theory, i.e.
the Hamiltonian. We split it into the free part, which we discussed above, and
the interaction part that is new here. So we have H = Hy + H;. The operators
then evolve with the free Hamiltonian, while the states evolve with the interaction
Hamiltonian, assuming we can do so perturbatively.

Now note that we introduced the vacuum of the interacting theory |Q2) in Eq. (4.20).
This vacuum is likely not the same as the one of the free theory. This is for the
simple reason that in the free theory, the lowest energy eigenstate is the absence
of particles. In an interacting theory, we do not per se know the lowest energy
state. The key to even being able to compute any correlators in the presence of
interactions is to find a way to relate the interacting vacuum to the free one. In-
deed, it is this correspondence to the free vacuum that is new in Ch. 5, where we

relate the interacting vacuum to a different free vacuum than is commonly done.

1We note that the result does not depend on what framework we work in; for us, this is simply
a simplification in the calculation.
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Commonly in cosmology, one relates all the interacting vacuums to the free vacuum
in the infinite past, which is where we have a Minkowski-like free vacuum. This is
then what we call the Schwinger-Keldysh [41, 42| in-in formalism, as was revived by
Maldacena in [43]. We will see in Ch. 5 that the correlator, as defined in Eq. (4.20),
is agnostic about this choice of computation technique. For now, we stay with the
in-in formalism and show how we compute correlators in the standard way.
Throughout this section, we will assume unitary time evolution and neglect any
form of dissipation. This is also a crucial assumption for Ch. 5. The time evol-
ution operators satisfy 0,,U(n2,m) = —iHin(n2)U(n2,m1) and through unitarity
Unz,m) = Ut(ni,me) = U (i, m2). We can formally solve the time evolution

operator by the Dyson formula

2
U(ng,m) = Texp (—i /71 dn'Him(n')) , (4.21)
m
where T is the time ordering operator. We mentioned earlier that the primary
purpose of the time evolution operator in this discussion is to relate the interacting
vacuum to the free vacuum in the infinite past. In this process of 'switching off
(on)’ the interactions, a key concept is the adiabaticity, ' meaning we want to turn
them off slowly and smoothly. To make sure of this when projecting the vacuum,
we introduce a factor Hi, — e Hy,, always with implicitly taking ¢ — 0 [44]. In
practice, to achieve this, when integrating from the infinite past, we rotate the time
integral slightly so that we get an imaginary part, i.e. we integrate from —oo(1—1ie€).
This is computationally simpler than writing e~ Hy,, every time and in almost all
cases is equivalent. We are now in the position to relate the interacting vacuum to

the free one, fully writing out Eq. (4.20) in the in-in formalism. We have

QT[] Oka, m)I2) = (0]U (=00, ) [] O(ka, m)U (0, —o0)|0) (4.22)

_ <O| [Te(ifix%lﬂe) dn/Him(TI'))] H(f)(kmn) [Te(iifjoo(lfie) dTl/Hinc(W/))] |0>7

where in the first line we can follow the intuition (from left to right) that we start
with an asymptotically free vacuum, we evolve it forward to time 1 we insert the
operator of interest, and sandwich it with another free theory vacuum that has been

evolved to time 7. What in-in (and other) contours look like in the 7 plane is shown

12The adiabaticity here is not to confuse with the fact that inflation primarily produced adiabatic
perturbations.
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in Fig. 5.3. The important notion here is that we projected both states on the
infinite past vacuum, and interactions were turned off (on) adiabatically.

Apart from the power spectrum, which we have already showcased in Eq. (4.18),
some of the currently more ambitious observables of inflation relate to three-point
function, which we will explicitly calculate in the next section to leading order. For
that, it is useful to explicitly expand Eq. (4.22) to first order. For a three-point

function of a field ¢ to leading order, i.e. the Bispectrum, we have

(@ [T okarmI2) = (4.23)
=i [ att) | Tloten |1 [ ara] o

= 2Im </_Oo(1_i€) dn' (0| g¢(/€a777)Hint<77/)|0>> )

There are extensive Feynman rules to compute these diagrams very efficiently. We
will refer to Sec. 5.3.2 for a full discussion. The three-point function above, at
leading order, can be computed directly, which we show in the next section.

To conclude, we have established how we can compute 2-point correlators of
the free theory in Eq. (4.18), as well as the leading order interaction of a three-
point function in Eq. (4.23). We have not yet specified Hiy, or even ¢, i.e. the
theory we want to compare to observables. In the next section, we will showcase the
interactions we want to consider and parametrise the results to make contact with

observations.

4.4 Bispectrum Shapes and the EFT of Inflation

The exact interactions during inflation are not known, and numerous models
were proposed over the years as possible candidates, including the simple slow roll
model we discussed in Sec. 4.2, k-inflation [45], Dirac-Born-Infeld (DBI) inflation
[46], and many others. The paradigm that emerged as the primary theory to make
contact with observations is the Effective Field Theory of inflation [47]. As the
name suggests, this is the theory that captures the relevant degrees of freedom from
inflation at the inflationary energy scale without relying on knowing the full UV

physics at the time. While primarily all perturbations are considered, including
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metric perturbations, it eventually turns out that we can capture the physics of
single field inflation by very particular interaction on a quasi-de Sitter background.
So let us comment on the Effective Field Theory of inflation since it is a key
motivator for some of the parameters we try to measure nowadays using galaxy
surveys 3. The idea here is to build up an effective theory from the ground up,
relying on symmetries only. The key to this is the fundamental property that infla-
tion is a period of quasi-exponential expansion that had to end. This spontaneously
breaks time-translations, which is the key to formulating the effective theory. In-
tuitively, given that the inflaton chooses a preferred slicing of space, we view it as
a clock, measuring the time until inflation ends. To see how the symmetries play
out here, note that we have explicitly split the field into the background and fluc-
tuation ¢py = ¢(n) + ¢(x,n). While ¢y is a scalar under spatial and temporal
diffeomorphisms, the perturbation ¢(x,n) is not. Explicitly, we have,

t ot €04 T), & — b+ HEO(F). (4.24)

To formulate the Effective Field Theory of inflation, we are now going to gauge
away this fluctuation; that is, we choose a coordinate system where ¢ = 0, which is
exactly possible because ¢ is not gauge invariant as we see above. This means that
all the fluctuations are in the metric. This might seem unintuitive, but it is simply a
choice of coordinates that makes it simpler to formulate the Effective Field Theory.
Eventually, we will reformulate the theory in terms of a scalar field. Note that we
fixed the time diffeomorphisms, that is, £, and we only have spatial diffeomorphisms
as a symmetry. In the intuitive picture, where we are describing a clock, this means
we have fixed the space to be characterised by where the clock is set to zero.

The task is now to formulate all the possible terms of the metric that are invariant
under spatial diffs. Of course, the regular general relativity terms are, as they are
invariant under all diffs. The way to construct these building blocks is typically done
in the ADM formalism [50], which splits writes the space in terms of hypersurfaces
of constant time, keeping the spatial diffs manifest on each hypersurface ¥;. There
are eventually two fundamental building blocks for the EFT that are invariant under
spatial diffs [51, 47]. Simply the 00 component of the metric g%, and the extrinsic
curvature K, of the constant time hypersurfaces. We write the Lagrangian in those
variables, with respect to the unperturbed FRW ones, that is 6¢°° = 1 + ¢ and

13As we will see, the Effective Field Theory of inflation is very similar to the Effective Field
Theory of dark energy [48, 49|, and is therefore somewhat relevant to Ch. 10.

49



50

Chapter 4: The Inflationary Paradigm and its Parameters

0K, = K,y — aQHhW, and hy, is the induced metric on the hyper slices. Note
that the situation is extremely similar as in Sec. 3.3.2, where we first established the
symmetries we need to be invariant under and then expanded in all the independent
fields that satisfy the symmetries. Furthermore, as is typical in any EFT, we do
not know the coupling strength of these effective interactions, and we introduce
coefficients in front of all operators that can, in general, be time dependent . The
most general spatially invariant Lagrangian in terms of metric perturbations then
reads

M (1) (3g™)? + =My (1) (0g™)" +

2l
Ms(t)”
2

S = /d4x\/_[ M3R — c(t)g™ — A(t) +

M, (t)? M, (t)?
_%59005[(% _ %5[(#”2 _

3!
SK",6K", + ] : (4.25)

where we opted for the same notation as in [47], but in fact, this is the same effective
Lagrangian that we will discuss in the context of dark energy in Ch. 10, in particular
Eq. (10.1), and as we can see there, the background quantities can be related to the
unperturbed terms ', in particular, ¢(t) = —2H M2, where M2 = 1/(87G) is the
Planck mass.

So, we have formulated the most general Lagrangian in terms of metric per-
turbations invariant under spatial diffs. Now, the task remains to formulate this in
terms of the fluctuating scalar degree of freedom that we earlier introduced as being
the clock. We introduce the fluctuations in this clock by shifting ¢ — ¢ + 7(Z, ),
which restores the time diffeomorphism invariance. Under this shift, the metric 00

perturbation, for instance, changes as
5% — 1+ (14 7)2¢" + 29" 07 + g OOy (4.26)

Finally, a couple of technical considerations show that to the order we work we don’t
have to consider the extrinsic curvature, and mixing with gravity is a higher order
effect. Collecting all the terms from Eqs. (4.25) and (4.26), we finally get the action
for the Goldstone boson 7 up to third order

(am)2+(c —1)# Om°  ni#l, @2

a? a?

2 I7
Sr /d4x V- MPI ler —c

14Tn Sec. 3.3.2 we even had non-local in time couplings, so there we had time-kernels.
15We have seen similarities between dark energy and inflation already when we discussed de
Sitter space in Sec. 2.6, where we had a negative equation of state parameter w.
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4
where we defined the speed of sound c;? = 1 — %, the coupling constant A\; =
Pl
2174
%% —(c? — 1) and in the process did some normalisations. This is the Lagrangian

we will work with to compute the power spectrum and bispectrum according to the
methods in the previous section. Let us start with the mode functions. We have a
massless scalar in de Sitter, with slightly more complicated normalisation, and the
sole real difference is that every factor of k is accompanied by a speed of sound term.
We therefore have

1
21/ M3 csek?

which from here on allows us to use all the formulas derived in the previous section.

fr(n) = (1 + dcekn)e ™"k, (4.28)

The final piece now is that we have to relate the field = we introduced here to the
comoving curvature perturbation Eq. (4.8) that we eventually measure. The two

can be related by simply considering the gauges they are defined in as is done in

[52, 43] to find ¢ = —Hr 6. So, we can start with the power spectrum; we have
2 2 2 H?
P(k)=H"P,(k)=H"1li = 4.29
C( ) ( ) nl_r>r(l]|fk" 4CSM1%1€k3 ( )

As mentioned in the last section, the correlations we observe today after reentry
into the horizon have been frozen from the time they exited the horizon at £k = aH.
Since H is slowly evolving as given by Eq. (4.1), this means that the different modes
exit the horizon slightly earlier than others, which is exactly what causes the slight
scale dependence in Fig. 4.1. Note that this is a direct consequence of the 'quasi’
de Sitter expansion, and therefore, this scale invariance should depend on the slow
roll parameters. To measure this deviation from scale invariance, we introduce a

parameter n, called the spectral index, defined by 17

_dlogkP(k) 1 d [
T dlogk  Hdi ®

Ng — = —2¢—& — s, (4.30)

S

Cs
Hes
small. So we see that the deviation from scale invariance n, — 1 is directly related

where similarly to [52] we have introduced s = , which is also expected to be

to the slow roll parameters, which are responsible for the small deviation from scale

16In essence we relate the ¢ gauge, with spatial metric hi; = a(t)?e*dz?, and © = 0, to the
gauge here where h;; = a(t)?dz? and 7 # 0, by a time shift.

ITWe note again that scale invariance in Fourier space would mean the power spectrum would
go as k~3. Hence we define a measure of the deviation from k3P (k).
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invariance. With this parameter in hand, we typically parameterise the primordial

power spectrum as

272 E\™ 1
Prk)=—A, | — , 4.31
)= a. (1) (4.31)
where kg is a chosen pivot scale, and we introduced the amplitude A, = &T%H—LQ.
stVip)€

Current measurements the parameters A, and n, and constraints from the CMB are
quite conclusive with Ay = (2.098 £ 0.023)107° and n, = 0.965 + 0.004 25|, where
a pivot scale of kg = 0.05Mpc™~". These results can almost be read off from Fig. 4.1;
we simply have to look at the value of the function at the pivot scale to find roughly
In(10'°A,) ~ 3.04 and the slope gives us ny — 1. We will encounter these parameters
again in Chs. 7 and 8, where we will constrain and forecast constraints using galaxy
surveys.

If no interactions were present, the free theory predicts a Gaussian distribution
of fluctuations. Now, let us turn to the more ambitious parameters from inflation,
measuring deviations from complete Gaussianity. To leading order, these are the
three-point functions induced by the O(7?) terms. We can see from Eq. (4.27) that
unless the speed of sound is exactly one, the effective theory predicts there must be
non-Gaussianity present. Note that to leading order in interactions, the interaction
Hamiltonian simply splits into two parts Hi, = Hﬁaﬂy + Hi(n??) and we distinct
contributions for each of the two interactions in Eq. (4.27). The two bispectra we

get are then given by 18

)< 3H4)\1 1
B(7r)d = ——— 4.32
¢ 8c2 Mp €2 ek, (4.32)
Bﬂ.(@iﬂ.)2 H* 1 662/€§1ﬂ — 2263]6% + 86%/@’% + 8€2€3kT — 246% — ng
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where kr = ki + ko + k3 is the total energy, and e; = kiky + koks + k1k3 and
e3 = kykoks are the two other elementary symmetric polynomials. Similar to the
power spectrum in Eq. (4.31), we want to parametrise the theory in terms of its

scale-invariant parts and introduce coefficients that capture the new physics. For

18The same discussion about the approximate scale invariance and n, can be done for the
bispectrum. That is, we are still interested in the modes when they exit the horizon. However,
this is a subleading effect here.
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the bispectrum, we define the template

kl) k?) kS)

i , 4.
¢~ 10 4M§16202 Z I, k1k2k33) (4.33)

where the numerical prefactor is there for historical reasons and the shape function
has normalisation S(k,k, k) = 1. We made explicit that the total bispectrum can
be a function of many different shape functions, for example, the two we calculated
in Eq. (4.32). There are many other shapes one could consider, and the choice of
basis for the S; is a field in of itself [53].

Now, from the definition of the shape functions and fyr, in Eq. (4.33) and the
definitions of the parameters below Eq. (4.27), we get the two non-Gaussianity

parameters as predicted by the EFT of inflation

1
1, and fEOM° 85 (1 — —> , (4.34)

(M° _ Oy
Iu 324 c2

81
and the shape functions can be read off from Eq. (4.32) immediately. In Eq. (4.33),
it is left implicit what basis of shape functions we use to describe the full bispec-
trum. The canonical choice of using the bispectra that are coming directly from the
theoretical motivation in Eq. (4.32) turns out to not be optimal for the data ana-
lysis. For practical use, optimal templates have been developed to generate shape
functions that are as independent as possible '°. This led to the introduction of the
equilateral and orthogonal templates
deskr — 8ez — k3
Seq (k1 ko k) = ——F - T (4.35)
3
12exkr — 26e3 — 3k}
Sortn. (k1 ko bg) = ——————L

€3

and the parameters can be related to the one directly coming from the EFT of

inflation by a simple linear combination 2

oquil. 1.040  1.210 Fhom?
( @ ) - ( 079 0. ) < 5 ) | 0
orth. 0.1079 —0.06572) \ f&

19The independence can be made quantitative through a scalar product, as developed in [54].

20This change of basis is not exact, as the bases are finite and do not span the exact same
space. However, this deviation is currently a much smaller effect than the size of the error in the
experiments.
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Chapter 4: The Inflationary Paradigm and its Parameters

Finally, there is one more type of non-Gaussianity that we are typically interested
in. In contrast to the previous parameters that are direct predictions from the
EFT of Inflation, the historically first template that was introduced in the context
of inflation was done from phenomenological considerations. This first template
for non-Gaussianity was introduced in [55|, called the local type template. This is
motivated by the simplest modification to the field itself, assuming the full curvature
perturbation is a local function of the free (i.e. Gaussian) field {s. Then, the

modification we consider is given by

(=Cc+< floc (66— (¢&)) . (4.37)

where we made sure we still have a mean zero field by subtracting the mean and the
prefactor of g is again for historical reasons. From this modification, we, by design,

get a bispectrum as well that reads

6
BPe = : V¢ P (k1) Pe(kg) + 2perms. (4.38)

and so we get the shape function

Sloc.(kla k?a k?)) = 3 klkz

+ 2perms. . (4.39)
This type of non-Gaussianity is not predicted by the Effective Field Theory and
detection would hence rule out single-field inflation. Indeed, even before the for-
mulation of the EFT of inflation, it was shown to have to be very small in any
single field inflationary model [43]. Tt was later shown that, while zero in single field
models, it can be generated in multifield models of inflation [56]. Therefore, this
parameter is a direct test of whether multiple fields were present in the inflationary
period.

These are the final three non-Gaussianity parameters that we will eventually be
interested in in this thesis when making contact with observations. We note that
there are now many more templates trying to capture very different effects during
inflation (for example [57, 58, 59]). However, even constraints on the three standard
non—Gauss.1an1ty parameters are quite weak at the moment [60], with fi0% = —0.945,

L= —26+47, foih = —38 + 24. Therefore, we focus on these major inflationary
parameters in Ch. 8, where we will see how galaxy surveys might improve on those

constraints and potentially even lead to a detection.
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To conclude, we have introduced five inflationary parameters, two from the power
spectrum Eq. (4.31), and three different types of non-Gaussianity from the bispec-
trum Eq. (4.33). The local type f% is a measure of finding out whether there was
more than one field present in inflation. The other two types, fxi and f3™ give
direct insight into the interactions present in inflation as motivated by the Effective

Field Theory of inflation.
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The In-Out Formalism for In-In

Correlators

5.1 Summary

Cosmological correlators, the natural observables of the primordial universe, have
been extensively studied in the past two decades using the in-in formalism pioneered
by Schwinger and Keldysh for the study of dissipative open systems. Ironically, most
applications in cosmology have focused on non-dissipative closed systems. We show
that, for non-dissipative systems, correlators can be equivalently computed using
the in-out formalism with the familiar Feynman rules. In particular, the myriad of
in-in propagators is reduced to a single (Feynman) time-ordered propagator and no
sum over the labelling of vertices is required. In de Sitter spacetime, this requires
extending the expanding Poincaré patch with a contracting patch, which prepares
the bra from the future. Our results are valid for fields of any mass and spin but
assuming the absence of infrared divergences.

We present three applications of the in-out formalism: a representation of cor-
relators in terms of a sum over residues of Feynman propagators in the energy-
momentum domain; an algebraic recursion relation that computes Minkowski correl-
ators in terms of lower order ones; and the derivation of cutting rules from Veltman’s
largest time equation, which we explicitly develop and exemplify for two-vertex dia-
grams to all loop orders.

The in-out formalism leads to a natural definition of a de Sitter scattering matrix,
which we discuss in simple examples. Remarkably, we show that our scattering
matrix satisfies the standard optical theorem and the positivity that follows from it

in the forward limit.
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Chapter 5: The In-Out Formalism for In-In Correlators

5.2 Introduction

Conquering of the atomic scale required not only cutting-edge mathematical
structures but also a major overhaul of our ideas of the natural world. The demise
of determinism implied by the uncertainty principle and a new picture of physical
reality were not, and still are not, easy to swallow. Nevertheless, repeated confront-
ation with data and mathematical consistency has left us no choice but to abandon
classical realism and embrace the confounding beauty of the quantum world. Many
of us suspect, hope and fear that the conquering of the Planck scale will similarly re-
quire abandoning cherished principles of physics such as locality and the fundamental
nature of space and time. To be successful we will no doubt need new advanced
mathematics and, at the same time, a tight web of experiments and observation
that yet again leave us no choice but to abandon our old prejudices. Currently,
our best hope for a confrontation with nature about the character of gravity and
spacetime comes from the study of the primordial universe and the treasure trove
of information that is stored in cosmological correlators. Meaningful observational
data might not be collected next year, the next decade, or even during our life span.
Nevertheless, such data will one day be collected and will constitute a milestone of
human civilization. In this work, we put forward a small piece of technology that
we hope will help us better compute and understand cosmological correlators in

quantum field theory.

A correlator is the quantum expectation value of the product of a set of operat-
ors in a given state. When we apply quantum field theory in curved spacetime to
the study of the primordial universe, we are interested in local quantum fields that
we can later measure in cosmological data sets. Moreover, we focus on the unique
de Sitter invariant quantum state that reduces to the Minkowski vacuum on short
distances, namely the Bunch-Davies state [61] (a.k.a. Hartle-Hawking or Euclidean
state [62]). In the past twenty years, these correlators have been studied using the
so-called in-in formalism, following suggestions in [43, 63| (see [64] for a review).
This formalism had been developed much earlier in the pioneering work of Schwiger
[41], Keldysh [42] and Feynman and Vernon [65] for the study of out-of-equilibrium
open quantum systems (see e.g. [66, 67| for modern textbooks). The main raison
d’étre of this formalism is to account for the exchange of energy and information
between an open system and its environment, which leads to dissipation, fluctu-

ations and non-unitary evolution. Ironically, the vast majority of applications of the
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in-in formalism to cosmology have been restricted to closed quantum systems un-
dergoing unitary, non-dissipative time evolution. Here we point out that, for these
non-dissipative systems, we actually have the alternative and equivalent option of
using the in-out formalism, which is more familiar to many from the study of scat-

tering amplitudes.

Indeed, correlators in the Heisenberg picture have no allegiance to in-in or in-
out: they are just correlators of operators on a given state, which is often taken
to be the “vacuum" |2) of the interacting theory. The catch is that often we don’t
know non-perturbatively what |(2) is. Instead, we approximate it via an iteratively
perturbative expansion. This is most apparent in the so-called interaction picture,
where the easy evolution described by the quadratic Hamiltonian is accounted for
by working with free fields and the difficult non-linear interactions appear in the
preparation of the bra and ket of a correlator. It is here that we face a choice.
We can prepare the bra and the ket by adiabatically turning on interactions in the
infinite past and evolving forward or in the infinite future and evolving backwards.
A natural choice may be to mimic the physical problem under investigation. For
example in a scattering experiment we like to think of particles coming from the
infinite past and wandering off to the infinite future and the in-out formalism fits
this intuition. But we don’t have to make this choice. We can perfectly well use the
Lehmann—Symanzik—Zimmermann (LSZ) formula on the in-in correlators instead.
A major advantage of the in-out formalism is that it minimizes bookkeeping: all
operators are in the same time ordering, whether they are fields or interactions in
the Hamiltonian. As a consequence, each Feynman diagram corresponds to a single
product of propagators and vertices and most importantly all propagators are time-

ordered Feynman propagators.

When working with a given physical system, there may be limits in which it is
consistent to adiabatically turn on and off interactions and limits in which this is
not possible. For example, for correlators in de Sitter spacetime in the expanding
Poincaré patch, as relevant for cosmology, we have the spacelike future conformal
boundary and the null past cosmological horizon (which can be reached in finite
proper time but always with an infinite proper volume [68|). The condition of start-
ing with the Bunch-Davies state tells that we can prepare both the bra and the ket
by evolving from the Fock vacuum on the past cosmological horizon and this is why

this has been the prominent choice in the literature so far. Conversely, it seems more
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Minkowski de Sitter
t=+ o0 n=+o
t=0 n=0
I=—o00 n=—o

Figure 5.1: The Penrose diagrams of Minkowski (left) and de Sitter spacetime (right).
The de Sitter diagram has been extended with an additional copy of the contracting Poin-
caré patch that allows one to prepare the bra (blue-shaded region) using the in-out form-
alism. The green shaded region is the preparation of the ket and the red crosses represent

insertions of local operators.
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complicated to turn off interactions towards the future conformal boundary because
of the phenomenon of particle production and the decay instability of particles of
any mass. It turns out that these are not insurmountable obstacles and concrete
constructions have been devised to obtain a well-defined set of amplitudes |68, 69].
Here instead we explore a different possibility: we prepare the ket from the past
null cosmological horizon as usual, but instead we prepare the bra from the future
null conformal horizon of an auziliary contracting Poincaré patch, as shown in the
right panel of Fig. 5.1. The similarity to Minkowski spacetime is evident. With this
extended spacetime in mind, we set up the in-out formalism and we prove it’s equi-

valent to the traditional in-in formalism, in the context of QFT in curved spacetime.

Our main motivation to develop an in-out formalism was to find a non-perturbative
optical theorem that can be used in cosmology to constrain low-energy theories that
admit a standard UV completion. At the perturbative level, some consequences of
unitary time evolution in FLRW spacetime have been understood in the form of the
cosmological optical theorem [70, 71, 72, 73, 74, 75, 76]. This has been useful to boot-
strap [77] perturbative correlators [78, 79, 80, 81, 82|, but it is insufficient to derive
general positivity bounds, where one constrains an unknown and not-necessarily per-
turbative UV-completion. Beautiful progress on the non-perturbative side has been
obtained in [83, 84| using the Kéhllen-Lehman representation (see also [85, 86, 87])
and related ideas that leverage group theory and harmonic analysis. In this work,
a non-perturbative constraint from unitarity can be obtained because the textbook
derivation of the optical theorem in Minkowski also applies to our de Sitter scat-
tering matrix (see Sec. 5.7), which is naturally defined in our in-out formalism. We
only preview some results about this topic, which will be discussed in a separate

publication.

Shopping Advice So you have to compute a few correlators explicitly, but don’t
know what formalism to choose? Here are some handy top tips to consider before

you start scribbling away on your tablet:
e In-in formalism.

Pros: It can handle dissipation, fluctuations and non-unitary evolution. Indeed
this was the main reason why this formalism was developed (see e.g. [67]
and [88]). Even if the evolution of a “closed" system such as the universe

is expected to be unitary (but see [89, 90| for a different point of view), if
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we only observe part of the systems we are working with an open system
and at the quantum level we need to use words such as density operator,

Liouvillian, pure-to-mix state evolution and Markovian approximation.

Cons: The large number of propagators (four bulk-bulk and two bulk boundary)
and the exponential proliferation of labellings of diagrams (2! for a
diagram with V' vertices) are a considerable nuisance. Moreover, we miss
out on a lot of the intuition coming from the extensive study of scattering

amplitudes.
e In-out formalism.

Pros: There is a single propagator! And it’s everyone’s favourite: the time-

2\/—1

ordered Feynman propagator. The contributions of the in-in calcu-

lation are nicely repackaged into a “single" (nested) integral expression .

Cons: It cannot handle dissipation. For scattering experiments, this is not a
problem because of the excruciating care that experimentalists put into
shielding particle collisions from the rest of the world. Conversely, in less
artificial systems such as many condensed matter systems and cosmology;,

this limitation prevents us from accessing many beautiful phenomena.

Summary of the Results For the convenience of the reader we summarize here

our main results:

e We developed an in-out formalism to compute unequal time correlators in
Minkowski, de Sitter and more general cosmological spacetimes. The formal-
ism crucially assumes the absence of late-time IR divergences, which in practice
means that the divergence of the flat-slicing volume at future infinity, n — 0,
has to be offset by the decay of fields and their derivatives (see discussion
around Eq. (5.27)). The formalism applies to fields of any mass and spin. The
Feynman rules, outlined around Eq. (5.43), are the same as for the stand-
ard in-out Minkowski correlators (also the same as for amplitudes except one
does not amputate external legs). In particular, all lines, both internal and
external, correspond to a time-order Feynman propagator. As compared to

the in-in formalism, this removes the need to sum over all the possible ways

ITo be fair we should point out that in the time domain, the Feynman propagator has two
time orderings. However in the frequency/energy domain in Minkowski both are captured by a
single term, courtesy of the Feynman ie prescription, 1/(p? + ie).
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to label each vertex as “left" and ‘“right". We presented a formal argument
for the equivalence of in-in and in-out formalism and some explicit checks in

perturbation theory. The equivalence is depicted in Fig. 5.2.

We used the in-out formalism to provide two new procedures to compute
correlators, and for concreteness we focus on equal time products of scalars.
These results are obtained with similar manipulations as in a parallel study
of the wavefunction [91]. The first procedure, which we dub “pole bagging",
leverages the simplicity of the Feynman propagator in the energy-momentum
domain in Minkowski to write a (loop integrand of a) correlator as a sum of
residues of products of propagators. This can also be extended to massless and
conformally coupled scalars in de Sitter. The second procedure consists of an
algebraic recursion relation that iteratively removes internal lines of a diagram
reducing it to linear combinations of simpler diagrams. The main novelty of
our results is that we work directly at the level of the observable correlators,

rather than the somewhat more primitive wavefunction.

Time-ordered and anti-time-ordered products of operators are related by an
operator identity 2, Eq. (5.108), which is sometimes equivalently stated as the
“largest time equation" [94] and leads to the amplitude cutting rules. We use
this identity to derive an infinite number of cutting rules for correlators in
Minkowski and cosmological spacetimes including de Sitter, where we restrict
to massless and conformally coupled scalars. The number of correlator cutting
rules grows quickly with the complexity of the diagram and we provide a sys-
tematic study of one- and two-vertex diagrams (see Sec. 5.6 and the summary

Eq. (5.139)) to all loop orders and discuss three-vertex diagrams in App. A.2.

The in-out formalism suggests a straightforward definition of a de Sitter S-
matrix describing scattering from the past to the future null horizon (see also
[69] for the discussion of a similar but not identical object). We show some
simple examples for a number of conformally coupled scalars. A main advant-
age of our definition is that amplitudes satisfy the standard optical theorem.
Moreover, the symmetry between the initial and final states ensures that the
imaginary part of the forward scattering amplitudes, which in Minkowski be-

comes a discontinuity under appropriate analyticity assumptions, is positive

2This was used in a related context in [92, 93], where it was called “CFT optical theorem".
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in-in in-out

a,p=r,l

Figure 5.2: An example of the equivalence of the in-in and in-out formalism. Left: the
in-in formalism requires summing over all possibilities to label vertices as “I" (left) or “r"
(right); the bulk-boundary propagators G, and G; and bulk-bulk propagators Gy, Gy, Gy
and G, are then chosen accordingly. Right: the in-out formalism is a single expression

where all propagators are Feynman propagators.

because of unitarity (see Sec. 5.7). A dedicated analysis will appear in a sep-

arate publication.

Relation to Previous Work Some aspects of our discussion are closely related
to previous work (see e.g. [95] for a review of in-in, in-out and Euclidean formalism
in the finite temperature context). In particular, in a series of nice papers initi-
ated with [96, 68|, Marolf and Morrison studied perturbation theory in de Sitter.
Particularly relevant for us is their construction of an S-matrix for global de Sit-
ter spacetime by glueing together a contracting and an expanding Poincaré patch
along the common cosmological horizon. An interesting aspect of their setup is that
the cosmological horizon of the Poincaré patch can be reached from anywhere in
global dS in a finite proper time. Hence it is natural to extend the path integral
contour right through this surface. Here we take a similar but complementary route
by glueing two Poincaré patches along their future/past conformal boundaries (see
Fig. 5.1). This has the advantage that our path integral contour runs straight, just

like in Minkowski. In particular, our path integral does not bend on itself creating
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so-called “timefolds" and hence we avoid the associated proliferation of propagators
and labelling of interaction vertices. Conversely, since it takes an infinite amount of
proper time to reach the future conformal boundary, in our construction perturb-
ations can move from one Poincaré patch to the other only in a conformal sense,
i.e. only after jettisoning a divergent conformal factor. While we concede that this
makes the physical interpretation less intuitive, we don’t think this is a problem be-
cause all operators are inserted in a single patch and the second patch is just invoked
as an equivalent preparation of the bra of the correlator. Moreover, we postpone to
future work a discussion of how to apply an LSZ-like reduction to correlators in our
in-out formalism to derive an S-matrix.

The “extended" spacetime in Fig. 5.1 is reminiscent of the suggestion of so-called
“conformal cyclic cosmology" [97]. Here however the (upper) contracting Poincaré
patch is just auxiliary and all operators are inserted in the (lower) expanding patch.
In passing we do notice that correlators of a Lorentzian conformal field theory nat-
urally live on an infinite cylinder, rather than on a single copy of the conformal
Minkowski diagram [98]. This ensures that finite special conformal transformations
don’t violate causality (see e.g. [99]). Since de Sitter is conformally flat it is equally
natural to consider an infinite conformal extension, of which we are only making
partial use here.

The in-out formalism suggests a natural definition of a dS scattering matrix, with
asymptotic states in the past and future null infinities of Fig. 5.1. This S-matrix
turns out to be quite similar to the “Bunch-Davies S-matrix" recently discussed in
[69]. We comment on this in Sec. 5.7.

We are not the first to propose a rotation of the in-in contour that leads to a
simplification of the calculation. One proposal, going back to [43] and then fully
developed in [100] and [84], is to straighten out the closed-time contour by rotat-
ing the time-ordered and anti-time-ordered branches by 90 degrees counterclockwise
and clockwise respectively, so that the contour coincides with the purely imaginary
axis of the complex 7 plane (see Fig. 5.3). The result is then precisely related to a
perturbative calculation in Euclidean AdS, where the imaginary part of 7 is inter-
preted as the radial coordinate. A second and related proposal was put forward in
[101] and used again in [102]|. It consists of the same contour rotation where one
recognizes that the time and anti-time ordering of the in-in contour combine into
a single anti-time ordered Euclidean Green’s function. Our proposal in this work

shares with previous proposals the idea of straightening the in-in contour so that
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EAdS \i

out

Figure 5.3: The figure shows various equivalent contours that have been proposed for the
calculation of cosmological correlators. In the traditional Schwinger-Keldysh formalism,
the path integral runs forwards over the “in" green line and then backwards over the "in"
orange line. Rotating both contours to the imaginary axis connects to the Euclidean AdS
calculation. The "in-out" contour discussed in this chapter (the green line) rotates the

backwards "in" contour to the forwards "out" contour.

the multiple propagators reduce to a single one. In contrast to previous proposals
our rotation of the anti-time ordered in-in contour goes all the way to the positive
real axis, so that the calculation remains firmly within the realm of Lorentzian time.
All these proposals are summarised and compared in Fig. 5.3. Finally, we should
mention that the relation between in-in and in-out formalisms in Minkowski has also
been investigated recently in [103, 104], where it was shown, among other things,

that imposing initial conditions in the infinite past is a necessary requirement.

The rest of this chapter is organized as follows. In Sec. 5.3 we define the in-out
formalism and prove that it gives the same result for time-ordered unequal time
correlators as the in-in formalism. To this end, we review a formal non-perturbative
argument in Minkowski and adapt it to de Sitter and then provide explicit checks
of the equivalence to various orders in perturbation theory at tree level. In Sec. 5.4
we consider two applications of the in-out formalism to correlators. The first, in
Secs. 5.4.1 and 5.4.2 is a representation of correlators as a sum of residues of the
product of Feynman propagators in the energy-momentum domain. The second,
in Sec. 5.5.2, is a set of purely algebraic set of recursion relations for equal-time

Minkowski correlators, which computes all tree-level diagrams and a large class of
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“melonic" loop diagrams. Next, in Sec. 5.6, we use Veltman’s largest time equation
to derive an infinite set of propagator identities, which can in turn be expressed
in terms of correlator identities. We present explicit formulae for all two-vertex
diagrams to any number of loops and external legs. In Sec. 5.7 we give a preview
of how the in-out formalism leads to a natural definition of a de Sitter scattering
matrix, which moreover obeys the standard optical theorem. We present some simple

examples and consistency checks. Finally, we conclude in Sec. 5.8.

Notation and Conventions We use a prime to remove the ubiquitous momentum-

conserving Dirac delta,

n

(I 6(n.ka) = (27m)% (Z ka> (J[ o0 k)" (5.1)

We denote time-ordered correlators by

(T 60 %)) = Bul{na, ka}), (5.2)

where {n,,k,} collectively refers to the spacetime positions of the operators. We

define the following two-point functions or propagators as

G (11,2, p) = (0] 6(m1, P) (12, P') |O>/ = fp(m)f;(ﬁz) 5 (5.3)
Gr(n1,12,p) = (0] To(m, p)é(n2, ') [0)’
= fp(m) [y (n2)0(m — ma2) + fo(m) fp(12)0(n2 — m),

where the mode functions in de Sitter and Minkowski are 3

[\

futn) = VS et k) w= 2T (s
fr(n) = in\%_ke_ik” . (conformally coupled), (5.5)
fr(n) = \/g%(l +ikn)e™™*"  (massless, dS), (5.6)
falty = (5.7)

3Here we restrict our discussion to positive masses, but see [105] for an extensive discussion of
tachyonic fields and their phenomenology.

69



70

Chapter 5: The In-Out Formalism for In-In Correlators

Many of the integrals we encounter lead to distributions rather than functions and
should be understood as acting on appropriate test functions. As commonly done
in the physics literature, we will often represent these distributions as the limit of
functions using a small parameter that is taken to zero at the end of the calculation as
for example in the Sokhotski—Plemelj theorem or the Feynman propagator. More in
detail, we specify that a certain integral to ¢, 7 = £o0o should be computed assuming
a positive or negative imaginary part to guarantee convergence even in the absence

of a test function. To convey this in a compact way we use the shorthand notation
+oo, = Fo0o(1 + ie), +oo_ = Fo0(1 — ie), (5.8)

where € > 0 is a real and positive parameter that should be taken to zero at the end

of the derivation.

5.3 In-In Equals In-Out

The main motivation behind the construction of the in-in formalism by Keldysh
[42], foreshadowed by the work of Schwinger [41], was to describe the non-unitary
and dissipative evolution of an open system in contact with an environment. How-
ever, it can also be used to study the unitary evolution of isolated systems and
indeed almost all applications of the in-in formalism in early universe cosmology
have considered a situation of this type. As we discussed, for the unitary evolution
of an isolated system, there is an equivalent in-out description that computes cor-
relators. In the following we review a general non-perturbative argument for the
equality between in-in and in-out, we specify the conditions under which this holds

and finally, we present some explicit checks.

First of all, let’s clarify some nomenclature. In the interaction picture, where
states evolve according to the interaction Hamiltonian and operators according to
the free Hamiltonian, we say that a certain matrix element is an in-out correlator
if it contains a single time * ordering. This corresponds to a single time evolution
operator, possibly with some insertion of local operators. Conversely, in-in correl-

ators contain two separate time orderings, one going forward in time, which evolves

4Here we focus on time-ordering as opposed to path ordering to set up our nomenclature. When
re-writing these correlators as path integrals one can sometimes combine different time orderings
into a single path ordering, as famously done with the closed time contour of the in-in path integral.
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the ket, and one going backwards in time, which evolves the bra. With this nomen-

clature in place, we move on to define our main objects of study.

We define an in-out correlator of the product O({t,x}) of local operators at po-
sitions {t,,%,} for a = 1,... n, as the following expectation value in the interaction

picture

(O T [O({t,xpje =07 et o)’
co(1—ie)

(O [t '“““} o)

, (5.9)

in-out =

where a prime removes the Dirac delta of momentum conservation. Here H,y is
the interaction Hamiltonian that generates time evolution of states, T' denotes time
ordering (early to the right, late to the left) and |0) is the Fock vacuum, a.k.a.
the “vacuum" of the free theory. Notice that the factor in the denominator does
not depend on where the fields are inserted: it is the familiar sum over so-called
vacuum bubbles. Heuristically one can simply justify it by demanding that B, out
becomes unity when we don’t insert any operators. In diagrammatic language, the
denominator in Bj, o, simply tells us that we should disregard all diagrams that
contain a subdiagram that is not connected to any inserted operator, i.e. a va-
cuum bubble. More precisely this factor arises when we re-write the vacuum of
the interacting theory |€2) as that of the free theory |0) with interactions turned on
adiabatically. The adiabatic turning on and off of interactions in the asymptotic
past and future is implemented by the ie rotations of the boundary of integration
in Eq. (5.9). The correct sign of this imaginary part, namely +oo(1 — i€) can be

simply determined by demanding convergence of the integral in perturbation theory.

Typically we will consider operators of the form

O({t,x}) = quta,xa . (5.10)

Notice that Bj, o is a very familiar object in QFT': it is precisely the object appear-
ing on the right-hand side of the Lehmann—Symanzik—Zimmermann (LSZ) reduction
formula, which gets amputated and delivers scattering amplitudes in Minkowski.
Since all the operators in Eq. (5.9) appear inside the same time ordering, Bi, out 18

computed in perturbation theory from the product of time-ordered two-point func-
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tions, a.k.a. Feynman propagators, stitched together by non-linear interactions.
While we will say more about this later, for the moment the reader should have in
mind that the time foliation of spacetime has been chosen such that t = 00 repres-

ents a null “initial" surface and a null “final" surface, as it is familiar from Minkowski.

Next, let’s define in-in correlators of the product O({t,x}) of local operators at

positions {t,,x,} as the following expectation value in the interaction picture
_ .t .t
Binin = (0| T [eﬂf*%o(l“f) Hﬂmﬂ T [oqt, x})e =somio Hudt 10y (5.17)

Here T indicates anti-time ordering (early to the left, late to the right) and ¢, is an
arbitrary time that is later than any of the ¢, appearing in the inserted fields, ¢y > ¢,.
Notice the absence of the vacuum bubble factor appearing in Bj,.o.. Heuristically
this is easily understood noticing that if we insert the identity operator, namely
O =1, then By, is already equal to 1, just like Bj,ou. The imaginary part in the
boundary of integration, namely —oo(1—1e¢) in the time-ordered part and —oo(1+ie)
in the anti-time-ordered part, ensure convergence and implement mathematically the
adiabatically switching on of interactions in the infinite past.

Note that our definition of By, is slightly more general than what is usually
considered in the cosmological literature because we allow for unequal time oper-
ators. An even more general possibility would be to insert some operators in the
time ordering, some in the anti-time-ordering and some in between °. In this case,
we don’t expect it to be possible to find a simple relation to the “straight" in-out
formalism. However these situations are examples of out-of-time-order contours or
“time-folds" and have also been studied extensively (see e.g. [106, 107]).

As long as to > t with ¢ = max,(t,), Binin does not depend on ¢y because the

time evolution after the latest ¢, cancels out,

Buin = (T [e+iffoo Hing dt] U= (to, DU (to, )T [@({t,x})e*iﬁm Hudt ]\ (5.19)

= (T [eﬂffoo Hin dt] T [(9({t,x})e*"ffoo Hint dt} ) (5.13)

where we used the following notation for the time evolution operator U in the in-

5The case where all operators are in the anti-time-ordering is trivially related to the case we
consider in this chapter
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teraction picture
Texp |:+Z/ Hintdt:| = UT(tQ’tl) = U—l(tg, t1> for tg > tl . (514)
t1

Notice that our definition of By, is slightly more general than what is usually
encountered in the cosmology literature. Usually one considers the product of oper-
ators at the same time. In that case, it does not matter if the operators are inside

the time ordering, the anti-time-ordering or just in between,

(T [eﬂ' St Hi dt] T [O({)eﬂ' It Hing dt]> — (T [e+i St Him dt] OMT [64 It Hing dt]>
— (T [e“ffoo Hing dto(t‘ﬂ T [e—z‘ffoo Hing dt]> '
(5.15)

Also, we usually don’t write the time ordering of operators when computing in-in
correlators because we compute them at the same time. When we extend to unequal
time of course we can choose whether to time order or not. The object that nicely

relates to Bipout 1S the time-ordered in-in correlator.

5.3.1 A Formal Proof

Here is a formal proof that Biyout = Binin following the intro of [67]. First we
notice that if we start with the Fock vacuum |0), which is annihilated by the lowering
ladder operators of all fields for all momenta, and turn on and off interactions
adiabatically, we expect to go back to |0) up to a multiplicative factor corresponding

to the sum over vacuum bubbles 6
U(+00, —00)[0) = |0) (0] U (400, —00) |0) , (5.16)

where we are assuming the normalization (0|0) = 1. This expectation can be justified
in a few ways. Here we simply remark that the standard ¢e rotation of the time
integral contour induces a suppression e 27 (Fa=Fo) for time evolution U(T,—T)
on excited energy eigenstates with eigenvalues F,,, compared to the lowest energy
state. In the limit 7" — +o00 all excited states are projected out and only the Fock

vacuum survives. To see this more explicitly, we compute in perturbation theory

6Here we are in the interaction picture and U is the associated time-evolution operator, which
depends on the interaction Hamiltonian H evaluated on free fields (i.e. fields evolved with the free
Hamiltonian Hy).
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the projection of the left-hand side of Eq. (5.16) onto an n-particle state |n), with
total energy kr. To lowest order in the coupling constants, the result ” of the time

integral is proportional to derivatives of a Dirac delta of energy conservation
(n|U(+00, —00) |0) o< 9y 6(kr) . (5.17)

This distribution does not have support on physical states and hence U (+o0, —00) |0)
does not have support on any excited state ®.
Since unitary evolution preserves the norm, the multiplicative factor on the right-

hand side of Eq. (5.16) is a pure phase
(0] U (400, —0) |0) (0] U(+00, —00) [0)" = 1. (5.18)

This is precisely the vacuum bubble factor, by which we divided out in the defini-
tion of in-out correlators By, out, Eq. (5.9). Taking the dagger of Eq. (5.16) (more

precisely using the Riesz representation theorem) gives us
(0| U (+00, —00) = (0] (0] U(+00, —00) [0)" . (5.19)

The imaginary rotation of the contour at infinity is quite important in the derivation.

To keep our expression compact we introduce the useful shorthand notation

+oo, = £oo(1 +ie), +oo_ = £oo(1 —ie), (5.20)

"The exact result is given in Eq. (5.145) where we also discuss that this matrix element can be
interpreted as a 0 to n scattering in de Sitter.

8This argument might be subtle due to IR divergences in the initial and final state, |n| — oo
(not at n — 0), where the analogue of soft and collinear divergences might arise. We hope to come
back to this issue in the future.
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Then the derivation proceeds as follows

(7 | o)== ]y

. oo
<T |ie—7,f_oo_ Hintdt:| >/

Biyout = (5.21)

— (U (004, —00: )T

[T ot~ H]> (522)

[T otta)e H] ) (523

a

_ . ptoo . oo _
— <T |i€+7ff_oo: Hintdt:| T [eilﬁ-(’)» Hintdt] T

n

[T (ta)e - H] ) (5.24)

a

_ < _ |:e+i _?)o+ Hintdti| U‘T(_|_oo7 tO)U(+OOJ t(])T
= Bin-in7 <525>

where in the second line we used Eq. (5.19) and in the third line the fact that tq > ¢,.

This equality can be stated with more evocative language. The only difference
between the in-in and in-out formalism is how the bra is prepared. In both cases, we
would like to prepare it by acting on the Fock vacuum with an evolution operator,
which we can readily expand in perturbation theory for practical calculations. The
in-in formalism prepares this bra by slowly turning on interactions from past (null)
infinity. The in-out formalism instead slowly turns on interactions from future (null)

infinity and evolves “backwards" in time.

An Extended de Sitter Spacetime The equality of in-in and in-out correlators
is not surprising in Minkowski and is already well-known (see e.g. [67]). Here we
claim that the same result also applies to de Sitter spacetime. In particular, we
propose to extend the expanding Poincaré patch of dS by glueing on top of it a copy
of the contracting Poincaré patch, as in Fig. 5.1. This means that the standard
conformal time now can run over all real values, —oo < 1 < oo, with positive
values representing the expanding patch, namely a = e*#* in cosmological time, and
negative values representing the contracting patch, a = e~f*. The two patches are
glued together at n = 0, which represents the future and past conformal boundary

of the two Poincaré patches. To be absolutely explicit, we can hence define in-out
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correlators in de Sitter by

. oco(1—ie€) ry.
0|T [O({fr], X})eﬂfjooa_m Hmc(ﬁ)dn} |0>/

in-out =—

j [ ool (5.26)
0|7 |:€_ij00((llfie)) Hint(n)dn} 0)’

This glueing at n = 0 is consistent as long as no divergences take place at n = 0.
In turn, this means that the divergent volume factor /—g = (Hn)~* coming from
the measure of time integration must be more than offset by powers of 1 coming
from the inverse metric contracting space and time derivatives and by the decay of
massive fields towards 7 — 0. To be more specific, let the conformal dimension A

of a scalar field of mass m be ?

3 3
A=—-—1/=-—m?>H?. 5.27
5\~ m (5.27)
For an interaction involving n fields of dimensions A, with a = 1,...,n and a

number ngy, of spacial derivatives the condition for tree-level IR finiteness is

> Ag+ng >3, (5.28)

For massless fields, we have A = 0 and then the condition becomes
2n3n +mng, > 3. (529)

where ng, is the number of time derivatives.

In the rest of the chapter, we will assume that there are no IR divergences at
n — 0. It is possible that our result can be extended also to the case of IR divergent
interactions (recently discussed in [109]). This would require introducing an IR
regulator that respects the relation in Eq. (5.16). Our preliminary investigation
suggests that such a regulator exists but we postpone a thorough discussion to

future work.

5.3.2 In-In and In-Out Feynman Rules

The Feynman rules are familiar both for the in-in and in-out formalism. Here

we briefly review them for completeness. In both cases, we consider diagrams with

9For an extension to d spacial dimensions set 3 — d. For the scaling of spinning fields see e.g.
[108].
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V vertices, I internal lines, each connecting two vertices, and n external lines for an

n-point correlator (time runs vertically with the past below the future). For con-

creteness, we use n for time, but the same expressions apply to Minkowski changing

7 to .

In-In Feynman Rules Our definition of the un-equal time in-in correlators in

Eq. (5.11) generalised what is typically used in cosmology, where fields are inserted

at the same time. Hence the Feynman rules below are also slightly different in the

case of un-equal time correlators but “backward compatible" with the equal-time

case.

Then, for in-in correlators:

[19%b]

A vertex can be either a “right” vertex, labelled by “r” or a left vertex, labelled

by “I”. Hence one needs to sum over 2V possible labellings.

External lines are associated to a momentum k, with a = 1, ..., n. Each vertex
comes with a momentum-conserving Dirac delta. The L = I —V + 1 internal
“loop" momenta are not fixed by these Dirac deltas and must be integrated

over.

Internal lines are called bulk-to-bulk propagators and come in four types

o — o =G (m,m2,p) = (0] TH(1,p)p(112,P') |0) = Gr(m1, 2, P) (5.30)
= fo(m) [y (n2)0(m — m2) + [ (m) fo(n2)0(n2 —m)  (5.31)
o — &= Gy(m,m2,p) = (0| (m, P)d(m2, P') [0) = fo(m1) £ () (5.32)
o — o =Gy(n,m2.p) = (0| ¢(n2, P )p(m1, ) |0) = Gy, m2, p) (5.33)
o —o = Guln,n2,p) = (0| Té(n1, p)o(m2, ') |0) = G} (m1, m2, p) (5.34)
= [y () fo(n2)0(m — n2) + fo(m) fy (n2)0(m2 —m), (5.35)

where f,(n) are the mode functions, namely the solutions of the linearized
classical equations of motion with momentum p. For later use, we denote the

non-time-ordered two-point function as

G (01,12, p) = (0] $(n1, P)o(m2, P') |0) = fo(mi) £ (m2) (5.36)

which is not symmetric under the exchange of the time variables. Notice that

Gn =G =G, (5.37)
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For spinning fields, it is convenient to strip off all polarization tensors from the
propagators and move them to the vertices, where they are contracted with
each other and with derivatives. Here GG,, is the Feynman propagator, and Gy

is its complex conjugate.

e External lines connected to external fields at times 71, with a = 1,...,n are

called bulk-to-boundary propagators and come in two types °

o— = Gr(n777aap> = GF(nanmp) ) (538>
o— = Gi(1,Ma,p) = G (1,74, p) - (5.39)

Notice that G, is symmetric in its time arguments while G; is not. This
is where our definition of in-in correlators generalizes the traditional one for

equal-time correlators where (G, is not time-ordered because one assumes that

N <MNq-

e The time 7n of a vertex must be integrated over dn with a measure /—¢g =
(nH)™* and boundaries

right vertex: — oo(1 —ie) <n <0, (5.40)
left vertex: — oo(l+ie) <n<0. (5.41)

where we are assuming IR finiteness. As can be seen from Eq. (5.11), right
vertices come with a —¢ times the appropriate interaction, while for left vertices

we have a +1.
e A discussion of the combinatorial factors can be found in [110].

It turns out that half of the above diagrams are related to the other half simply by

complex conjugation,
Dlo] = D[a]"(=)", (5.42)

where n; is the total number of spatial derivatives. Here D represents a diagram,
o represents the collection {r,l} labels of its vertices and & refers to the opposite

labelling, r <> [.

10 Actually the bulk-boundary propagator G, coincides with the time-ordered bulk-bulk propag-
ator G, and the other bulk-boundary propagator G; coincides with non-time ordered bulk-bulk
propagator G,
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In-Out Feynman Rules We now move on to the discussion of in-out rules. These
are exactly the well-known Feynman rules we all learn in introductory courses on
QFT. Because of this we will be very concise and focus only on what’s different with

respect to the in-in rules:

e All interaction vertices and external fields are inside the same time ordering,
they are on the same footing. Hence, there is no need to label them in different
ways or to distinguish between bulk and boundary, as we did in the in-in
formalism. All vertices receive a factor of —i as appropriate for expanding the

time evolution operator et/ Hint

e Internal lines connecting two interaction vertices and external lines connecting
a vertex to an external field correspond to one and the same propagator, the

time-ordered Feynman propagator:

o — o =Gp(m,mn,p) = (0| To(nm,p)o(n2,p) 0) (5.43)
= fp(m)f;‘(nz)9(771 —12) + f;(nl)fp(n2)9(772 —m). (5.44)

e The time n of a vertex must be integrated over the whole real line, with a

measure /—¢g = (nH)~* and boundaries
—oo(1 —i€) < np < 4o0(1 —ie), (5.45)

where we are again assuming IR finiteness. This contour ensures the con-
vergence of all time integrals for (interaction picture) correlators in the Fock

vacuum where fields are inserted at arbitrary but finite and negative times.

Two comments are in order. First, let us stress that these in-out diagrams should
not be amputated, as we do when computing amplitudes. They include all the
propagators relevant for connecting to external fields. Second, as it is well known,
one should only include diagrams where each propagator is eventually connected
to an external field. This excludes all the vacuum bubble contributions which are

exactly cancelled by the denomination in B, out.

5.3.3 Explicit Checks

Here we will present some very simple calculations to see how the equality

between in-in and in-out pans out in practice. Since the calculations are very similar
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between Minkowski and de Sitter, with the simple identification of ¢ with 7, we will

discuss both spacetimes jointly in each example.

Tree-Level Contact Diagrams Now consider a simple theory of a scalar with a

cubic interaction

Hin () = / WA!)F(n@,né’n)cb"(n) (5.46)

where F represents a generic set of space and time derivatives that can act on any
of the fields. Moreover, ¢ can be any set of fields of any mass and spin, but to
simplify the presentation we focus on a single massive scalar. We will now compute
the n-point function to O(A) with fields inserted at time 7, < 0 for a = 1,...,n.

For the in-in formalism, we find (setting for simplicity H = 1)

Bin-in = Birn-in + Biln-in (547>
0 n 0 n
. dn . dn .
= _Z)‘/ ' _4F HGF(nana;ka) +Z/\/ ' _4F HG+(nana;ka) s
—oco(1—ie) T a —oco(14ie) T o

As long as there are more than four factors of  coming from F' and the propagators
this is convergent at 7 = 0. This is for example the case of any local interaction with
more than three conformally coupled scalars or an interaction of massless scalars

with 2ns, +ny, > 4. Using the in-out formalism we find

+o00(1—1€) dn n
Bin—out = _Z/\/ — F H GF(TL Na; ka) : (548>

oo(l—ie) 7]4

To check that this is equivalent to the in-in expression we compute the difference.

The part of the in-out time integral form —oo to 0 exactly cancels out the “right"

"' This notation is meant to account for both time and space derivatives. A more explicit
notation would specify on which field the time derivative acts, as e.g. in [73]. Since at the end,
the proof proceeds unchanged with or without time derivatives, we prefer to adopt a sloppier but
more streamlined notation.
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contribution of B;,;, and we are left with

Bin-out - Bin-in = (549)
+o0o_ d n
:_Z)\/O U_ZF Hfa(n)f;<na)] _Z)‘/ 77 Hfa Na ]
n +oo(1—ie€) d
=il [ RO, (5.50)

where the label a on the mode function refers to the different momenta k,, but
may also indicate different fields with different masses. As a warm-up, let’s see
what happens for conformally coupled or massless fields, in which case the mode

functions are just an exponential multiplied by a polynomial in k7 (see Eq. (5.5)).

We find

+o00(1—1€)

Bll’l out — 11'1 in X Z / d/r] npe_lkTT] Y (5'51)

(1+ie€)

where the polynomial in 77 makes explicit the factors present in the vertex F' and in
the mode functions that make the n — 0 limit convergent. The key to computing
this integral is to notice the “mixed" ie deformations at the two different boundaries
of the integral. One comes from the in-in and one from the in-out. They are such
that the integral is exponentially converging in both limits, as it should be. These
boundaries invite us to close the contour in the lower-half complex plane, where we
can drop the circle at infinity 2. Since the integrand is analytic in 7 in the lower-half
complex plane, the integral vanishes and B;,.i, coincides with B, out-

More generally, we observe that the equivalence of in-in and in-out for contact
diagrams relies on two properties: the mode functions and interaction vertices are
analytic in the lower-half complex plane, and their product vanishes for Imn < 0
and |n| — oo. For fields of mass m the mode functions are Hankel functions of —kn

times appropriate factors of 7,

H T 5 2
fuln) = —i YT g0 ey, v= 0T (5)

We can choose f(n) to have a single branch cut running along the negative real

axis and to be analytic everywhere else. Moreover, fi(n) vanishes for Imn < 0

12Here we are assuming kr # 0. To be more precise we should add a Dirac delta §(kr). These
distributional terms were discussed in [111] and in greater detail in [112].

81



82

Chapter 5: The In-Out Formalism for In-In Correlators

and |n| — oo. This can be seen by expanding it in this limit or from the integral

representation

—inv /2 0o
HWY(z) = c / eFeoshi=vtgr — for 1 < Argz < 0. (5.53)

i 0

These two properties combined tell us that we can close the integral in Eq. (5.50) in
the lower-half complex plane where it is analytic and hence the equivalence between
in-in and in-out is established. Finally, we note that the above calculation can be
easily adapted to Minkowski: switch 7 to ¢ and drop the time-dependent factors
in the measure of integration n~* and in the interactions. The conclusion is hence

unchanged.

Tree-Level Exchange Diagram For in-in diagrams, we generally need to con-
sider 2V (2V~! if we use that half of the diagrams are conjugate) diagrams. We here
give the explicit matching of diagrams from the in-in to the in-out formalism, for
the two-to-two exchange diagram. The correspondence is then readily generalised

to more complicated diagrams. We consider two interactions of the form

— L ) n+1 /L ) m+1
Hu= | 2 F0n)o™ + | 2 Boin)a™. (5.54)

where I} and F;, again capture derivatives. Furthermore, we here focus on a partic-
ular channel with ki, ..., k, attaching to the A\, vertex and k1, ..., kn1m attaching

the Ay vertex. The in-out correlator is then given by

Bin—out - (555)
o0 — oo d d n n+m

=—A1>\2/ / & nFlFQ Gr(n'ss) [[Grtnnaika) [T Grt'smiks) |,
a=1 b=n+1

where s is the energy of the internal leg. As we know, the in-in correlator comes in
four parts:

Bm o= — BT, + Brl + Blr + Bll

mn-in in-in in-in in-in »

(5.56)
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each given by

Blrrrln—
dnd
=—A1A2/ / ” ”Fl
Bll —
dnd
=—A1A2/ / i g, g,
o4 o4 77 77
Blr —
dnd
_/\1>\2/ / = ”Fng
004
Brl —

_ A Ag/ / dnanl
o0 OO+/rI

where we have used that G, = G,, = G, and G, = G|

(5.57)
i n n+m
Gr(nn'ss) [[Grnna k) [T Grlnfsm; kb)] ,
L a=1 b=n-+1
B n n+m
Gi(n'ss) [ [ Ginmas k) [T ol k‘b)] ;
L a=1 b=n+1
n n+m
Gi(n, s s) [ [ Ginmai ko) [T Gr(n'mis kb)] ,
a=1 b=n+1
n n—+m
Gimn's9) [ [ Grmmaika) [ | Gz(n’,nb;kb)] ,
a=1 b=n+1

= G, as well as the fact

that a lot of the propagators are conjugates of each other. The trick to match the

two diagrams is now to split the in-out integrals in a similar way

Bm out —

rr rl Ir
B out+B 0ut+B out+

Bll

n-out?

(5.58)
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where

Blrnrout = (559>
0 0 dn n n+m

—>\1)\2/ / —i B E | Grnoss) [ [ Grinmaska) ] GrOnsmiko)|

00— a=1 b=n-+1

Bilrll—out =
co_ d77 00— dn/ n+m

—>\1>\2/ —4/ RALE Gr(n,n'ss HGF 1 a; K H Gr(n'smiks) |
o Mo " b=n+1

Bilri—out =

co_ d 0 d ’ n n+m
~ Ao / & n—”FF Grlnn'ss) [[Grnnaka) [ G miks)| .

L a=1 b=n+1 i

Blrli out
00— d i n n+m T
- )‘1)‘2/ / ?7 Fl GF(77777/§3)HGF(77777a51€a) H GF(77/>77b§ kb)

L a=1 b=n+1

We can now show that each of these four terms exactly cancel each other. Trivially

we can see that B!" . = B". . Then for the mixed rl case, we have

in-out — in-in*

Blrrf in Blré out — (560>
o dn n n+m
:Al)\2/ / —tPE (G ) [ Grnnaka) 1] Gl(n/’nb;kb)]
—0o0_ a=1 b=n+1
0 d77 oo dT} s
X / —4F1 HGF(”?Ua;ka)f:(n)] / [ H fkb ] ’
—co_ N a=1 —004 77 b=n+1

which vanishes by the same argument given for contact diagrams, since the last
integral is exactly the one found in Eq. (5.50). Note that, from their definition in the
in-out case, some of the Feynman propagators collapsed to unordered propagators
since in the rl case n, < 0 for all b, and in the in-out definition, n < i’ by the integral
structure. The [r case follows a similar story. The [l case is the one that requires
the most work. First let’s rewrite the in-out case, using that 1, < 0 and n, < 0.

Moreover, we expand the Feynman propagator into two parts and write everything
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in terms of mode functions

Bll _

in-out ~
n+m

= -\ H f;a(ﬁa>/ nFl

n-+m

-\ AQkaa /

(5.61)
n n—+m

it kaa ]/dZ [ o T] sulo ]
n+1

n+m

V1T Su )

b=n+1

[
0

£ kaa ]

where we assume that the differential operators in F; and F, only act on the mode
functions, not the Heaviside functions in the Feynman propagator. When they act
on the Heaviside functions we go back to the contact diagram we discussed in the

previous example. For the equivalent expressions of the in-in correlator, we get

B, = (5.62)
n4+m 0 B n , n+m ]
. dn 7 dn .
=M [T £ On) / —F L) ] f. (?7)] / —iB | i) 1T fwr)
a=1 —0+ L a=1 o N b=n+1 J
n+m 0 ’ n+m 7
. dn "dn
+A1 A2 H fka(ﬁa)/ —ai H Jen(n ] / — | f( kaa ;
a=1 oo+ L b=n+1
and therefore
oo dn n+m
Blllllln_BllIllOut X / Fl fs H.fk’a ]/ _,4 H fkb ]
—0o4 b=n+1

n+m

) I filn

b=n+1

o ]/“ﬂs o]

The general proof that this expression vanishes for fields of arbitrary mass is a bit

lengthy and therefore we postpone it to App. A.1. Here instead we focus on massless
and conformally couples fields, for which the calculation is straightforward. Let’s
focus on the first line of the above expression since the story is analogous for the

second line. The dn’ integrand takes the form

Il

where kp = S 77"

i=n+1
and on whether we have massless or conformally coupled scalars. Then the integral

n+m

s H fkb

b=n+1

n ) ,
] — / dnf Poly(k, s, )e " kr=sn" (5.63)
0

k; and the polynomial depends on the details of the interaction
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in dn’ can be easily performed and leads to some other polynomial in k,, s and 7
times e ~*(*2=%)" The final dn integral can then be easily seen to vanish because the
integrand is analytic and vanishes on the arc at infinity in the lower-half complex

plane,

- d
R A
U

—oco4

]I f@(n)] Poly(ka, s,m)e” "R (5.64)
a=1

= / - Poly’ (k,, s, n)e"kr=ststkin — o (5.65)
—004

where Poly’ is some other polynomial and k;, = """ | k,. Just like for the contact

case, the two key steps of the proof are (i) that the integrand of the dn integral from

+00(1 — i€) to —oo(1 + i€) is analytic in the lower-half complex plane and (ii) that

it vanishes on the arc at infinity 7 ~ oce with —7 < # < 0. This is exactly what

we show for general masses in App. A.1.

5.4 Pole Bagging: In-In Correlators from Feynman

Propagators

In this section, we show a first application of the in-out formalism to the cal-
culation of correlators that leverages the simplicity of the Feynman propagator in
energy-momentum space and is dubbed “pole bagging" because it boils down to
summing over poles. We discuss explicitly the case of Minkowski and comment on
how the analysis can be extended to massless and conformally coupled scalars in de
Sitter.

5.4.1 Flat Space

We have argued that in-in correlators equal in-out correlators. In Minkowski,
in-out correlators take a very simple form in energy-momentum space, with both
time orderings combined in a single term by Feynman’s z¢ prescription. Indeed,
tree-level Feynman diagrams in the energy-momentum domain can be computed by
purely algebraic manipulations, no integral needed. Here we want to show how to
use this simplicity to compute correlators in the time domain. The only work we
need to do is to transform energies of the external fields back into time. This is easily

done using the residue theorem because the integrands are simple rational functions
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and the ie prescription instructs us to pick up only half of the poles (those in the
upper-half complex plane in our conventions). The result is a very different way to
compute tree-level correlators or integrands for loop correlators simply by evaluating
the products of Feynman diagrams on the relevant poles. Our manipulations below
are analogous to similar manipulations presented in [91]. The main difference is that
(i) we work directly with correlators instead of wavefunction coefficients, and (ii) the
Feynman propagators we encounter are simpler than the wavefunction propagators
in that they don’t have the extra boundary term, which often leads to a considerable

algebraic simplification.

Contact Diagrams Consider the equal-time three-point function of a scalar in
the time-momentum domain. Using the in-out formalism, this is simply the Fourier
transform from frequency to time of the product of Feynman propagators

Bn in-out — 27T 45 Zpa (Contact) , (566)

where F' is some vertex accounting for derivatives. To see how the calculation
progresses, let’s focus on the simplest case of a cubic polynomial interaction A¢*/(3!)

so that F' = X and n = 3. The Fourier transform to equal-time correlators then gives

dwydwsdw
flat _ 102 3 ity , Wa
B, /Oo —(27r ( g wa> A | | e (5.67)

- /OO dwld(.dg )\ (5 68)
) (27)2 (w? — Q% +ie) (w3 — D2 +ie)((wy + w2)? — Q% +ie)’ ’

where the prime on the correlator means that we have dropped (27)35® (3" k,) and
= |k, > + M2. (5.69)

The integrals can be computed using the residue theorem (we close the contour in
the upper-half plane). The first integral has poles at w; = —; and w; = —wy — Q3.
This gives

. dw; O3
—iA , 5.70
/ 27T 29193(&)2 — QQ)((,UQ + QQ)(UJQ + ng)(UJQ — ng) ( )
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where

and we left the ie’s implicit. Notice that there is a cancellation between the two
residues which removes two of the zeros in the denominator (wy = (0 — Q3)),
leaving only the zeros at wy = £y and wy = +£(Qy + Q3). The i€ prescription 3
instructs us to pick up only the two poles on the negative real axis, —{25 and —{23,
which gives

A

Bllat — _ . 5.72
3 401 Q003(921 + Qo + Q3) ( )

This is indeed the expected results from the bulk time integral with the simple
Er pole and the correct normalization factor for each 1/Q,. The same calculation
actually works for all contact correlators in just the same way. To see this one can

make repeated use of the master formula

> dw; 1 ) €y
= _ . 5.73
/OO 21 (w? — ?)((w; + wx)? — Q?) Z2Qin(w§( — ij) ( )

This can be understood either as a brute force sum over two residues or as first
separating the integrand into four partial fractions, corresponding to the four poles
and then picking up the two partial fractions with poles on the negative real axis.
At each iteration, one finds an additional factor of the pole Q2 and the numerator is
cancelled and substituted by itself plus the new pole. In the last integral one has

wx = 0 and the numerator cancels the denominator leaving a simple €2 pole.

Exchange Diagram Here we see explicitly how the same derivation also goes
through for the tree-level exchange diagram. The idea is just the same, namely sum
over the residues along the negative real axis for each of the integrals in dw,. The
only difference is that there are three residues for two of the integrals because of

the extra factor of the exchange propagator. We focus on a single cubic polynomial

13A way to keep clarity in this calculation is to remove the ies in the integrand and introduce
a small counterclockwise rotation of the integration contours so that in practice one picks up only
the residues from poles on the negative real axis.
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interaction and on the kinematics of the s-channel. More in detail

diw, o (3w
Be:r. —
1 /(2@ (S—Qg—l—ze XH

92 +ic) (5.74)

:/ . . (5.75)
wrp 2808 (wf — OF) (w3 — Q3) (w1 + w2)? — Q3) (W1 + w2)? — )

:/ w%Ql — 9134 (Qs -+ Ql) (Q —+ ng4> (5 76)
wo A0 (s + Qa4) (w3 — ) (W5 — O34) (W5 — (A +N)?) '
__ 2 + G , (5.77)
8212002324070 (s + Qi2) (25 + Q34)
where
02 = |ky + ko|* + M?, Ws = w1 + Wy . (5.78)

The result exactly agrees with the time-integral calculation and displays the charac-
teristic £, Er and Ep = > Q, poles, which are present in the quartic wavefunction

coefficient, as well as the E pole which appears only in the correlator.

The same procedure works for arbitrary tree-level diagrams and for the integ-
rands of loop diagrams. However, the bookkeeping becomes a hindrance for more
complicated diagrams. One should develop a more streamlined graphical notation.
In Sec. 5.6 we will see that this can be achieved from a different point of view and

so we refrain from developing this further here.

In passing, we would like to notice that Eq. (5.74) is a springboard for the discus-
sion of the nature of Effective Field Theory for equal-time “bulk" correlators. This
is quite different from the usual expectation of effective field theories for amplitudes.
For example, for amplitudes, we expect that a heavy field with mass M can be re-
moved at tree-level by collapsing its propagators and inserting an infinite sum over
higher derivative operators, which are organised in powers of 0/M?2. Conversely, by
expanding Eq. (5.74) in large M one finds terms that are odd in 1/M and are hence
not captured by this expansion (as also noticed in [111]). This is where dissipation
rears its head and we come to appreciate the real power of the in-in formalism. We

will discuss this elsewhere.
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5.4.2 Massless and Conformally Coupled Scalars in de Sitter

For massless and conformally coupled scalars we can generalise the pole bagging
procedure from flat space to de Sitter. The key ingredient is that, when v a half-

integer, we can re-write the Feynman propagator as

GE (' k) = <i> /OO o 22T JS) (5.79)

211 ) ) w? — k2?4 ie

This only works for half-integer values of v because the residue at w = 0 is only
zero for these masses. Nevertheless, it allows us to compute cosmological correlators
through an interesting integral. For simplicity, we here focus on conformally coupled

fields, but the procedure is exactly the same for massless scalars. We have

1 0o H2nn' —iw(n—n')
G (n,f k) = (—) / du =T . (5.80)

271 o w? — k2 + e

The simplest example is the contact four-point function with a ¢* interaction. Since
this interaction is conformally invariant at this order, the calculation is identical to
the Minkowski calculation (technically the 7 in the four mode functions cancels the
n—4 in the volume measure). A slightly more interesting computation shows the
general strategy of how we can perform a pole bagging calculation in de Sitter and
rephrase it as derivatives of the flat-space result. Consider now the five-point contact
diagram with a ¢°/(5!) interaction. This interaction is not conformal invariant and
so now the peculiarities of de Sitter will show up. Using the shorthand notation

5 .
wr = Y, w; we write

5
cc . "o > > dwi W > —iw
mr o= e (5n) | (HW> o e (5:81)
—00 i=1 3

—00

. 5 e (2 dw; ,
= it <277_02> / (H w? /C:; +i ) e (wr)
n 4 — KA €
—0o \ ;=1 Vi i
= —2miH" (ﬂ)g’ /oo dwy dwydwzdws (1o ((wr — ws)® — k7)) — 2i(wr — ws))
21i) Jooo ([Tiey (W2 — K2 +ie)) ((wr — ws)? — k2 + de)?
(H1o)°
(ki + ks + ks + ka + ks) (16k:kokskaks)

Therefore the general strategy is to transfer the derivatives acting on the Dirac
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delta to the rest of the integral, which effectively is the flat space analogue of the
integrals above. The only thing one has to keep track of is the number of these
derivatives. The integrals pick up the poles in the upper half plane and can be
computed in an algorithmic manner. So algorithmic in fact, that we can quite easily

derive the general formula for the conformally coupled contact diagrams for any n.

Conformally Coupled n-Point Correlators With pole bagging, it is quite
simple in fact to do any n-point correlator with a ¢™/(n!) interaction. We solve

the integral

n [ n dw; . o0 .
B = i (;_;) / (H—wg_:?_'_%) ezw:rno/ dnnn%e%wn (5.82)

i=1 o0

- \n— n— o \" > - dwi iw n—
= —2mi(i)" P H? 4<%) / (Hm>e 050 (wr)
—0o0 1 (2 (2

1=

. n n— 1 o > n— - dwi w
= —(—im)"H (27ri) / . <(H w? — k% + ie) ¢ Tno) Owr).
—00 i=1 1 1

The derivatives can be fully done using Leibniz rule and then transferred to

derivatives in k,,. We have

1 )
k w —
awn ((m) e Tﬂo) = (583)
k
k . k—I iwrno ok—I 1
(i) temmatct (e

k
K\ ke iwrno L (_1)l 1
— _ W _a _ .
2 (z)(”“) ok, T \ (wn + Ey — i) (wh — K + d€)

Having done all the derivatives, this is just a flat space correlator, however with the

subtlety that we have some non-square terms in the denominator, such as w,, & (k, —

i€). However, we can solve this by seeing that

1 n—=1 poco dw n—1 dios ‘
Zl:k’nBﬂat = | — n ? Wwro § ) 84
n <2m'> /oo wn + (ky, — d€)) <11 wf—k§+ie>e (wr). (5.84)

=
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Then putting this back into Eq. (5.82), we get

n—4

Be = (noH)™™* ((=1)! O (k,BX%). (5.85
= 3 (M (0 ) gl (). 635)

While it is nice to know, that we can always write conformally coupled scalars
as derivatives of flat space ones, since we even know what the flat space answer is,
we can fully write the conformally coupled solution. Shifting the index in the sum,

and doing some simplification, we have

n—4
ZUOkT

BTch — H2n74<_i770)nk4 n

T H > I)qki —1)" 1), (5.86)

=0

Interestingly, in the n — oo limit, this is giving us an exponential. Therefore the

final answer can be written as a Taylor expansion to a certain order in 7y given by

— OH" " (—Hno)"
(T 2ka) By~

Then shifting n — n + 4 gives us the compact formula

B,ZC — (n

2Re {n inokr

n_j . (5.87)

n!H"(—Hno)"+4
(H?:l 2ki) k;ﬁl

cc _ n inokT
B, = 2Re {z

J (5.88)

where the bar indicates the Taylor series in 7y up to that order.

In summary, we wrote this diagram in terms of the derivatives of its flat space
analogue and furthermore got a simple closed-form expression for contact diagrams
of conformally coupled scalars in de Sitter.

This technique can be further developed, for example for exchange diagrams. In
particular, one can show that we can always write diagrams for conformally coupled
scalars as sums of derivatives of the flat space one, as in Eq. (5.86), but we will not
do this in this work. Other examples can be obtained using integration by parts,

perhaps along the lines of [113].

5.5 Correlator Recursion Relations

We here leverage that with the in-out formalism, there is no longer a distinc-
tion between bulk-to-bulk and bulk-to-boundary propagators. This allows us to

find an algebraic recursion relation valid at all loop orders that computes correlat-
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ors in Minkowski, somewhat analogous to the recursion relation for wavefunction

coefficients derived in [91].

5.5.1 From Correlators to Chains in Flat Space

In Minkowski, bulk-to-boundary propagators Kg(t) for the calculation of the

wave function have the nice property that
KE1 (t)KEQ (t) = KE1+E2 (t) (589)

This allows us to describe a diagram with any number of external legs, by simply
considering the total energy flowing into a vertex [91]. Therefore, it is natural to
summarize a large family of Feynman-Witten diagrams by so-called “chains", namely
diagrams that have exactly one external leg per vertex. Since all vertices have a
single external leg, one often omits to draw them and simply adds an “external”
energy x to each vertex.

For correlators, the situation can in fact be simplified in a similar way. Given
the in-out formalism described in Sec. 5.3, the analogue to a bulk-to-boundary cor-
relator is a Feynman propagator. In flat space, Feynman propagators in the time-

momentum domain obey

Ey\ + Ey

Gr(t,t', B\)Gp(t,t, By)) = ——=
F(a ; 1) F(a ) 2) 2E1E2

Gr(t,t', E| + E). (5.90)
Notice that it is crucial that the propagators have the same time variables, which
ensures that there are only two possible time orderings, which match on the left-
and the right-hand side. More generally, the product of n Feynman propagators
obeys

2E1
H?:l 2E;

We stress that the Feynman rules for the “correlator-chains" we discuss here are

Gr(t, ¥, B))..Gp(t, ¥, E,) = Grlt, ¢, Er). (5.91)

different to the “wavefunction-chains" discussed in [91].

The above discussion leads us to the following set of Feynman-rules for what we

call a chain in the context of correlators:

e Every vertex with energy z; and time ¢; leads to a Feynman-propagator
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Gp(ti,to, 7). This corresponds to the omnipresent single external line that

we omit to draw.

e Every internal line connecting a vertex {z;,¢;} to {z;,t;} leads to a factor

Gr(ti,t;,vi;), with y;; being the exchanged momenta (which could be loops).

Therefore, if we label the energies at vertices of the chain with {z1, ..., z,,} and
the external legs of the correlator carry energies {Fj, ..., E,} (note n > m) we can

write.

x chain
H?:l 2E;

For example, with 1 = Fy + F», 19 = F3 and x3 = E; + E5, we have

correlator =

H@=—1x (5.92)

El E2 E3 E4 E5

5 3 Y12 Y23
, = . e——e—o
[[i-, 2E; [1io: 22 .

1 Zx2 xr3

Y12 Y23 (593>

With the rules above, we can comfortably consider chains exclusively and even-
tually relate them easily back to correlators. Let us make two simple examples. The

contact diagram would simply be

FE1E> ... E,
o =Ilii2E; V: —5.
T 2 xT
‘ (5.94)

And for a single exchange, we have the identification
Ey..En Emt1..E,

v _ L 25 _ T1+T9+y
o @ Awia y 2y vy(z1+22)(21+Y) (T2 +Y)

(5.95)

With these definitions, we can move on to derive recursion relations following [91].

5.5.2 Recursion Relations

In [91], two sets of recursion relations for wavefunction coefficients were derived.

We did not find a counterpart of the “primary" recursion relations obtained by
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inserting the time-translation operator and integrating by part. We will comment
on this at the end of the section. Instead here we focus on the “secondary" recursion
relations derived by integrating one site of a tree-level chain. In that context, the
generalization to loop diagrams was found to be possible but cumbersome because
of the proliferation of diagrams induced by the boundary term in the wavefunction
calculation . Here we follow the same logic for the correlators computed in the in-
out formalism and find a remarkable simplification. Since now all the propagators are
Feynman propagators, without any boundary terms, we are able to derive recursion

relations both for tree-level diagrams and for a class of “melonic" loop diagrams.

Tree-Level Relations For the tree-level case, we similarly start with a single

tree-level edge, and an arbitrary remainig tree-level chain. That is

y12 E/ [T idt.Gr(to to, ) x (5.96)

*1 z2 X veB\{2}
X / i dtaGr(ta, to, x2) H Gr(to., to, Yo ) 1 (Y12, t2),
o0 eeB
where -
I (y12,t2) = / idty Gp(ti, to, x1)Gr(t1, t2, yi2). (5.97)

We can fully perform this integral

L (Y12, t2) = (5.98)

+o0o —+o00 2w1(t0—t1) eiwg(t1—t2)
( ) / dw1 / dCUQ / 1 dtl 2
2m w? — 22 4 iewl — Y3y +ic
“+o00 “+o00 5 ezwlto eflOJQtQ
2mi <2m’> /_Oo deon /_Oo duozd(eon = w2) wi — a3 +iewl — Yyl +ic
1 +o00 eiw(to—tz) 1
- (_> / dw — 2 - 2 2
2mi ) J_oo Ww? — 7 +1EW? — yiy + 1€
1 400 1 eiw(to—tg) eiw(to—tz)
= (_) / dw ——— [ 2 2 - 2.2 o -
2m ) J_o T1— Y | W” — 27 +1e W —yYpy e
1

= ——— [Gp(to, t2,x1) — Gr(to, t2, Y12)] -
y12

4 Here we refer to the fact that, since the wave function answers a boundary value question
rather than computing an average like a correlator, its propagator contains both the time-order
Feynman propagator and a homogeneous solution to the equations of motion that enforces the
vanishing of the propagator at the time surface where the wavefunction is evaluated.
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Finally, these Feynman propagators can be viewed as an additional external leg con-
necting to the x, vertex. Therefore, absorbing the propagators with the appropriate

rules in Eq. (5.90), we can write the recursion relation

vz 1 [:c1+xz @ Y2t @ }
T w2 T3 = Yia | 201T2 @i+ 2Y12T2 yio + ' (5.99)

As an example consider the two chain and one chain in Egs. (5.93) and (5.94), we

have

, 1 |:$1+x2 (_ 1 )_erxz (_ 1 )]
T A L U wl) wn 2 )] g0

The way this recursion relation can be used repeatedly was shown in [91], and it
can also iteratively be used for instance to relate the double exchange to a number
of contact diagrams, which works similarly here. The interesting thing in the case

here, however, is that we can generalise this to loops.

Recursion Relations for Melonic Loop Integrands The derivation for the
recursion relation at loop level does in principle require not many more steps. We
simply need to utilise Eq. (5.91). The recursion relations we write here are purely for
the integrand, and all results in this section should be interpreted to be integrated
over internal momenta. Furthermore, we focus on any number of loops, but we keep
the number of vertices fixed, that is, we for instance do not consider box diagrams.
The methods we present here do however generalize to these kinds of diagrams. In

conclusion, we focus on diagrams of the type

/ [1idt. Gr(to,to, x) x (5.101)

~eB\{2}

X/'L.dtQGF(t%tOnyQ)HGF(tveatvéayve)ln({yi}7t2)7

eeB

where now we have

L({yi}, t2) = / idty Gr(ty,to, 1) [ [ Gr(ty ta,y) = ﬁh(y%tz)a (5.102)
e i=1 L
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where in the last step we related I,, to I; using Eq. (5.91). On the level of the

diagrams we, therefore, have
/’l‘\ _ 2yT yr
x-z [T:=: 2v: .
Yn (5.103)

Of course, as in the previous section we can also fully find 7, to get a generalisation
of Eq. (5.99) by writing

2 1
7 5 [Gr(to, t2, 11) — Gr(to, ta,yr)], (5.104)

In Yi 7t n

which written as diagrams, means

Y
7

1
PR 2y 1 {xl + 29 _Yrt T2 }
1 2 [T, 2y 2% — y3 | 22120 20+ 2yrxa yp+ '

Yn

)

(5.105)

For a simple application, consider a 1-loop exchange diagram. Then we have

Yo+ W 1 |:331+$2 (_ 1 >_
T T9 2Yalp 93% - (ya + yb)2 27122 ($1 + !152)2

Yo Yy + 2 (_ 1 )}
2(Wa +Yp)r2 \ (Ya + Yo + 12)?
o 1+ T2+ Yo+ U
A1 Z2yaYp(T1 + 22) (21 + Yo + U) (T2 + Yo + Up)

(5.106)
and the result for the n-loop exchange can be derived very similarly.

We would like to conclude with a final comment. In [91] the main recursion
relation was derived by using the fact that a time-translation of the Minkowski
wavefunction is simple in terms of the external energies. Upon integration by parts
and by virtue of the properties of the wavefunction propagator, a diagram can
written as an appropriate sum of single cuts. Unfortunately, we were not able to

export this type of recursion relation to the correlators. There are two reasons for
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this. First, for wave function coefficients the time translation operator acts non-
trivially on bulk-bulk propagators, since the boundary term is not time translation
invariant, even in Minkowski. In our case, we simply have Feynman propagators and
get zero. The second reason is that after integrating by parts, in the case of wave
function coefficients, the derivative of the bulk-boundary propagators is proportional
to the bulk-boundary propagator. However, the derivative of the Bulk-boundary
Feynman propagator simply gives us a derivative interaction, that we cannot be
related to the original expression. For the exchange, for example, the results we get

are
/dtdt’ [Gﬁﬁ’(to, t,21)Gr(t, ', y12)Gr(to, t', x2) + (5.107)

+Gr(to, t,21)Gr(t, t, y12) G (4, 5) | =0,

of which we could not make practical use.

5.6 Cutkosky Cutting Rules for Correlators

Let us now move on to a different application of the in-out formalism: cutting
rules for correlators. Given that the in-out formalism features only one type of
propagator, one might expect that a version of Cutkosky’s cutting rules might ap-
ply [114]. In this section, we confirm this expectation and derive explicit results
for all diagrams with one or two interaction vertices, to all loops. As long as we
consider IR-finite interactions, our results apply to Minkowski as well as to de Sitter

space-time.

The “primum mobile" of Cutkosky’s cutting rules is Veltman’s largest time equa-

tion [94], which in turn can be traced back to the following operator identity:

n

DU T [O0y(to) - Oo(to)] T [(Ootrin) (tors1))-+- Oty (tom)] = 0.

r=0 o€ll(r,n—r)

(5.108)

Here II(r,n — r) is the set of partitions of {1,..,n} into two subsets of lengths r
and n — r, so the sum involves 2" terms. The fields O; are arbitrary products of

operators at the same time. We will mostly focus on cases where these operators
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are monomials in the fields of the theory and their derivatives. The identity above
can be proven by induction. To lowest non-trivial order, n = 2, Eq. (5.108) simply
restates the well-known fact that the two non-time-ordered propagators and the two

time-ordered and anti-time ordered propagators are related by '°
Gr(t,t')+ Gu(t,t') — G (t,t') — GH(t,t)*=0. (5.109)

In this simple case, the connection to the largest time equation becomes apparent:
whatever ¢ and ¢ may be, one of the two must be larger ¢, say t > #'. Then the
Feynman propagator G reduces to Gt and the anti-time-ordered propagator G%
reduces to (GT)*, hence proving the validity of Eq. (5.109).

When one furthermore assumes that all the operators in Eq. (5.108) are Her-
mitian the equation becomes a real equation, even though this is not apparent in

that form. Indeed, we can combine terms pairwise to re-write it as

n/2—1 r n
Y CD2Re(T ] Oot) II %u|) (5.110)
r=0 cell(r,n— r) a=1 b=r+1
n/2 n
+ Z ( n/2 Re H Og(a) T H Oo—(b) > =0,
c€ll(n/2,n/2) b=n/2+1
for n even and as
(n—1)/2 [ n
(1" I(T ][ Oot | T | [ Oo|) =0. (5.111)
r=0 oell(r,n—r) a=1 b=r+1

for n odd, where we left the time arguments implicit.

We now follow a similar route to Veltman’s derivation of cutting rules [94]. We
note, however, that the set of rules we establish here are slightly different form their
amplitude counterparts because we are not amputating the diagrams, and so we
still have to deal with the time ordering acting on the operator insertions. This is
not an issue for amplitudes because the LSZ formula effectively pushes all the field

insertions to future or past infinity for outgoing and incoming particles, respectively.

15Since Eq. (5.108) is an operator identity, this propagator identity is valid in any state of the
theory.

6The case ¢t = ' is trivial because all propagators are equal in that case and the identity is
trivially satisfied.
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Before getting into the details, let’s summarize our general two-step strategy:

1. From the largest time equation to propagator identities: We use the
largest time equation on the operators appearing inside a correlator to a given
order in perturbation theory. This includes the operators appearing explicitly
in a correlator and any number of powers of the interaction Hamiltonian. The
outcome is a set of identities relating different products of time-ordered and
non-time-ordered propagators. We employ a nifty diagrammatic notation to

write these identities in terms of cut diagrams.

2. From propagator identities to cutting rules for correlators: Using
properties of the propagators, we re-write the above propagator identities as
relations among correlators for which some of the energies have been analyt-

ically continued to negative real values.

We will derive explicitly cutting rules for diagrams with at most two interaction
vertices, with any number of external legs and any number of loops. For three
or more vertices, we can still write propagator identities, but to transform them
into cutting rules for correlators one would need to appropriately generalise our

derivation. Let us now proceed to the derivation of propagator identities.

5.6.1 Propagator Identities

Here we use the largest time equation to find propagator identities. The starting
point is to expand the time-evolution operator in an in-out correlator to some order
in perturbation theory. Then we want to think of the various powers of ¢ and H;y
as the different operators appearing in Eq. (5.108). This gives us a set of identities.
To see how this works, let’s start with 1-vertex diagrams and work our way up to

two vertices. The case of three vertices is discussed in App. A.2.

1-Vertex Diagrams A one vertex diagram has a single power of H;,; and n copies

of the field ¢. As a simple example, consider the choice
01 = ¢(X1,t0)m7 02 == gb(Xg,tO)n_m, 03 == Hint(t) s (5112)

where ty is an arbitrary time in Minkowski or in de Sitter. Since we restrict our de-
rivation to equal-time correlators we will omit this time dependence in the following.

Inserting the above choice of operators into Eq. (5.111) and sandwiching between
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two ground states we get (in position space)
Im {(T[¢" Hine]) — (9" T[¢" " Hins]) — (¢" " T[¢™ Hims]) } = 0, (5.113)

where we omitted to write the time-ordering or anti-time-ordering when a single
time is present. Here we wrote ~ 0 to indicate that this identity is only valid after
time integration because we dropped the term H;,7T'[¢"]. This is allowed because
every term where a Hamiltonian interaction is not in the same time ordering as a
field, it integrates to zero. Indeed, if the interaction has no relative time ordering to
the boundary, we obtain an integral over the mode functions from minus infinity to
infinity. As discussed previously, the integral over the mode functions in the in-out
formalism is regularized in such a way that it goes to zero in the infinite past and
future, so that the full integral evaluates to zero. We have hence omitted those terms
in this expression and we used the symbol ~ 0 as a reminder of this simplification.

To find the equivalent of Eq. (5.113) in momentum space we have to deal with
the fact that ¢(k) is not Hermitian because ¢(k)* = ¢(—k) by the reality of ¢(x). To
remove the extra minus sign we have to separate the discussion between interactions
that are even (+) or odd (-) under spatial parity (point inversion). For example, we

have

(T[¢(k)" Hine(t)])pe = (T [0 (k)" Hing (1)) b (5.114)
(TTo(k)" Hins (1)])po = —(To(k)" Hint(1)])po (5.115)

N

where the labels parity even (PE) and parity odd (PO) mean
[(F(k)) — (F(=k))] . (5.116)

Hence in momentum space, the parity-even component satisfies the same equation as
in Eq. (5.113), while for the parity-odd component, the imaginary part is substituted
by the real part.

We notice that the cutting rule is really a statement about the imaginary (parity
even) or real (parity odd) part of Eq. (5.113). As we will see, these are exactly
the parts of the diagrams we are interested in, so this will lead to useful relations

between diagrams. But first, let’s give another example.

2-Vertex Diagrams The procedure for two-vertex diagrams is very similar. We

simply take a different group of operators in an in-out correlator and use the largest
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time equation. Here we will focus on a particular channel, but all other channels can
be discussed in the same way. For example, after expanding the evolution operator

to second order, let’s insert the following identifications in the largest time equation,
O1 = ¢(te)™, Oy =o(te)"™, Os=HY(), O,=HI (). (5.117)
We get in real space

0 ~ {< [¢nH(1 H(Q)]> _ <¢mT[¢n mH1(n1t)H1(nt]> <¢n mT[¢mH(1)H(2)]>

int int int int

+ (Tl BTl ) + (Tle" BTl " HL)) | (5.118)

where ~ (0 again indicates that the identity is valid after integrating over the time
of the interactions because we omitted a number of terms that integrate to zero.
This is again due to the fact that the Hamiltonian interactions do not have a time
ordering with respect to the insertions of the operators. In momentum space, the
above expression is unchanged for the parity-even part, while for the parity-odd part,
one needs to change Re — Im. The above procedure is straightforward but leads
to lengthy expressions. Here we show how to streamline it using the diagrammatic

notation of “cut diagrams".

A Diagrammatic Representation: Cut Diagrams We would like to represent
expressions such as Egs. (5.113) and (5.118) in terms of diagrams. To this end,
consider a Feynman diagram and imagine separating it into two subsets of vertices !”
by a “cut". The meaning of a cut is that (i) all operators on one side of the cut are
time-ordered with respect to each other, (ii) those on the other side are anti-time
ordered with respect to each other and (iii) operators on different sides of the cut
have no relative time ordering. As an intermediate step, let’s introduce Feynman
rules for shaded cuts, where the shading refers to the side that is anti-time-ordered,

while the un-shaded side is time-ordered:
Shaded ~ anti-time ordered , Un-shaded ~ time ordered . (5.119)

The Feynman rules for a shaded cut diagram are as follows [94]:

1. A vertex at t on the shaded side of the cut connected to a vertex at ¢’ on the

ITThis is different from deciding to cut or not cut each line. For example, for a one-loop two-
vertex diagram we cannot cut only one of the two loop propagators because cutting only one does
not create two separated subsets of vertices.
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un-shaded side of the cut leads to a factor G*(¢,t') = f(t)f*(t').

2. Two vertices t and ¢’ on the un-shaded side of the cut that are connected to

cach other lead to a time-ordered propagator Gg(t,t').

3. Two vertices t and ¢’ on the shaded side of the cut that are connected to each

other lead to an anti-time ordered propagator G(t,t').

4. A vertex on the un-shaded (shaded) side gets a —i (+7) factor times the appro-
priate coupling constant. This choice corresponds to the process of expanding
—iH

the forward time evolution operator T'e on the un-shaded side, and reverse

time evolution operator Te™ on the shaded side.

Vertex factors and integration over the vertices are as usual. The only difference
from the standard Feynman rules are the propagators. The rules for a right-shaded
cut, are the same just under the exchange of the word ’left” and 'right’. Finally, an

unshaded cut is the average of the two shadings, that is:

T )
(5.120)

Comments Three comments are in order. The first is that cut diagrams have

a meaning that is independent of the largest time equation. For example, we can
consider the s-channel exchange for the four-point function in Minkowski with two

insertions of a ¢®/(3!) interaction and directly write

— /oo /OO dtdt’ <H G (to, t, EZ> Gr(t,t,s) (H Gr(to, ' Ei)’

=3

(5.121)

where s is the energy of the internal line. This emphasises that a cut diagram is

just a diagrammatic representation of the integral of the product of propagators.

Second, we want to discuss how to diagrammatically identify those terms in the
largest time equation that vanish upon integration over time, namely cases where a
Hamiltonian interaction does not appear in the same time ordering as an external

operator. This observation leads to the diagrammatic rule that a diagram integrates
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to zero if it contains an interaction vertex that is separated by the cut from all (fized)
operator insertions. As an example of this rule, consider a contact diagram in flat
space with a single power of the interaction Hamiltonian, which we take to be a

simple ¢*/(3!) interaction. This results in a correlator of the form

<T (f[ . (to)Hint(t)) > . (5.122)

" as a single

Applying the largest time Eq. (5.108) to this diagram (viewing ¢(tg)
operator and Hi,(t) as a second operator), we obtain a sum over terms, one of which

takes the form

/ "t (i (80T (65 (10) s (10) s (10))) ~ / Tt (BT (81 (1)1 (10) D ()

(5.123)
This integrates to zero because the mode functions do
0 3
o</ dt [J G (¢ to. Ei) = 0. (5.124)
- =1

Graphically this corresponds to

X /=0 (5.125)

Therefore, the actual number of cut diagrams that we have to consider when re-
phrasing the largest time equation as a propagator identity is less, and often much

less, than the number of parting into two sets appearing in Eq. (5.108).

The third and final comment is that the results derived in this section are valid
for fields of any mass in de Sitter or Minkowski. It is only in the next section that

we will restrict to massless and conformally coupled fields in de Sitter.

V =1 Cut Diagrams Let’s see now how the one- and two-vertex examples

we considered before look like in terms of cut diagrams. For contact operators
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Eq. (5.113) becomes
El ce En

=0. (5.126)

where a diagram without a cut should be understood as having a cut all the way to
the right or, equivalently, to the left. Notice that this relation is valid for the loop
integrand to all loop orders (but only for a single vertex). In other words, we can
contract any number of pairs of fields in Hjy, since they are still associated to the

same time in the largest time equation.

V =2 Cut Diagrams For the exchange diagram we would find that the cut dia-
gram representation of Eq. (5.118) contains five terms. However, if we specify a spe-
cific channel, namely a way to pairwise contract fields and the interaction Hamilto-
nians, the last term in Eq. (5.118) vanishes because an interaction Hamiltonian is
contracted only with fields outside of its time ordering. Dropping this vanishing

term we find the diagrammatic representation

Em+1 En E1 Em+1 En E1 E7n+1 En E1 Em+1

AL Qe

(5.127)

We will see in the next section how these identities can be transformed into cutting

rules for correlators.

V > 2 Cut Diagrams Here we briefly discuss the general properties of diagrams
with more than two vertices. While it would be interesting to perform a serious
combinatorial analysis of the problem, here we limit ourselves to some simple re-
marks. First of all, we notice that the number of terms appearing in the largest
time equation grows fast and it’s desirable to consider only the new constraints that
arise at higher order. Moreover, the really useful power of these relations arises

when a complicated diagram is reduced to the sum over products of simpler ones.
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To focus on this case, it is convenient to only discuss cases where all the external
fields connected to a single vertex are treated as a single operator in the largest
time equation. Then we have to deal with diagrams where each interaction vertex
is attached to exactly one external line. Very generally we then have V' bulk ver-
tices and V external vertices. Given that a cut separates these 2V vertices into two
groups, we know the largest time equation generates 22" terms. These are then
related pairwise by complex conjugation as in Eqgs. (5.110) and (5.111) leading to
22V=1 terms. Of these terms, many vanish because of the general rule stated above
Eq. (5.122). We were only able to find an upper bound on the number of vanishing
diagrams by counting all cuts in which interaction vertices are not in the same time
order as an external operator. These can be counted by summing the binomials (Z)
over 1 < k <V, which gives 2" — 1. This leads to the upper bound on the number
N of non-vanishing terms in the largest time equation (with one external leg per

vertex)
N <22t 9V, (5.128)

For example, for V=1 we find N < 1. In this case, the bound is saturated and we

have a single term and we find the constraint

T — 0. (5.129)

For V' = 2 we find N < 5. The actual number of non-vanishing terms is N = 4.

The one diagram that does vanish but is not accounted for in our bound is

N e\

N \ —0. (5.130)
\\)

This is the fifth term in Eq. (5.118) '®) and the external legs connected to each

vertex have been represented graphically as a single line. It will be interesting to

pursue this further in the future.

¥Depending on the channel it can be the fourth or fifth.
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5.6.2 Cutting Rules for Correlators

Finally, we would like to relate the propagator identities represented by cut dia-
grams to correlators with shifted kinematics. For technical reasons, we will restrict
our discussion to fields of any mass in Minkowski but only massless and conformally
coupled fields in de Sitter, but we include all derivative interactions. To do this, we

first assume Hermitian analyticity, i.e. for all propagators, we assume
G(n,n' k)= —-G(n,n',—k)", G(t,t',E)=—-G(t,t',—E)". (5.131)

In the following, we will therefore restrict ourselves to these three cases, but include
all derivative interactions, as they preserve hermitian analyticity. This is true for
all the fields we consider in this section. Furthermore, we write all expressions at
the leading order of 7y of the uncut correlator . As we show in App. A.3 this then
allows us to relate the three types of cuts we consider in this section, to be related
to the contact correlator, B¢, and exchange correlator B:" in the following way. For

contact diagrams, we find

Em+1 s

1

= 5 [BIUEYL) + (C)"Bi({- By A B p))] - (5.132)

For exchanges, we consider cuts that run along internal lines, or cuts of external

lines that all connect to the same vertex, as in Eq. (5.127). We then have

L [BEREY) + (—)" B (=B AB Y )] (5.133)

_B:rfziul({Ei}:‘ih {yi ¢L=+11)BZE%,L+1({E2'}?:m+17 {yi 1L:+11)
HZL:JT P(yz)

Y

19This is necessary, because cut diagrams, will in some cases have subleading terms in 7, that
however cancel between terms.
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where P(y), is the power spectrum of ¢ and we defined

By (B Awdie) = (5.134)
= BB o) + (<D B (B o)

1-Vertex Cutting Rules We can in principle get a multitude of cutting rules
from Eq. (5.108), depending on how we identify operators with powers of ¢ and Hijy.
We here show one example for contact diagrams. We use the relation Eq. (5.132)
between cut diagrams and analytically continued propagators inside the propagator

identity Eq. (5.126). The result can be manipulated as follows:

BE (BN — 3 [BUBY) + ()" B (=B F A B} )] (5139
BB + (BB A~ B )] = 0

We can then see that BS({E;}! ) cancels, and finally the we can invert the first m

energies, to obtain
By({Eiyio) + (=1)"B({-Ei}iL,) = 0. (5.136)

2-Vertex Cutting Rules For two insertions of an interaction Hamiltonian, the
number of relations one can obtain from Eq. (5.108) is in principle even larger. The
rules we formulate here for the exchange focus on a particular channel, but the full
rule then simply applies to all permutations.

If we insert O; = ¢(to)™, Oz = o(to)"™™, O3 = H(l)( t), and Oy = )(t/)

int mt

into Eq. (5.108), and denote the s channel where the O; are connected to the b2 08

int

and the remaining legs to H, )

¢, we obtain the rule for exchange diagrams at L + 1-

loops given in Eq. (5.127). Before inserting the relations found in Eq. (5.133) into
Eq. (5.127), note that using Eq. (5.136), one can see that

B (A E o Avitiz) = (GO B (B Avidis) (5.137)

Now, again with Eq. (5.133), we can directly and generally relate to correlators with
flipped energies. We denote the internal energies’ dependence on the internal mo-

menta, by y; = y;(p;). Then, the first three terms of Eq. (5.127) combine, similarly
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to Eq. (5.135), to give

L [ (= By A ) + (A1) B (BN A~ BV )] =

/ B (B i) B (B, {wi i)
P [T P(y:)

then flipping {E;}7, — {—FE;}!, on both sides, and using Eq. (5.137) for the cut
diagrams, we finally find

(5.138)

By ({Eito) + (0)"By({—EitiL) = (5.139)
_ B;CEL({E Y v i) By, B {yi )
By |
P1---DL41 H P( )

For L = 0 this simply reduces to a tree-level identity and the integrals can be
ignored. This is a generalisation of the relation found in [70], which we recover for
L=0,n=4,and m = 2.

We end this section with a number of comments. The cutting rules we obtained
for the 1-vertex and 2-vertex diagrams here, by no means represent the full inform-
ation one can obtain from Eq. (5.108). For instance in App. A.2, we derive the
propagator identities for the 3-vertex case. Additionally, one could consider more
general choices of operators in the largest time equation. However, the results we
have presented in this work are not yet sufficient to relate these diagrams to correl-

ators with shifted kinematics.

5.7 Scattering in de Sitter: a Preview

In this section, we present a brief discussion of scattering in de Sitter, which
follows naturally from the in-out formalism we have introduced. The S-matrix we
define is similar to an S-matrix that has recently been independently introduced
by Melville and Pimentel in [69]. We comment on the few differences and many

similarities below.

Fig. 5.1 suggests a natural way to define scattering in the (double) Poincaré
patch of de Sitter: consider a state of n free particles at the past null horizon, let

them evolve in an interacting theory and project the resulting state on the tensor
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product of free particles at future null infinity. In the Schrodinger picture this looks

very familiar:
Sp = (n', +00|n, —o0) . (5.140)

Following Wigner, a “free particle" should correspond to an irreducible representa-
tion of the dS isometry group and is hence characterized by two quadratic Casimir
operators, the conformal dimension A (related to the mass by Eq. (5.27)) and spin s
(we use the notation of [83, 115, 116]), plus a set of eigenvalues for some conveniently
chosen maximal abelian ideal (Cartan subalgebra). We choose to diagonalize the
three (commuting) generators of spatial translations P; and denote single-particle
states by |A, k, s,0), with o the spin along some direction. These states are created
by acting on the Bunch-Davies vacuum with creation operators, which in turn can
be repackaged in the standard way into fields. We adopt a relativistic normalisation
of the states. The in and out states of the S-matrix are then just tensor products of

free particles,

n

n) = R 120, Ka, S0, a) - (5.141)

a

To compute the S-matrix we work in perturbation theory in the interaction picture

with a time evolution operator given by
S = (0| U(+00, —00) [n) = (0| Te ™ 7 Hinedn |y (5.142)

where again H,, is the interaction Hamiltonian written in terms of the interaction
picture fields (free fields in the Heisenberg picture). This is the same in-out time-
evolution operator 2 we defined in Eq. (5.26) and hence we are naturally thinking of
the “extended" de Sitter spacetime in Fig. 5.1. In the absence of IR divergences, this
is a well-defined operator, as we discussed previously. The Feynman rules are pretty
much the same as in Minkowski, except that we will use them in the time-momentum
domain, as opposed to time-position or energy-momentum domains that are more

familiar in Minkowski. The detailed prescription can be extracted from Eq. (5.142),

20There is subtlety here. If we use the same ie prescription as for computing in-out correlators,
namely Eq. (5.45), we find a divergence because some incoming or outgoing particles have been
inserted before or after all Hamiltonian interactions. In other words, since we are not projecting
onto the vacuum of the free theory we should not use the ie rotation of the contour. Rather, we
sho‘ul‘d adiabatically turn on interactions a la Gell-Mann and Low, namely with the shift Hy,; —
e " Hiye [44].
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but it is easier to notice that the S-matrix is related to the in-out correlators simply
by replacing each off-shell external leg by an on-shell mode function evolving an
incoming (outgoing) particle all the way to past (future) null infinity, as dictated by
the LSZ projection. In our setup, this procedure works very similarly to Minkowski
with the difference that one needs to use the dS mode function appropriate to the
fields corresponding to the particle under consideration. This was nicely discussed in
[69] (see also [111] for a similar projection of in-out correlators to the wavefunction).
We define amplitudes A by

(f|U(+o00, —00) — 11]i) = i(21)*6® (ki — Kout) Aif (5.143)

for |¢) and |f) some initial and final states respectively. Similarly to Minkowski, A
is proportional to the matrix element of 7= —i(S — 1) but a crucial difference is
that we strip off only the momentum-conserving Dirac delta and not the energy-

conserving Dirac delta. The reason will be clear momentarily.

We are now in the position to compute the simplest scattering process of n to
n’ particles of mass m? = 2H?, corresponding to a conformally coupled scalar, with

the simple negative-frequency mode function 2!

He—ikn

(5.144)

We choose a simple polynomial interaction Hiyy = A¢™t" /(n 4 n/)! and restrict to
n +n’ > 4 to ensure the absence of IR divergences. The relativistic normalization

of the states gives us

A, k) = /2|k|a] |0) . (5.145)
Then to linear order in A the result is
Ay = =N (—iHOp, )"t 45 (Er), (5.146)

where FEr is the total energy accounting for the opposite sign of incoming and

2INote that we here drop the factor of i for conformally coupled scalars from Eq. (5.4), for
simplicity. This simply corresponds to a different choice of normalisation.
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outgoing particles

Er==> |k + ) [k, (5.147)
a b

and we found the (n +n’ — 4)-th derivative of the Dirac delta. Notice that, at least
in perturbation theory, the S-matrix enjoys crossing symmetry and so could simply
choose all particles to be outgoing (this was also noticed in [69]), so that Er is the

usual positive sum of norms.

As a less trivial example, consider the exchange diagram mediating the elastic
scattering of 3 + r particles mediated by the interaction A\¢*™ /(4 + r)!. This is IR

finite as long as » > 0, hence the unusual definition of . A direct calculation gives

/\2H2r T (kin . Ein)lJrrfl 4 (kin + Ein)lJrrfl

41
A3+r,3+r = 9 bl o (_E2 I ]{?2 )1+7‘—l 0 + 5<Ein - Eout) 5
1=0 n in in
(5.148)
where
3+r 6427
By = Z |ka| ) Eow = Z |ka| ) (5149)
a=1 a=4+r
3+r 6421 -l
kin = Yk, kot = Y Ko b= (-1 (5.150)
a=1 a=4+r :

A useful check is that we should recover the tree-level single-exchange Minkowski
amplitude for = 0, in which case the ¢* interaction is classically conformal. In this
case, the sum disappears, the numerator cancels the factor 2k;, at the denominator
and we are left with the familiar 1/S with S the Mandelstam variable S = —EZ +k2,.
The absence of a mass is what we would expect since a conformally coupled scalar

is massless in Minkowski, where the Riemann tensor vanishes.

Unitarity and Positivity The amplitudes defined in Eq. (5.143) satisfy the text-

book generalised optical theorem

Aip — Api = iZ/de (2m) 0% (kin — kex) Aix Afx (5.151)
X
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where the sum is over all possible states and the only difference from Minkowski is
that we have not removed any energy-conserving Dirac deltas, and so none needs to
be added explicitly on the right-hand side. A powerful consequence of this theorem
is that the right-hand side is manifestly positive for forward scattering and this
constrains the imaginary part of A;; non-perturbatively.

Let’s check explicitly the optical theorem for the tree-level elastic scattering of
four conformally coupled scalars in de Sitter with a polynomial interaction A¢°/(5!).
We can copy the result from Eq. (5.146) and the right-hand side is simply computed

as

_ dk?( 1 4¢(3) 2
RHS = i / Gy, 20 = k) A (5.152)
§'(Eim — kin)

= 2miN H?0' (B — E;
’/TZ)\ (5( out m) 2E1

(5.153)
The left-hand side can be computed from Eq. (5.148) setting » = 1. Two terms
appear in the sum over [:

\2H? 1 k2 + E?

2 |~y B = Bow) + rpe —

LHS =

2 6/(Ei - Eout)

(5.154)

In the first term, corresponding to [ = 1, the Dirac delta needs to be integrated by
parts. Hence the two terms can be combined and the numerator cancels the negative
energy poles at )y, = —k;, in the denominator, leaving only the positive-energy pole,
at By, = ki, as expected for a physical and on-shell exchanged particle,

A2H? 1

LHS = 8 (B — Eow) 1 :
' kin ( t) o (Ein - kin + iE)Q

(5.155)

One can now re-write Im(FEy, — ki, + i€) 2 = O, Im(Ey, — ki + i€) 1. Then, using
the Sokhotski-Plemelj theorem, Im(z +i¢)™' = —7d(x), we have Oy, Im(Ey, — ki, +
i)' = —md'(Ey, — ki) to obtain precisely the same expression as the right-hand
side in Eq. (5.153).

5.8 Conclusions and Outlook

In this work, we have developed an in-out formalism that computes cosmolo-

gical correlators. Our formalism is equivalent to the well-known in-in formalism for
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unitary, non-dissipative evolution and in the absence of IR divergences. The in-out
formalism offers a welcome simplification of the Feynman rules and involves only
the Feynman propagator. We have discussed a few applications of this formalism,
such as the derivation of recursion relations for Minkowski correlators and cutting
rules for de Sitter and Minkowski correlators.

Our results open many avenues for new exciting research:

e Already from Fig. 5.1 it is natural to define a scattering S-matrix in de Sitter
by complete analogy with Minkowski. This S-matrix can be readily computed
from the Feynman rules we have given for in-out correlators (with the usual
amputation of external lines; which become on-shell mode functions). This
S-matrix is very close to that recently introduced in [69], modulo some minor
technical differences. The in-out S-matrix is interesting because it connects

unitarity to positivity via the optical theorem, just like in Minkowski.

e Our formalism might be useful to make progress on understanding the renor-
malization of ultra-violet divergences in cosmological correlators (see [117] for
progress in this direction). Some of the outstanding issues include the appar-
ent inequivalence of regularization procedures |63, 118|, the characterization
of counterterms and a systematic formulation of effective field theories in an

expanding spacetime.

e The in-out formalism might simplify calculations and lead to new constraints
in the cosmological bootstrap [77], both for the de Sitter [40] and the boostless
case [119].

e Our results might provide the key insight to understand the relation between
the analytic structure of correlators and wavefunction coefficients. A study of
the latter commenced in [91] and was systematized and generalised recently in
[111], where an identification and classification of singularities in Minkowski
spacetime were presented. Later, in [120], it was proven that the branch cuts
in the total energy appearing in the wavefunction always cancel in correlators
(this fact had previously been noticed in a particular case in [121]). In [122], it
was shown that wavefunction singularities can be classified in "amplitude-like"
singularities, which appear also in S-matrix elements, and "wavefunction-type"
singularities that don’t. There it was conjectured that only the amplitude-like

singularities survive in correlators, while wavefunction-type singularities cancel
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out. The equivalence between in-in and in-out formalism seems to provide a

rational for this phenomenon.

e We have provided a formal argument for the equivalence of the in-in and in-out
formalism, but we have presented explicit checks only at tree level. It would
be important to make an explicit check at loop order. Moreover, our cutting
rules for correlators might be useful to understand the peculiar behaviour of
loop contributions to parity-odd correlators, recently computed in [121]. The
surprising simplicity of the parity-odd loop correlators might be clarified by
relating them to tree-level diagrams and leveraging the nice results derived in

[123].

e As it is clear from our results, the number and complexity of the possible
relation among correlators, such as the cutting rules, grow quickly for larger
diagrams. It would be very interesting to see if a more abstract and probably
geometric organising principle emerges, in analogy to the role that polytopes
play in understanding wavefunction coefficients [91, 124, 125, 125, 112]. Per-
haps the techniques developed in [126, 127] can help systematize our derivation

of cutting rules.

Our main result, namely the derivation of an in-out formalism for cosmological
correlators, is a technical one. However, it is not rarely the case that a different
technical formulation of a problem leads to a new conceptual understanding or new

unexplored connections. Posterity will judge.
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Theory: The One-Loop Bispectrum

of Galaxies in Redshift Space from
the EFTofLLSS

6.1 Summary

We derive the Effective Field Theory of Large-Scale Structure kernels and coun-
terterms for the one-loop bispectrum of dark matter and of biased tracers in real
and redshift space. This requires the expansion of biased tracers up to fourth order
in fluctuations. In the process, we encounter several subtleties related to renor-
malization. One is the fact that, in renormalizing the momentum, a local coun-
terterm contributes non-locally. A second subtlety is related to the renormalization
of local products of the velocity fields, which need to be expressed in terms of the
renormalized velocity in order to preserve Galilean symmetry. We check that the
counterterms we identify are necessary and sufficient to renormalize the one-loop
bispectrum at leading and subleading order in the derivative expansion. The ker-

nels that we present here will be used for the analyses of the one-loop bispectrum
in Chs. 7 and 8.
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6.2 Introduction and Conclusion

The Effective Field Theory of Cosmological Large-Scale Structure (EFTofLSS) |30,
28| describes the long distance dynamics of matter and galaxies in the universe. It
is quite a complex endeavor. The dark matter [30, 28] and baryons [128, 31| are
described through their density and momenta, and satisfy some equations of motion
that resemble those of fluids. Galaxies are described as composite operators in terms
of the dark-matter long-wavelength fields (see e.g. [129, 130, 131, 132, 133, 134, 135|,
and also [136]). The effect on short fluctuations of long wavelength modes that rep-
resent displacements needs to be resummed [137, 138, 139, 140, 141]. Predictions
for observables, such as correlation functions of galaxies in redshift space, typically
involve all of these ingredients. It took quite a large and long endeavor to develop
all of this formalism.

Starting from |7, 142, 143|, the EFTofLLSS has been successfully applied to large-
scale structure data, specifically to BOSS data [9], where the analysis of the full
shape of the power spectrum has led to the measurement of all the ACDM paramet-
ers using just a prior from Big Bang Nucleosynthesis. Since then, many applications
to data have followed.

In Ch. 7 we will perform the analysis of the BOSS data using the one-loop
prediction of the bispectrum of galaxies in redshift space. Doing such an analysis
requires the development of the kernels for biased tracers in redshift space up to
fourth order, and the real and redshift space counterterms up to second order in the
fluctuations and at subleading order in the derivatives (i.e. at order k?/kyp? with
k being the typical wavenumber of interest, and kyp, the wavenumber associated to
the non-linear scale).

While naively it might appear that there is only a computational challenge facing
us, i.e. the need to write all possible operators for biased tracers in redshift space
up to fourth order, in reality there are also two conceptual subtleties we will need
to face, and that we now explain. The first such subtlety stems from the non-
local Green’s function associated to the momentum operator, while the second is

associated to the renormalization of composite operators involving the velocity.

The Local Counterterm that Contributes Non-Locally: Let us start from
the first subtlety, focussing initially on the case of dark matter. So far, the coun-
terterms in the EFTofLSS have been explored at high order only for dark matter in
real space. This fact has prevented the emergence of a subtlety that, on hindsight,
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is rather straightforward. The equations in the Newtonian limit contain the Poisson
equation, whose solution is famously not local in space. This is mapped for example
in the non-locality of the perturbative kernels. In fact, even though the absence of
a tree-level speed of sounds makes the kernels just space dependent (rather than
spacetime dependent), the dependence on the spatial wavenumber is not analytic,
so that, once written in real space, they are non-local. For example, the solution
of the locally-observable tidal tensor of the gravitational field, ®, due to a density

perturbation, ¢, is, schematically,

1 0 0

|7 — 2| 02" 92"

0;0;®(Z,t) ~ H2%5(f, t) ~ H? / d*x’

72 o7 t) (6.1)
with H being the Hubble constant. This is non-local unless ¢ = j and we sum over
i

As we discuss in more detail later, counterterms are local, i.e. the response of
the stress tensor to the long-wavelength fields is local. But the way the counterterms
contribute to the fields is through a convolution with the Green’s functions of the
fields themselves, which, as we mentioned, are not local. This subtlety does not show
up for linear counterterms, though. At that order, for the dark matter overdensity,
only the divergence of the momentum matters, which in turn is affected, at linear
level, by @ only through 9?® ~ 6. So, the linear equation and the resulting Green’s
function are accidentally local. In this way, once one uses the counterterms at linear
order (i.e. not multiplied by other fields), one obtains a local contribution.

But this local result is an artefact of the density field and of low order in the
perturbative series, which limits the available tensorial structures. Already once
one looks at the momentum, 7?, one finds that the traceless part of d;77/, which is
observable, is affected at linear order by the traceless part of 9;,0;®, which, as argued
above, is non-local. So the associated Green’s function will be non-local. Therefore,
unless accidental cancellations happen, one should expect the local counterterms to
contribute non locally. This is the situation we will encounter in this chapter, as
the momentum is important for redshift space distortions where, additionally, the
anisotropy induced by the line of sight provides a richer tensorial structure where
accidental cancellations are more rare.

Explicitly, we find that for the momentum, 7, we need a counterterm that
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contributes in a way schematically given by

1 0,0;00
H o7 @7

i

(6.2)

(") indicates n-th

where 77% is the stress tensor, and the subscript (n) OF superscript
order in perturbations. Now, among the second-order response terms for the stress

tensor, we have terms such as

@ ﬁ ) )
T(2) D) m@@;ﬂ@@kﬁjtb y (63)

with p being the background density. This is indeed local. This term affects non-

locally the gradient of the momentum as

oy o P 000k

g (O000) (6.4)

In turn, in redshift space, the dark matter overdensity, d,, at second order is affected

as

. Loiin iro i 0i0;0k0m, [ Ok0,
T 213790 ~ 213 J
6, (%) D Hﬁz 2o, (T) ~ 2'2 T 202 ( e

The 1/9? does not simplify in the final expression: this is a counterterm that contrib-

o(7) aﬁj cp(f)) . (6.5)

utes non-locally to the observable ¢ in redshift space. There are several such terms
in the perturbative expansion, and similar terms appear also when considering the
stochastic counterterms. As discussed in more detail later, these terms are linked to
the generation of vorticity in the cosmological fluid. As a validation of the above, we
explicitly find that these terms are needed to renormalize the redshift-space matter
overdensity bispectrum at one-loop order. !

When passing to biased tracers, a further subtlety arises. In the EFTofLLSS, the
biased-tracer density in redshift space, which is constructed as combinations of the
biased-tracer density and momentum, is written as a spatially local linear combina-
tion of composite operators of the matter field [129]. We do not have the equations
of motion and the associated Green’s function for them. This was the way that
we identified the non-locally-contributing counterterm in dark matter: by simply

solving the equations of motion in the presence of a local stress tensor. But because

LAt this point, one might wonder why counterterms are local to start with. The terms that we
have identified have the property that the region that can non-locally affect a mode is at most of
order of the wavelength of the mode itself. For counterterms, for example in 7%/, we are integrating
out short modes, and so this can affect at most regions within 1/knt,, which is equivalent to a
normal local response.
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of the local relation to dark matter, it is expected that the non-locally-contributing
counterterms should be completely determined by the one of dark matter. This is so
even for the momentum of biased tracers, which, for dark matter, was the operator
being affected by the non-locally-contributing counterterm. Indeed, by the equival-
ence principle, biased tracers should have the same velocity as the underlying dark
matter field at leading order in derivatives. In fact, there is a symmetry argument
based on this idea connecting the two: the non-locally-contributing counterterm for
biased tracers has the same functional form and coefficient as for dark matter. We
confirm and discuss this argument in detail later, and we check again that this result

is sufficient for renormalizing the one-loop bispectrum of tracers in redshift space.

Renormalization of Local Products of the Velocity Field: Let us now pass
to the second main subtlety that we encounter in this chapter. In redshift space,
there appear several contact operators involving the long-wavelength velocity. Con-
tact operators are operators made of products of long-wavelength fields at the same
location. Performing a product of long-wavelength fields at the same location is a
process sensitive to arbitrary short-distance fluctuations, and so needs to be renor-
malized [137, 144]. For operators involving the velocity v*, care must be taken
in preserving the non-trivial transformations under the Galilean group (which is
nothing but the non-relativistic limit of the group of diffeomorphisms), and this is
complicated by the fact that the velocity is itself a contact operator and so needs to
be renormalized [145, 146]. In order to have the correct transformation properties
under the Galilean transformation v* — v* + x*, we wish to have, for example,
[ = [V]R+ X",

o a S (6.6)
[0 | g = 'R + [V]RX + [V ]RX XX,

where [v']g and [v'v’|g are respectively the renormalized velocity and the renor-
malized velocity-squared. While satisfying this constraint is quite straightforward
for the velocity, we see that the velocity-squared needs to have a transformation
involving the renormalized velocity itself. One way to write renormalized quantities
satisfying the above in terms of the non-renormalized fields is therefore to write the

renormalized velocity-squared in terms of the renormalized velocity and additional
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counterterms,

[V]r=0v"+0, ,

] g = (V] R[v]R + OF | (6.7)

where all of the O terms are Galilean scalars. In our calculation of the one-loop
bispectrum, we will have to implement this procedure for products up to four powers

of the velocity or four powers of the velocity and one power of the overdensity.

On top of addressing these two conceptual challenges, the rest of the chapter
is devoted to developing the full calculation of the kernels of the one-loop bispec-
trum in redshift space both for dark matter and for tracers, including the relevant
counterterms, and finally to checking that indeed all the ultraviolet (UV) depend-
ence of the loop diagrams can be cancelled by a suitable choice of the resulting
Effective Field Theory (EFT) parameters. Indeed, we find that both including the
non-locally-contributing counterterms and implementing the correct redshift space
renormalization procedure are crucial for matching the UV limits of the loops. We
will perform first the study for dark matter, and then repeat it for biased tracers.
As mentioned, the resulting kernels will be instrumental in performing the one-loop
analyses of the bispectrum of galaxies in large-scale structure in Chs. 7 and 8.

One final observation that is worthwhile to make is the following. The generic
expression of biased tracers is non-local in time [129]. If 6, is the tracer overdensity,

we have

t
on(Z,t) = / dt'y " Ker;(t,t') Oi(Za(Z,t,1'),1) (6.8)

where O;(Z, ') are all the scalar operators that can be built from the long-wavelength
fields, #q (&, t,t’) represents the position at time t' of the fluid element that at time
t is at location ¥, and Ker;(¢,t) are generic kernels, assumed to have a time scale of
order Hubble. Up to fourth order in the operators, we checked that this expression
is accidentally degenerate with an analogous expression where one assumes that

Ker;(t,t') o< dp(t — t'), i.e. as if the biases where local in time.

6.3 Dark-matter Equations and Notation

Here we collect the relevant background equations and notation for the cold

dark-matter field. We assume a background ACDM expansion, with metric ds? =
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—dt* + a(t)?dz?, where a(t) is the scale factor, which will often be used as the time
variable. The dark-matter field is described in terms of the mass density p(Z, a) and
the velocity field v*(Z,a). The background expansion is driven by a non-relativistic,

time-dependent, background mass density p(a) ? which is given by

5(a) = 7o (3) , (6.9)

where subscripts ( refer to current-day values, and the Hubble rate is H = a/a (we
use the dot to denote time derivatives, i.e. ¢ = dg/0t for generic functions g).
We describe scalar perturbations in the metric with the metric potentials ® and
U, 3 by writing
ds® = — (14 20)dt* + a(t)*(1 — 20)d7* . (6.10)

In terms of the momentum density 7, defined by
(£, a) = p(Z,a)v' (£, a) , (6.11)
the equations of motion for dark matter are (see e.g. [30, 28, 147|)

p+3Hp+a 'O =0,

, . igd 3 (6.12)
7 +4H7' + a7 '0; (7r T ) +a'p0;® = —a 0,7,
along with the Poisson equation
22 3 2
a 0P = §QmH o, (6.13)
which is in terms of the overdensity 9, given by
6(Z,a) = (p(7,a) = pla))/p(a) (6.14)

and the time-dependent matter fraction Q,(a). * The quantity 7% appearing in
Eq. (6.12) is the EFTofLLSS stress tensor [28], which we will describe in much more

2For clarity we will call the matter overdensity p,, in Ch. 10. Here however we always mean
the matter density and overdensity hence we drop it.

3 Anisotropic stress is small and can be neglected for our purposes, in which case the Einstein
equations imply ® = ¥, which we assume throughout this work.

4This is defined by Qu(a) = p(a)/(3ME,H(a)?), where Mp) is the Planck mass, related to
Newton’s constant G by M3, = 1/(87Gy). In ACDM, the Hubble rate can be parameterized by
I{(a)Q/I_IO2 = QIm,O(a/aO)_3 + (1 - Qmﬁ)'
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detail later. Using the Poisson equation Eq. (6.13), we can write

1

and consequently the equations of motion Eq. (6.12) become

po+atom =0, (6.16)
. . 1 igrd iy
7:('Z + 4[‘]"71'z + CLilﬁ 8@ = —ailﬁj (2]\/[31@2 <81(I)8J(I) — 551J(8¢)2> =+ T + T”) .
1%

Next, we can decompose the momentum density into a scalar and a vector part

Ts =0, and T, = ROt (6.17)
which gives
i i ij 0,
m= 5T - ejka—;mk/ , (6.18)

where €% is the three-dimensional totally antisymmetric Levi-Civita symbol (with
€' = 1). With this decomposition, we can write the equations of motion in terms
of the scalar and vector parts

po+alng =0, (6.19)

3
7s +4H7s + 5ameHQ(S =

-1 2 92 1 2 7Ti7rj ¥
= —a 81@ ZMPICL QCI)GJ(I) — 5(51«9(1)) + P + TJ s

k.l
7, +4HT, = —a_leijkajal (QMFZ,la_Qak@@l(D + % + Tkl) )

We see that the scalar part 75 is determined entirely by 4, and the vector part 7,

is only sourced non-linearly. For reference, the full differential equation for ¢ is

2¢1 aH' ’ § o
a“d" + (2+ 7 ) ad 2Qm6 = (6.20)
_ 9:9; 2 -2 1 2 it ij
= %2 (2Mpla (alcbajé 2513(8@) + P +77)

where H = aH, and the prime denotes a derivative with respect to the scale factor,
i.e. ¢ = 0g/da for generic functions g. For dark matter in real space, all renor-

malization and counterterms enter through the stress tensor 7%/, which is a Galilean
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scalar, a tensor under spatial rotations, and a local-in-space and non-local-in-time
function of second derivatives of the metric and gradients of the velocity (because
of the equivalence principle), in the equations of motion above. We will return to
the stress tensor in much more detail below. We also note that while the equation
of motion for 7’ is non-local (because of the appearance of 9;® on the left-hand side
of Eq. (6.16)), the equations of motion for g and 7i, Eq. (6.19) are local.

In this work, we use the following notation

n

Bly P, /’f /
= e , = (27)*6p( ) 6.21
/kk / (2m)3  (2m)3 Bk JE ol Z (6.21)

=1

where dp is the Dirac delta function, and our Fourier conventions are
_ / - (6.22)
k

For a three-dimensional vector k, we write k = |E| for the magnitude, and k = k/k
for the unit vector parallel to k. We use Latin letters like 1,7, k, 1 to denote spatial
indices, in general we do not distinguish between upper and lower spatial indices, and
repeated indices imply summation. We also use the prime on correlation functions,
() to denote the correlation function with the factor of (27)® and Dirac delta

function of translation invariance stripped off.

6.3.1 Perturbative Solutions and Observables in SPT

In this work, we use the so-called Einstein-de Sitter (EdS) approximation to
solve the above equations which allows us to separate the time dependence from
the spatial (momentum) dependence and is known to be accurate to percent level
[148, 135, 149] (we give details about the EAS Green’s function in App. B.1.1). Let
us start with the standard perturbation theory (SPT) contribution, which is the
solution ignoring EFTofL.SS counterterms, i.e. with 7¢ = 0. First, the solution to

the linear equation for ¢ is called the growth factor D(a), which solves

/
a2D" + (2 + a;: ) aD' — ngD =0, (6.23)
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For the perturbations, we write
(k,a) = 0"(k,a), and vi(ka) = v, (k, a) (6.24)
where, assuming that the velocity field is irrotational, °

k
§™(k,a) = D(a)" / Ey(ky, .. koW - 50
k1,..ey

E k1 kn ’
| " ; (6.25)
i (7 K n T PRV OB €Y
Vi) (K, a) = zﬁH(a)f(a)D(a) /El,...,Eg Gk, kn)op o007

S’g) is the time-independent initial field, ¢ F,, and G,, are the standard symmetric
kernels for dark matter (see [150, 151|, for example), and the growth rate f is defined
by

aD'(a)
= . 6.26
fla) = 250 (6.26)
In general, we use the tilde to denote time-independent fields, in particular
~ 5 (a)
6 = 6.27

and we will often drop spatial or momentum arguments when the understanding is

clear. The above expressions for § and v’ solve the equations of motion under the

Om(a) = (agég) ) 2 : (6.28)

which is approximately true in our universe [148, 135, 149]. For the one-loop bispec-

approximation

trum, we need to consider up to n = 4. The SPT expression for 7% can be derived
from § and v using Eq. (6.11).

In this work, we are eventually interested in computing the one-loop power spec-
trum and the one-loop bispectrum of galaxies in redshift space, but we start in this

section with dark matter in real space. In Fourier space, the power spectrum P and

5In the absence of counterterms, it can be shown that an initially irrotational velocity remains
so. In our universe, the initial vorticity is negligible. EFT counterterms induce a vorticity, though,
matching what is observed in simulations [147], and we discuss this in more detail in Sec. 6.4.3.

6We normalize D(a;,) = 1 for some initial time a;, in matter domination where initial condi-
tions are given, so that Pj; is the linear power spectrum at aiy.
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bispectrum B are defined by

(6(k,a)6(K', a)) = (27)%6p(k + k') P(k, a) (6.20)
(6(ky1,a)0(ks, )d(ks, a)) = (21)36p (k1 + ko + k3)B(k1, ko, k3, a) . '

The total one-loop power spectrum is
P joop tot. (K, a) = D(a)? P11 (k) + D(a)*(Py(k) + Pi3(k)) , (6.30)

where <SS)5}§)> — (27)30p(k 4 K')Py1 (k) defines the linear power spectrum Py at

the initial time a;,, and the one-loop terms are

Py (k) = 2[F2(@E— 0*Pii(q)Pu(lk — q1)

- (6.31)
Pi3(k) = 6P (k) /(TF3<<77 —q,k)Pui(q) -
The total one-loop bispectrum is
Bioop tot. = D(a)*Ba11 + D(a)® <B222 + B?()é)l + Béé? + B411> ; (6.32)
where the tree-level bispectrum is
B (ky, ko, ks) = 2F5(ky, ko) Py (k1) Pra (ks) + 2 perms. (6.33)

and the one-loop contributions are

Bogo (ki ko, k3) = 8[P11(Q)P11(|g2 — g Pu(kr + @)
g
x Fy(=q, ky + Q) Fa(ky + @ k2 — Q) Fa(ka — 4.9
B (. ko) = 6Pua(ks) | Pul)Pul(Fe — )
g
x F3(—q, —ky+ q, —E1>F2<§, ko — q) + 5 perms. ,

B?()g)(lﬁ, ko, ks) = 6P11(k1)P11(k’2)F2(E1, k2) [P11(Q)F3(E1,@ —q) + 5 perms. ,

q

B411(k’1, k’g, kg) = 12P11(k31)P11(k’2> /Pll(q)F4((f, —(T, —El, _EQ) + 2 perms. .
q

(6.34)
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6.3.2 Dark-matter Counterterm Contributions

As is well known [28|, the loop contributions Eqs. (6.31) and (6.34) are UV
sensitive because they depend on momenta ¢ much larger than the non-linear scale
of structure formation where the theory is out of perturbative control. The role of
the EFT counterterms in 7% is to cure this UV sensitivity and allow the theory to
match reality. Concretely, we write (suppressing spatial dependence for convenience)

7(a) = 73, (a) + The(a) - (6.35)
Here, the piece T&V(a) must give the same time dependence as in Eqgs. (6.31) and
(6.34) in order to cancel the dependence of the loop integrals on the UV cutoff Ayy.
The other piece, Té{lite(a), does not have a fixed time dependence in general, and
its role is to give the correct amount of Ayy-independent contribution that matches
observations.

For simplicity in this chapter, we focus on the contribution T}A\Jﬁv(a) which has a
fixed time dependence. All of our main points will be evident in this case, and we
will be able to do explicit calculations with explicit numerical factors. Additionally,
we want to check that the general form of 7% that we write is able to capture all
of the UV behavior present in the loops Egs. (6.31) and (6.34), and this requires
assuming the same time dependence as the loops. Inclusion of a general 72 (a) is
straightforward, as it is based on the same k-dependent kernels.

In general, the EFTofLLSS is local in space, but non-local in time [147|. To obtain
the EFT expansion one expands the stress tensor as a local function of second spatial
derivatives of the gravitational potential ® and gradients of the velocity (because of
the equivalence principle), along with stochastic fields, organized, as in any EFT,
in an expansion in powers of the fields and spatial derivatives, integrated along the

past trajectory of the fluid element [147, 129]. More specifically, we have
iJ (7 _ ¢ dd’ / Tz‘j =2 (2 ! /
T (ZL',CL)— 7 ZKO&(a7a) a(xﬂ($aa7a)7a) ) (636)

where the fluid element is defined by

/

o B a da" o
(7, a,ad") = 7 —i—/a Wv(xﬂ(:c,a,a”),a") : (6.37)

the T/ (Z,a) are all local-in-time Galilean scalars (and tensors under rotations on
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the ¢ and j indices), and the k,(a, a’) are unknown EFT kernels describing the non-
locality in time. The T (7,a) are then organized in a local spatial-derivative ex-
pansion of the long-wavelength fields (9;,0;®(%, a), 9;v?(Z, a), etc.) and of stochastic
fields €7(%,a). Since we do perturbation theory in this work, we can write each

scalar as a sum over perturbative orders
T (T,a) =Y T2, (Fa), (6.38)

and because the linear solutions are scale independent, we have a simple scaling

time dependence for the n-th order perturbative pieces

T

a;;(n) (#,a) = (ID)((C;,))) b T(Z(n)(f, a), (6.39)

for some power p, . This means that Eq. (6.36) becomes

KP(a) = / a%‘flﬁa(a,w) (gi‘;;)p | (6.41)

used the definition of the velocity field in Eq. (6.25) along with 8 = —9;v*/(faH),
and the ... in Eq. (6.40) are terms coming from Taylor expanding T/ (Z4(Z, a,d’), a’)
around Z in Eq. (6.36), i.e. higher powers of ¥/, all of which should be included up to
the desired order. The point is that the integral over da’ coming from expanding Iy
can be formally done as in Eq. (6.41) and leaves distinct functions of a, K?(a). The
same happens with the higher order terms in the Taylor expansion of Z4(7,a,d’),
since ¥,y also has a simple scaling time dependence, see Eq. (6.25). This means
that, in perturbation theory, the expansion of the stress tensor can be manipulated
so that the time integrals disappear, in the way indicated by Eq. (6.40). In this
chapter, we only need counterterms from the stress tensor up to second order, so

Eq. (6.40) is sufficient for our purposes. This is the same approach taken for the
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bias expansion in Sec. 6.6.2. 7
Given this, we write the contribution to § from 79 relevant to the one-loop

bispectrum, which we call 9., generally as
5 (F a) =6 (K, a) + 6 (k,a) + 60 (K, a) + 62 (K, a) | (6.42)

where the subscript ¢t denotes the response counterterms, and € denotes the stochastic
(and semi-stochastic) counterterms. Assuming the time dependence needed to can-

cel UV loop contributions, we have

0 (k,a) = D(a)*0 (k) , 62 (k,a) = D(a)*6% (k) , 6.15)
5K, a) = D(a)?6W(F) , and §@(F,a) = D(a)*(F) , '

where we use the tilde to denote the appropriate time-independent factor. Similarly,

we have the solution for 7* which we write as
ik, a) = iy ) (k@) + 7y o) (K, @) + 78 ) (K, a) + 72 o) (K, a) (6.44)
with
i
ok a) = —aHpfD(a)*# (k) . and 7t o (K a) = —aHpfD(a)*# o (k) .
(6.45)

wy(k,a) = —aHpfD(a)’ 7l 0y(k) 7l o)(k,a) = —aHpfD(a)' Tl (k)
1) )

To remove clutter, we will sometimes use the notation A, to mean both A, and A..
We note that in SPT, the time dependence of 7, wg, and m}, are all the same for
each field above linear perturbations. ® However, as can be seen in Eq. (6.19), if
' and €*9;0, 7 have different time dependence, then 75 and 7i, will as well.
For simplicity, in this work, we assume that the counterterms have the same time
dependence as needed to cancel UV divergences in the SPT loops, in which case 7y

and 7}, have the same time dependence as in Eq. (6.45) for 7.

"Note that for the growing mode solutions that we consider in this work, we have K5*?(a) =
Kot “!(a), which shows that Eq. (6.40) is of the correct form for Galilean scalars discussed in
Sec. 6.5.3.

8 At linear level, we have 7T€/7(1) = ﬁeijkajvé) = 0 because velocity vorticity is zero. Then, at
higher orders, i, becomes non-zero because of the growing mode in d in the definition of 7. So,
above linear perturbations, mg, 7%, and 7’ all have the same time dependence, which one can
deduce from the definition of 7% in terms of § and v*.
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6.4 Dark-Matter Renormalization in Real Space

6.4.1 Counterterm Solutions up to Second Order

We now present the solutions for § and 7 that are sourced by the stress tensor
7% in Eq. (6.19) up to second order, leaving the derivation to App. B.1. We start
by writing

Tij — QmHQp <D3 i

+ D4 ’Lj
kNL

D 4 D3Fi ) : (6.46)

t,(1) ct,(2) &(1) &(2)

where the quantities with subscript ct source the pure response solutions of § and 7,
the quantities with subscript € source the stochastic and semi-stochastic solutions
of 6 and 7%, and the number in parentheses indicates the order in fields. Again,
quantities with tildes are time independent, and the time dependence given above
is chosen to lead to Eq. (6.43) (the factor of {2,,(a) can be seen from App. B.1.1).
As described in more detail in App. B.1, the second-order solutions here come from
two sources. The first is directly from the second-order stress tensors in Eq. (6.46),
and the second is from plugging the first-order counterterm solutions back into the
equations of motion Eq. (6.19).
Then, the first-order response solutions are
50 1 . , 1 0;0;0k _jk

— "~ _A.H.7FY ~1
ot —9kNL2&@TCt,(1)7 and 7y q) = 3?02 5 Tar(1) (6.47)

and the second-order response solutions are

~ 20,0; - 8.5(1) ) 1.9 (5 (1)
(2) _ ) ~1] 7 ~jk L L
ct — 33kNL2 [7' (2) 2 ak;Tct,(l) 66” 2 0; Tet, 1)] , (6.48)
and
~1 2 ~1] 1 6,88k ik 85(1) Kl
7Tct,(2) == _9kNL2 [achi,(Q) + ﬁ 8]2 (Tgt,@) —+ ]62 acht,(l) (649)

8;60) 1. (060 . 960 .
——8 < 2 O cjtk(1>+§al< o2 8m7'l (1)+ 2 3;‘7@?7(1) )

To find the above, we used Eq. (6.19), solved for mg and 7!, separately (which are
given in App. B.1), and then combined them to form 7" using Eq. (6.18). Above, as

we will justify in the next section, we have assumed that 8i8j8k7~'gf(1) = 828j7~'g )
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Similarly, for the first-order stochastic solutions, we have

5 9 5
5 = 7k—NL28i8j7~'g(1) , and (6.50)

Te,(1) = {‘ S To) T E ( ; Tﬁ,(l) - 9ﬂef(1) ’

ka2 |7 02 oW 5\ 92

and for the second-order stochastic solutions, we have

Te2) + o2 o2 Te,(1) — 77 o2 o2 Te,(1)

52 — 9,0, [~ij 28z'5(1) 0;0k0; _1y 3 <8k5(1) k0Om _p, )
6.51
49,00 (0;040; _p, il (651
= Ty — 970y ) |

5 02 BE
and
) 2 1 9;0,0 . 9:0 9,.9,0
2~1 _ ~1 ViV [ ~jk j kEOIOUm ~1m
kNL™TE (9) = ?83'76,](2) N 2 (Te],(z) + o TQ,@)) (6.52)

7 o2 2 Te,(1)
L2 ;01 00,0 . 30N 8,00, _
71

_ 1 ) (ajg(l) ajakal ~kl )

92 92 Te(1) T 92 92 e

4 00,0k [ 0;00 (04010 0, ki
~ o5 &2 ( 52 ( 52 Te() ~ O

4 87,5(1) alaman ~mn ~lm alg(l) al&man ~mn ~im
—%@( 2 < 2 el —3mn,<1>) + o2 ( 9z e —8mn,(1)> :

In the above stochastic expressions, as we will discuss further in the next section,

we have not assumed that 8i8j8k7~'€j7 ?1) = 8233-%27'(1).

As a final note, we point out that all of the various numerical coefficients above
come from the linear equations of motion and the assumed time dependence D(a)”
for the various contributions; they represent different combinations of Green’s func-
tions integrated over different kernels in the EdS approximation. We give the EdS
Green’s function in App. B.1.1.
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6.4.2 Explicit Expression for the Stress Tensor

We can now write down the most general stress tensor local in second spatial
derivatives of ® and gradients of the velocity, following the discussion in Sec. 6.3.2,
up to second order, that obeys the symmetries of the problem, which are rotation
and Galilean invariance. We focus on the leading order in derivatives, which, because
of mass and momentum conservation, is O(k?Py;) for Pi3, O(k?P%) for By and
Bg{), O(k*) for Pyy, O(K®) for Bggs, and O(k*Pyy) for Béé)l For the response terms,

we have

g 9;0;,0) -
%éi,u) =G 8]2 + 035ij5(1) ) (6.53)
and
0x0;0;0) 9,6V <y 00D
Tet(2) =01 8; 92 + 303040 92

9;0,6 0:0;0:6M 8,60 ) 5
+ co 6]2 —C2 k (‘)2J k82 + 0461-].5(2) _ 045ijak5(1) kaQ (6.54)

9;0;01) 9;0x0M) 8,0;0)
52 5(1) -+ Cg 82 52

+C5

+ 0751']'5(1)5(1) s

where all of the ¢; are time independent. To determine the above list of operators,
we follow the procedure laid out in Sec. 6.3.2 (which is the same approach as [129]
for biased tracers, which we detail in Sec. 6.6.2 and App. B.3); we first write all con-
tractions of 0;0;® and O;07 with the same tensor structure as 7%/ up to second order
in fields and zeroth order in derivatives, and then we expand the fluid element and
do the remaining time integrals which define the ¢;. We then check for degeneracies
in the resulting operators, and only use the minimal basis, which is given above.

For the stochastic terms, we have

~1j ij ~ij zakg(l) ijkl ak:alg(l)
Te,](l) = 61] N and TE,J(Q) = ak€1jw + 63] 92 s

(6.55)

where, in momentum space, we define the correlation of the stochastic fields ¥ as
an expansion in powers of k of all of the terms allowed by rotation invariance [144],

for example

(€9 (k)ef (K)) = 1)o7 6% + %) (5767 4 57157%) (6.56)
o, 2 (8RR 4+ 0 KT + ()0 R+ SR +

We also do a similar expansion for three-point functions of stochastic fields, for
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example

. - - . 1 .
(€9 (k) (ko) e (s)) = cll) §1gk ™™ + 5(;;%;65” (ginghm 4 gimgkn) (6.57)

écg?:g’cémn (5zk5]l + 51[5]]{3) + 50((;711))705161 (51715]771 + 5zm5]n)

1 . . . o )
+§C((jllc<6lm(5ﬂékn _i_(sjk(sln) +51l(63n5km +5]m5kn)

+5zk(§jn§lm+53m51n) +51n(5j15km+5]k5lm)> ’

where we only need the terms up to k° for the stochastic three-point functions
for dark-matter renormalization in this chapter.  We note that the free coefficients
appearing in two-point and three-point functions of stochastic fields can in general be
independent, although they can be related under the assumption that the stochastic
fields are purely Poissonian, for example. Since we expand the stochastic fields in all
possible tensor structures, it is clear that Eq. (6.55) is the most general expression
satisfying the equivalence principle.

Terms containing 9;0(1) /9% are sometimes referred to as leading infrared (IR)
terms. This is because they can lead to contributions O(k/q) as the momentum
¢ of some field goes to zero. These terms are completely fixed by Galilean invari-
ance. The correct terms are generated by expanding in the fluid line element, as
in Secs. 6.3.2 and 6.6.2, and App. B.3.2, leading to the so-called flow terms [129].
We explicitly derive the expressions in Eq. (6.55) and point out a clarification of
[129, 131] regarding the stochastic fields in App. B.1.5.

As expected, the counterterms above, when plugged into the relevant expressions
for ¢, allow us to absorb all UV divergences in the one-loop power spectrum and
bispectrum, and we give explicit values for the free coefficients that absorb the UV
divergences of the loops in App. B.1.6. In the rest of the chapter, we will often
refer to the choice of counterterms that cancels UV parts of SPT loops as ‘UV
matching,” and in particular, we always choose signs so that the UV part cancels

in the sum of the loop and the counterterms. Our results become much more

9The coefficients cg)b . in the contraction Eq. (6.57) are defined with respect to the specific
ordering of the fields on the left-hand side of Eq. (6.57), i.e. they are not necessarily symmetric
in {a,b,c}. However, we can derive relations among the coefficients with different orderings of
{a,b,c} by permuting the {l%} For example, since at the order that we work, the right-hand side
is independent of the {k;}, by permuting the {k;} on the left-hand side, we obtain relations like
c((lli b= cfll_l), o cl(lgi b= 05141)) mand e [ = cfl)) .» so that all permutations of {a,b, c} can be related
back to the canonical ordéring (a, b, c) This ensures that all of the correlations obey the relevant
symmetries.
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interesting when performing renormalization in redshift space, where non-locally-
contributing counterterms in 7’ are necessary, and we discuss this in much more
detail in Secs. 6.4.3, 6.5.4, and 6.5.5.

As mentioned in Sec. 6.4.1, we assumed that 8i8j8k7~'cjf(l) 20,7, ~” , but
0,0, GkT” k£ 0207 7'6 1) and now we can see why. For the first-order response stress
tensor, 77 ( ), the only two terms that we can write are 6,;0() and 9;0;61) /02, which
both separately satisfy 0,0; D7 () = = 0%0;7 7' . For the stochastic terms, however,
this is not the case. This is essentially because we allow all tensor structures when

contracting stochastic fields. For example, if we have
(€ (ky)ebl (k) D aq676™ + ap (6767 + 6167F) | (6.58)
then the combination in question gives

FRIRY (el (R )es” () — Rk (e (R1)es (ko)) = an(2K{RSRY — KIS™RY — K767RY)
(6.59)

which is not zero. While we find that this makes no difference in real space, we
find that the terms proportional to 9,0, 8k7 ) /0% — (‘9ﬁ3&1> in stochastic expressions
Egs. (6.50), (6.51), and (6.52) lead to contributions in the redshift space quantities
B3211 )€ and By, (see App. B.1.7 for definitions and Sec. 6.5.5 for a discussion) that
have a unique functional form and are not captured by any other terms that we have

discussed, and indeed they are necessary to match the UV structures of B;”;{ ) and

r
3222'

6.4.3 Appearance of Non-Locally-Contributing Counterterms

As a main result of this work, we would like to draw particular attention to

the way that the second-order stress tensors %:j@

Although they enter with a unique derivative structure in 59, i.e. 8i0j7~':j(2), the

) enter the counterterm solutions.

second-order stress tensors appear in both of the structures

~ij 9i0; 0k i

in the second-order solutions 7’ (2 In Egs. (6.49) and (6.52). The second term
above is a spatially non-local contribution to 7, although it originates from local

contributions to g and 7, as can be seen in Eq. (6.19), and we will often refer to
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it as the new ‘non-locally-contributing counterterm.” The non-locality comes simply
from the Green’s function for the 7' equation, as evident in Eq. (6.18), and we
discuss this in more detail in Sec. 6.6.3 for biased tracers.

First, we point out that the appearance of these two structures relies on g and
i, having two different Green’s functions. To see this, notice that the equations of
motion Eq. (6.19) imply that

Ts ~ agd0;S9 | and i, ~ ayei*9,0,8M (6.61)

for some constants ag and ay coming from the EdS Green’s functions (which are
simply numerical constants in the EdS approximation, see App. B.1.1), where we
have defined

ij 2 9 1 2 'l ij
ST] = 2MPla &CI)@CD — 5513(8(1)) + +T J s (662)

p

and used the notation [-], to mean that the term inside of the brackets is sourced
by at least one insertion of the stress tensor 7/ in perturbation theory. Using the
definition of 7* in Eq. (6.18), these expressions lead to

7~ ayd;SY + (ag — av)%bﬁk , (6.63)
so we see that the last term would vanish if g = ayy, i.e. if the Green’s functions
for 75 and 7, are the same. Second, we note that the new term is also absent if
&Oj@kéﬁ ,kéz) = 820]83(2), which is true for any terms in Si{@) proportional to d;;, for
example. Thus, terms in Eq. (6.54) that lead to the new non-locally-contributing
counterterm structure are the ones proportional to ¢5 and cg and the flow terms
proportional to ¢; and ¢;. The term &-ajak(8;%3{(1)8]-5(1)/82)/82 in Eq. (6.49) also
allows c3 to contribute to the non-local structure.

The two structures in Eq. (6.60) have distinct dependence on the momenta of the
fields in %:{(2), and so can give distinct momentum dependence for EFT counterterms.
Notice, however, that for correlators that only involve 4, like the power spectrum
and bispectrum of  in real space in Sec. 6.3.1, this difference does not show up
(as can be seen from Eq. (6.20) where 7 only contributes locally). The situation
is different, though, in redshift space where the structures in Eq. (6.60) contribute
in different ways so that one must include both possibilities in the counterterms to

correctly describe the UV physics. Indeed, both terms are necessary to match the
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UV structures of the loop integrals in redshift space, and we describe this in more
detail in Secs. 6.5.4 and 6.5.5. The bottom line conclusion from renormalization of
dark matter in real space is that as long as one correctly solves the equations of
motion, all renormalization comes through a stress tensor that is a local-in-space
function of 9;0;,® and 9;v7, as expected. The bottom line conclusion that we will
find in Sec. 6.5 for dark matter in redshift space is that, as long as one correctly
solves the equations of motion (especially for 7*), renormalization happens through
a local-in-space stress tensor and local-in-space redshift space counterterms.

We would like to point out, as a side note, that renormalization of the dark-
matter one-loop bispectrum requires the generation of vorticity in the velocity field.
Although absent in SPT, velocity vorticity w® is sourced from the symmetric stress
tensor through [147]

w' ~ €7R9; (Pt — pTlorth) (6.64)

For simplicity, we focus on the response terms. In this case, since an = 0,
starts being sourced at second order from the stress-tensor term p~'d;7*, which in
turn means that the term e*""v™w" starts at third order. We can thus ignore the
latter term for this discussion. One can then check that the parameters in the stress
tensor Egs. (6.53) and (6.54) that source vorticity at second order are ¢y, ¢, ¢5, and
cg, and we have explicitly verified that it is impossible to renormalize the one-loop
bispectrum (specifically Byj1) if all of these parameters are zero.

Finally, let us briefly comment on some potentially confusing aspects of the renor-
malization and UV matching of B§Q1 with the stochastic terms, explicitly shown in
Egs. (B.11) and (B.12). Although we defined Béé)f by summing over all permuta-
tions in Eq. (B.12), we could have done the UV matching in terms of our Galilean
invariant stress tensor by considering all terms with an external Py;(k;), i.e. just

symmetrizing over ks and k3 and considering

— ~ —

By (kr, kay k) = (60 (B1)6M (k)@ (k3))’ + (60 (k1)6M) (k3)6@ (ka)) . (6.65)

A curious point about absorbing the UV divergences of B:g)1 with Béé)l’e is that it is
still possible to do even if the leading IR part of the counterterm solution Eq. (6.51)
(i.e. those ensuring the correct Galilean properties) were wrong. However, this is

only true because the IR part of Eq. (6.51) actually does not contribute to B?()é)f
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after symmetrization over l;g and Eg. 10 However, as we will see in Sec. 6.5.5,
this is no longer the case in redshift space, and the precise form of the IR terms
in Eq. (6.51) is crucial to obtaining the correct renormalization and UV matching.

This clarifies some statements made in [152] about this renormalization.

6.5 Dark-Matter Renormalization in Redshift Space

6.5.1 General Redshift-Space Equations

The distribution of matter is roughly homogeneous and isotropic in the comoving
coordinate &, but since we use redshift to assign distances, the coordinate that we

actually measure for each galaxy is (see for example [153])
T =T+ "z, (6.66)
a

where 2 is the line of sight direction. Mass conservation implies that p(Z,)d*z, =

p(Z)d3z, which gives

5,(k, 2) = 6(k) + / BBz e R (exp [—z'(i 'Hf) (- ﬁ(:z«’))] - 1) (1+6(Z)), (6.67)

in Fourier space. Since we will compute up to the one-loop bispectrum, we expand

to fourth order, which gives

sigi . zizigksl
0 =8 — 0 + = "_0,0;(x"0! 6.68
50" T ey o) (6.68)

_ ngl Zte 8;,0,0:,( ia, i5, 6 Hi:1 gle 9 0.0 O (16T yis
—3!(aH)3ﬁ i, Oy O (T4 050 )+—4!(aH)4ﬁ i, 0, 03,05, (MBS0 V™) + L0
in position space. We now see the appearance of 7 contracted in a non-isotropy-
preserving way, since isotropy is broken in redshift space by the preferred direction
Z.
The n-th order expression for §, in SPT, i.e. with 7¥ = 0 and redshift space

EFT counterterms (related to contact operators in Eq. (6.68) that we will discuss

10This is for a reason very similar to why the LSS consistency relations are trivial for the tree-
level bispectrum, because the leading term when ¢ — 0 has to be zero because of permutation
symmetry in (g, k2, k3).
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in the subsequent sections) set to zero, can be written

00 (K, 2,a) = D(a) Fy (k; )04
E (6.69)

k
n) (1. 2 n (1 7oy s(1 S(1

6 (k,2,a) = D(a) /1;’ (R, R 2)51(;1) - 5](;n) ’

for n > 2, where the redshift space kernels " up to n = 3 can be found in [153], for

example. The observables that we are interested in are defined analogously to those

in Sec. 6.3.1. In the plane-parallel approximation that is common in redshift space

and that we use in this chapter, the power spectrum and bispectrum are defined by

2
(] 0 (ki 2,0)) = (27)36p (k1 + ka) P (ky oy - 2,a) (6.70)
i=1
3 A A
<H 57’(ki7 27 a’)) = (27T>36D<k1 + kQ + k?))BT(k:h k?) k37 kl ° 2, k? . 27 Cl).
=1

Notice that since translation invariance is preserved, the correlation functions still
have the Dirac delta functions for total wavenumber conservation. However, since
isotropy is broken, the spectra can depend on angles with respect to Zz.

The total one-loop power spectrum is

(k,k-2,0) = D(a)* P, (k, k- 2) + D(a)* (P5y(k, k- 2) + Piy(k, k- 2)) , (6.71)

r
Pl-loop tot.

where

Pk k-2) =1+ f(k-2)%)2Pu(k) (6.72)
is the famous Kaiser result, and

~

Pk 2) =2 / FI(3.F — ¢ 2)2Pu(q) Pu(li — 41)
q

(6.73)
Phie e 2) = 6Pu(R)FY (R, 2) [ F(@ -2 E:DPu(a)
The total one-loop bispectrum is
BT = D(a)*B%,, + D(a)® (B%,, + BoD + il 4 pr 6.74
1-loop tot. (a)"Bgyy + D(a) 920 T Dgo1” + D3y~ + Dy | 5 (6.74)

where here and below we suppress the argument (&, ko, k3, ky -z, 1%273) of the bispectra
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terms to remove clutter. The tree-level bispectrum is
By = 2F7 (ky; 2)F1 (kg3 2) F5 Ry, ky; 2) Py (k1) Puy (ko) + 2 perms. | (6.75)
and the one-loop contributions are

B =8 [ Put@PullF: — )Pl + ) (6.76)
q
XEy (=G k1 + @ 2)Fy (ky + G, ko — @ 2)F3 (ko — 4,0 2)
BiD — 6Py, (k) Y (R £) / Pu(@)Pr(IFe — 1)
q
x F3(—¢, —Ez +q, —El; 2)F5(q, k2
Bgé(lll) = 6Py (k1) Pri (ko) FY (ks 2) F5 (kv o 2) [Pll(q)Fg(El, 7,—q: %) + 5 perms. ,

q

Biyy = 12Py (k) Pry (ko) Y (ky; 2) FY (Kg; 2)

X /Pll(@Fi(éﬁ —q, —k1, —k9; Z) + 2 perms. .
q

As a final point, we note that we have explicitly displayed and factored out the major
source of time dependence, which is through the factors of D(a)" in Eq. (6.69), in
the above equations. The kernels F in Eq. (6.69) are in fact time dependent as well,
coming from factors of f(a) that enter Eq. (6.68) through the factors of . While
we fully take into account this time dependence, we do not explicitly write the time
argument in the F) kernels, to remove clutter; all kernels and observables with the
redshift space marking ‘r’ are understood to contain this time dependence through

f(a). For details on how to evaluate the above integrals, see App. B.2.

6.5.2 Renormalization of Dark Matter in Redshift Space

Ultimately, we want a renormalized expression for the redshift space overdens-
ity 4, in Eq. (6.68). The first two terms, containing only § and 7/, have already
been renormalized in Sec. 6.4, and this is entirely determined by the local stress-
tensor counterterms in 7. The non-linear terms in Eq. (6.68), however, are contact
operators (i.e. UV sensitive) and must be separately renormalized [137], which
essentially amounts to adding new counterterms directly to Eq. (6.68). Here we
present a systematic renormalization that preserves Galilean transformation prop-
erties, extending [144], and address some subtleties that appear since we are going

to quadratic order in the counterterms.
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As can be seen in Eq. (6.68), we ultimately want to renormalize products like

k.... In order to build up to that, let us start with the renormalization of

iyl
velocity products, up to [viviv*o!|g, where [-]z denotes a renormalized quantity. In
order to have the correct transformation properties under the Galilean transform-
ation v* — v’ + x* (here and elsewhere Y’ is a constant vector), we wish for the
renormalized quantities to transform in the same way as the bare operators, so we

have

v'r = Wr+ X", (6.77)

BRIk lr — [UZ’U]U lr + ([vzv]]ka + 2 perms.) + ([Ui]RXij + 2 perms.) + Yk,

kol

[

[0 ]r = [ ]r + []RX + [V ]rx" + XN,

[

Wikl p — ivIvRul g 4+ ([0 oF]px! + 3 perms.) 4+ ([v'0?]px* X' + 5 perms.)

+( R XX + 3 perms.) + x'x/x"x' .

One way to write renormalized quantities satisfying the above in terms of the non-

renormalized fields is

[V]r ="+ O} (6.78)
[UW] = [v']r [ ] o

[v'v"v*]r = ([v"v"]R[v ]R +2 perms.) — 2[v']g[v']a[v"]r + O

[wivivRl| g = ([v'v?v*]g[v'] g + 3 perms.) — ([v'v/]g[v*0'] g + 2 perms) + Oiﬂkl ,

where all of the O terms are Galilean scalars. The last expression is not unique in the
sense that other operators could have been used that are not independent from the
ones shown, like [v!]g[v/]g[v*]gr[v!]r and [viv?]|g[v*|R[v!]R, for example. Definitions
using different bases can differ in their scalar parts . Note that v’ is renormalized
here because it is the composite operator 7*/p [147].

We can similarly renormalize products involving . Demanding again that renor-

malized quantities transform in the same way as bare ones under Galilean transform-
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ations means that we want

[60"]r = [0v]r + [0]RX" (6.79)

[6v" 0| g = [Sv"0] g + [0 RX + [007]RX" + [0]RX'X

[0v' v vF] g — [0 0"k + ([0v'07 | rX" + 2 perms.) + ([§v']rx? X" + 2 perms.)
+[0]rx" X X"

[dviviv*ol| g — [dviviv* '] g 4+ ([Sv'v7 ¥ rx! + 3 perms.) + ([0v'v?] rx"X' + 5 perms.)

+ ([00" X" X*X' + 3 perms.) + [6]rx" X/ X" x" -

One way to write renormalized quantities satisfying the above in terms of the non-

renormalized fields is

[0]lg =0+ Os , (6.80)
00"k = [0]r[v']Rr + O ,

[6v'v’] g = [00']r[v']r + [6v']r[v'] R — [0]R[V']R[V]R + Oh; |

5000t = (50" ]afo ] + 2 perms.) — = (150 ale?][e*] + 2 perms.)

1 o 1 . . .
+ 5 ([01alo'e’ nfe*] + 2 perms.) — 2([00 ][] + 2 perms.) + O

[dvivivFol g = ([v'v? 0¥ r[v!] g + 3 perms.) — 5([(501]3[7)71}’“@@3 + 3 perms.)
— ([6v"0?]| [v¥] r[v"] g + 5 perms.) + 5([(502]3[@3@’“]5;[@[]3 + 11 perms.)
1

+ ([5]R[vivjvk]3[vl]3 + 3 perms.) — ([5]R[vivj]3[vkvl]3 + 2 perms.) + Oii]gl.

N |

The above expressions were determined by imposing the correct transformation law
Eq. (6.79) and having the correct limit to Eq. (6.78) when 6 — 1. The expression
for [dviviv*]g is not uniquely determined by these constraints, but the difference is
immaterial; any other definitions for [dviv/vF|p differ by Galilean invariant terms,
in terms of free EFT coefficients, which vanish when § — 1.

Now, we can combine the above expressions to get the terms in Eq. (6.68) relevant

for redshift space distortions. Specifically, we write
[T -] R = [pr 0 v g = p([0 0 - o™ R + [0 0™ R) (6.81)

to define the renormalized quantities involving 7*. After doing that, we find it more

convenient to expand the above expressions Egs. (6.78) and (6.80) in terms of the
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non-renormalized fields and write

Slr=0+0s (6.82)

v =m0 + 00, + 0 0L + 0, + O, ,
i Gkl gk ok i) j ok
v g = 0" + 00700, + (V0! OF 4 2 perms.)

+(v'OI* 42 perms.) + O

v

ijk
7”}2 9

(TRl g = TRl + il O, + (v P OL 4 3 perms.)

+(W O + 5 perms.) + (O™, + 3 perms.) + O7¥

v v T3

One can show that all of the O~ tensors above (which are all Galilean scalars) can

be written in terms of §, Os, the O,n, and the O,ns. Explicitly, we have

O, = pOs, OL=p(1+5+05)0;,+0OL) , (6.83)
04, = pl(1+0+ 0500 + OLO0 s + OI0L + O + 04, (6.84)
O% = p|(1+35+05)0i050k + O + O (6.85)

+0;, (0% + O ) + 05 (Ol + Oliy) + Ok (0% + OL)
o . . o 1 .. 1 . 1 .
+0L0}0}; + OJ0L 015+ 050,03, — ZOL0; — 010, = Z0R0%| |
and

O =p| (140 + O5) ((93;(93;(9505, — 050 — ool - (932(93;5) (6.86)

iy g 1 .. 1 .. 1 . . 1 . .
+ O+ 05 = 50055 = 505005 = 50505 = SO0,

vd v3

3

O, ( il w1k L it 1 :
+ (F (OJ + 045 = 3002005 = 305055 = 30035

007 |

+ % (O + Oy) + 603’03’05’:05’5 + 23 perms. of {1, j, k, l})] :
We note that the counterterms above associated with contact operators are in

general local-in-space [147]. This can be seen by considering two operators oy (7)

and o9(Z). In the EFT, the ambiguity in the product o (%) = o1(%)0o2(Z) comes from

the fact that 6 (%) = o1(F+0%)02(Z) is just as good of a definition as o(¥) as long as

|0] is below the EFT length cutoff. The two definitions differ by higher derivatives
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of the original o; and o9 fields. Thus, the origin of the non-locally-contributing
counterterms in 7] is not from the fact that it is a contact operator, but rather
from the equations of motion Eq. (6.19) and the definition Eq. (6.18).

An important point about Eq. (6.82) is keeping track of how lower-order coun-
terterms must enter higher-order renormalized products in order to preserve Galilean
invariance. To renormalize the contact operators in Eq. (6.68), we simply replace
all of them with the corresponding renormalized operators in Eq. (6.82). This leads
us to the renormalized redshift space overdensity [d,] g which for renormalization up

to the one-loop bispectrum we can write as

6] 7 (K, 2,a) = 6,(, 2,a) + 8. (k, 2, a) + 0 (k, 2,a) + 6D (K, 2,a) + 6@ (K, 2,a) ,
(6.87)
where the subscript ¢t denotes the response counterterms, and e denotes the stochastic
(and semi-stochastic) counterterms. Assuming the time dependence needed to can-
cel UV loop contributions, we have

O\, 2,a) = D(a)*60 (K. 2) . 00y (k, 2,0) = D(a)*5%,(k, 2)

r,ct

W (r 3 25 (1. 3 @) (1 3 35(2) ; 2 (6.88)
ol (k,2,a) = D(a)*6,/(k,2) , and 6,/(k,2,a) = D(a)’6,/(k,2) ,

where we use the tilde to denote the appropriate time-independent factor.

Given the results of Sec. 6.4.1 for dark-matter renormalization, the linear terms
in Eq. (6.68), § and 7, are automatically renormalized by the stress tensor 7%. As
can be seen in Eq. (6.82), though, we still need the explicit expression for O, and

O in terms of 79 to use in higher product renormalizations. Explicitly, we have
0, =7, | (6.89)

where 4, is the solution sourced by 7%, Eq. (6.42). Then, given this, we can solve
for

O =t —2'0, , (6.90)

T =

where 7 is the solution sourced by 7/, Eq. (6.44). The counterterms O, ,» entering
the higher products are free functions of Galilean scalars and introduce new coun-
terterms in addition to those coming from 79. We give explicit expressions for the

redshift space counterterms relevant to this work in Secs. 6.5.4 and 6.5.5.
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6.5.3 IR-Limit Checks

Let us briefly pause to make some comments about the counterterm solutions
that we found in Sec. 6.4.1. A useful consistency check is to confirm that the
expressions have the correct IR behavior for their Galilean transformation types. In

perturbation theory, a Galilean scalar 3 (like § or 7/) satisfies

9,0V

2 1)
)‘IR_aZ( a ’

(6.91)

where we use the notation |jgr to mean the leading term when the momentum of one
of the fields goes to zero, which is a straightforward generalization of [154, 155, 156],
for example. We can also find the IR behavior of the momentum counterterms
directly from Eq. (6.90), since we have w2 = OL + v'O,,. Then since O, and O are
Galilean scalars, we must have

i i E)jé(l) =i £(1)
7Tn(2)|m - ajon,(1)7 + PU(1)5T ) (6.92)

where we have used Eq. (6.89).
First, we point out that the stress tensor that we wrote down in Eqs. (6.53),
(6.54), and (6.55) is indeed a Galilean scalar, since

akg(l)
02

"‘74.]

)~ (6.93)

ol =

for both the response and stochastic contributions, respectively * = ct,e. This is
of course by construction, since we introduced the flow terms as in [129] (with the
clarification in App. B.1.5 for the stochastic terms) specifically to make 77 a Galilean
scalar.

Now we move on to the counterterm solutions for § and 7 sourced by 7. By

inspection, one can indeed see that

60
o2

3j5(1) 9,00 -

0;
—85(1) 74‘ 2 %

6@

(6.94)

oand 7 )| =
which are the correct equations in terms of all of the tilde fields. These are much
more nontrivial checks. In particular, going through the algebra to check these, one
can see how both the second-order stress tensors and the first-order stress tensors
plugged back into the equations of motion combine to give the correct answer.

One can also see this in another way. Following [156], we can start with the linear
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equation of motion and introduce all of the non-linear leading IR terms directly into
the equation of motion. For example, focusing on the counterterm solutions, we

have the linear equation

. 3 1 ..
5OV 1 2H§W — §QmH25iU - anaiajT*’{(l) . (6.95)

Then, the equation of motion for the leading IR piece of the second-order field is

: 3
(55?) +2H6® — §QmH2(5£2)) LR = (6.96)

— aTﬁ@ﬁjT*f(Q)‘IR —a 1(1) aléil) T+ azéil) + Hv 8155})) .

This way, one can see the contribution coming from the IR part of T:j(z), and the
part coming from plugging the linear solution 5 back into the equation of motion.
Indeed, one can show that the solution to Eq. (6.96) for 5 is given by Eq. (6.94).

6.5.4 Redshift Space Counterterms: Response Terms

We now write down the explicit response counterterms (up to second order and
number of derivatives discussed above Eq. (6.53), which is the same in real space
and redshift space) needed to renormalize the product operators in Eq. (6.68). We
start with [7*0v7]z. Since O, and O: are already known from Egs. (6.89) and (6.90),

we only need O¥

™)

which we can expand as

ij = D2 %
erv,(()) = (aHf>2pW5ichM,o ) (6.97)
i _ DS v 8185(1) v ~
OTI.']U,(I) - (a/Hf>2pW (CDM,I# + CDM,35U6(1)> 9 (698)
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and
; D* [ 0,0,0;,00) 9,6M) oM
Oﬂ']v (2) — (CLHf) kNL (CDM,I u 82] kaZ + CDM 35z]8k5 2 ka (699)
90,0 9,0;0;61) 9.0 0 5
+TCbm,2 52 — CDM,2 u 82] kag + Pt 403 6 — ey 45zyak5 HZE

9:0;60 <) 0:0,0W) 0,0;6")

TV

+CDMs 5 — BE oW + i 2 BE + 701500 5)

We have arrived at this list of counterterms using the same procedure as in Sec. 6.4.2.
The only difference is that we now allow a constant term, which did not contribute
through the stress tensor because there are derivatives acting on it. Next we move to
[riviv*] . Since we are only going up to second order, and because it is not possible
to make a Galilean scalar of the form (9” at the order of fields and derivatives that
we need, no new counterterms are needed, although the term v*O?* still contributes.
The situation is similar for [r'v/v*v!|z. For the same reasons, only the term vivI OM
contributes, and so again, no new counterterms are needed.

We can now build the response counterterm kernels F} " and Fy ! which are
defined explicitly in App. B.1.7. We have found that the parameters c;, ¢, cg,
and cpyy o are degenerate in these expressions, so we have set them to zero in the

following. For the first-order kernel, we have

2

FT ct E
(ki) = 18k

(203 + 3£ (203 + 3FTns) (k- £)2+ 92T (i 2)4>,(6.100)

while for the second-order kernel we have

11

ret (77 DM Fp/7 7 4
F2 (]{31,]{72,2)— E Oél- €Z» (kl,k'Q,Z), (6101)
=1
with
DM __ { T TV T gy TV TV TV } 6 102
Q5 =163, C4,C5, C7, CpM1> CDM,2) CDM,3) CDM, 4> CDM,50 CDM,6° CDM, 7S » (6.102)

where the basis functions e/? are defined, and the explicit UV matching to SPT
loops is given, in App. B.1.7.
This brings us to one of the main results of this chapter. The UV limit of Bj,;
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contains a term

2(cs — ¢ k2 — k2)2(k2 4+ k2) (ki + kojio)?
(c5 —c3) f(ki — k) (k7 : 22>2( 21/“ 242) Pri(k1) Pri(k2)
99 kv kT kaks (6.103)

+ 2 perms. ,

'
B[y 2

where we choose to write the bispectrum using the variables (ky, ko, ks, f11, f12), the
coefficients c3 and ¢5 are given in Eq. (B.37), and here and elsewhere, p; = 2 - 12:,
This should be compared to Py (k1) Pi1(ks)/(k1k3)+ 2 perms. in Eq. (B.35) for dark
matter in real space. The fact that Eq. (6.103) contains an explicit factor of 1/k32
is a new development, novel to redshift space. ! A term like this can only appear
as a counterterm in the bispectrum, through B}f] (expressions for the counterterm
solutions and which loops they renormalize are given in App. B.1.7), because of
the appearance of the differential operator 0;0;0x/0* acting on two fields in 7~Tit,(2)
in Eq. (6.49), and thus proves the necessity of the new non-locally-contributing
counterterm. Indeed, the expression for F ““ in Eq. (6.101) and the values of ¢3 and
¢s given in Eq. (B.37) explicitly cancels the UV contribution in Eq. (6.103).

To see how this kind of term can be generated from the counterterms, let us
consider some example counterterms and try to reproduce the form of Eq. (6.103).
Given that there is a factor Pyj(k1)Pi1(k2) upstairs, this term should come from a

contraction like

(6W(21)6W (25)8,(Z5)) | (6.104)

and, since there is a single factor of f, it must come from
O (&s) ~ [EEIOF, ) (T5) | (6.105)

so let us consider the various contributions to 7’ (2) from Eq. (6.49). First of all,
only 0,7 (2 and the term with 0,0;0,/0° have a chance of giving a factor of 1/k3
because they contain a 1/9? acting on two fields whose sum of momenta is — k.

However, it cannot come from 0j7~'g @ because in the only term that had a chance,

"The reader may notice that if one were to use uz as one of the angle variables in Eq. (6.103),
the factor (k11 +kopo)? = k313 in the numerator would cancel the factor of k% in the denominator.
In this case, the novel feature of the expression would be that there is a factor of ;3 upstairs without
an accompanying k3.
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Tg @ ™~ 20;0;0%) /02, the 1/0? is canceled after being hit by 9;. So we must have

5(2)

7,ct

() ~ 579,20 (Nk, . 0.5 (i)

2 | Tt BB 0m%£§7(1)(fg)>. (6.106)

Even still, some terms in the expression for 7%, in Eq. (6.54), like x0,0®? /9 and
those proportional to dy;, will not give what we want when plugged into Eq. (6.106),
since again, the 1/9? gets canceled. However, many will. Consider the term propor-
tional to ¢ in Eq. (6.54). This gives

(5(2)

T‘,Ct(f?’) ~ fél'éjaz

> > 5 (6.107)

0,010, (akam5<1>(fg) amal5<1>(fg)>
which in Fourier space, contains the form Eq. (6.103) that we desired. This and
similar terms, like c3 and c5 that appear in Eq. (6.103), are the origin of the 1/k32
in Eq. (6.103), and we have pinpointed that it is due to the differential operator
0;0;0,/0* appearing in the solution for 7" and being contracted in an isotropy-
breaking way (i.e. with 2). In terms of the basis e/ that we use, the new non-
locally-contributing counterterm enters in e* and e5® in Eq. (B.51) and originates
from the bias basis function eX* in Eq. (B.101).

As a final point, although we have freedom in defining the various operators in
the second-order stress tensor Eq. (6.54), notice that the new term @@@ﬁff@) /0?
appears with a fixed coefficient relative to 8]5';?7(2) in Eq. (6.49). This is important to
preserve Galilean invariance, and in fact it is not possible to match the UV structure
of the loops if the relative coefficient is made different, because Galilean invariance
would be broken. Overall, we find that for the renormalizations of P[; and B}, at
one loop, the expressions given above give a total of 15 free coefficients, 11 of which

are independent, and all 11 of those are needed to match the UV parts of the loops.

6.5.5 Redshift Space Counterterms: Stochastic Terms

The stochastic terms are the final step in fully renormalizing the one-loop power
spectrum and bispectrum of dark matter in redshift space, and we follow the same
logic as the previous sections. As in Sec. 6.5.4, we start with [r‘v/]z. Similar to

the case in Sec. 6.4.2, the only explicit counterterms that we have to add, for our
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purposes, are

ij _D*
Oﬂjv,(l) = (aHf)zp 64] )

i (6.108)
i D3 ) 5 . 9.0,51) .
Ow]v,(Q) - (aHf)Zp k?NLQ <3k64] kaZ + ESJkl kalz ) '

The contractions of the stochastic fields should be expanded as in Egs. (6.56) and
(6.57). For dark-matter renormalization, expansion up to k° suffices because there
are two derivatives acting on O% in Eq. (6.68) already. Because we include all
possible tensor structures in contractions of the stochastic fields, Eq. (6.108) is
clearly the most general expression we can have up to second order that obeys the
equivalence principle. Again, we find that the UV matching is no longer possible
if the coefficients in Eq. (6.52) are modified, showing the importance of correctly
including the terms from the dark-matter stress tensor. Additionally, as a followup
to the discussion for real space, it is now the case in redshift space that UV matching
is not possible if the numerical coefficients of 6% in Eq. (6.51) are modified (i.e.
Galilean invariance is broken). As mentioned in Sec. 6.4.3, the reason that changing
the coefficients in 6% in real space did not ruin UV matching was due to the fact
that the IR terms simply did not contribute because of invariance of Bé?l’e(kl, ko, k3)
under permutations of (ky, ks, k3).

Additionally, new functional forms appear in the UV limits of Bg’z(lf ) and Biyy
which can only be captured by the new terms 8¢8j8k7~'i](€2) /0% (for reasons similar to
those in the discussion near Eq. (6.103)) and @Z-@j@k%i IZ1) /0% — aj%j{(l) (which is zero
for the response terms) coming from the momentum-density renormalization. In

particular, the UV limits of Bg’;l] ) and Bj,, contain terms, for example, of the form

B fPhypnk3p3 (kyp + kaopin)?
k3 k3k3

Fhapia (S — K3)(k — K — K2)) Pua(ky) + 2 perms.

(1)
B3y’ |yy 2

(o k3083 — K2 + i2) (6.109)

and

B fORT ik pis (K puy + kapin)? ((Rupy + kopo)? + k3 (13 + p13))
k3 ’

Bl O (6.110)

for some cutoff-dependent (but momentum independent) parameters §; and fs.

Again, these differ from the real-space expressions in Eqgs. (B.39) and (B.40) because
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they are proportional to an overall 1/k3. For Bgé(ll )7 the reason is exactly the same

as the one given in Sec. 6.5.4 for B, specifically the differential operator 9;0;0y./9*
in Eq. (6.52) applied to two fields whose momenta add up to —ks. For Bi,,, the
explanation is slightly different, since the counterterm B, (expressions for the
counterterm solutions and which loops they renormalize are given in App. B.1.7)
is made from the contraction of first-order Stochastic fields. In this case, the 1/k2
comes from the fact that aiajak%ﬂ ’(“1) /0? —0;T 7' 1s non-zero for the stochastic terms,
as explained below Eq. (6.58). In both cases, the difference comes because isotropy is
broken in redshift space and indices can be contracted with the line-of-sight direction
z.

Because dark-matter renormalization of the stochastic terms starts at O(k?),
there are more independent counterterms than we will find for biased tracers later.
For the sake of space, we do not write their explicit expressions in this chapter.
However, the expressions, along with the values of the EFT coefficients that match
the UV limits of stochastic loops, can be found in the accompanying Mathematica file
of [2]. We write the general formulas, which match the notation of the Mathematica

file, here for reference. For the power spectrum and bispectrum counterterms, we

write
1 5
T,€ 7oA 22) ~
P22 (k?,k?Z)Z — SDtMrz ]()Mrz(k k- ) ) (6111)
DM
r, 1+ f(k
B32(1] (k1’k27k37 ) fn( — Pll kl ZCDMrzeDMTz khk?)kfﬂa ) )
DM

10
By (o, o i 2) = —— 3 22 oB22) (i o R 2)

"bwm 3

where Bg’;{ "€ is defined analogously to Eq. (6.158) and 7ipy ~ ki is the number
density of regions of linear size kyy~" with & ~ 1. Overall, for Py and B¢, we
find 19 free parameters, all of which are needed to match the UV limits of the loops,
and for Byy,, we find 10 free parameters, all of which are needed to match the UV

limit of the loop.
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6.6 Biased Tracers in Redshift Space

6.6.1 General Formulas

We start with the general equations needed for the one-loop bispectrum of biased
tracers in redshift space (ignoring EFT counterterms for now, which we will return
to in Sec. 6.6.3), which are up to fourth order in perturbations. The overdensity of
biased tracers in redshift space, d,. 5, is given by

75 7 3, —ik-Z (EE) 5 =

orn(k,2) =on(k) + | d’ze exp | —i——=(2-0(@)) | =1 | (1+ (7)),

a
(6.112)
where dj, is the tracer overdensity in real space defined by 5 (%) — (9,(%)) = (pn(Z) —

pn)/ pn, where pp,(Z) is the tracer density, and p, = (p,(Z)) is the background tracer
density. In Sec. 6.6.2 we give our explicit bias expansion for d;, which will not satisfy
(0p(Z)) = 0. This means that in Eq. (6.112) we should replace d,, — &, — (05,), which
we choose to do explicitly in the renormalized [d;]r in Sec. 6.6.3. Also, there is no
velocity bias at leading order in derivatives, i.e. Uj, = ¢/ where v is the dark matter

velocity. In configuration space this becomes

sz zizizky
Spp = Op — ——0] + ——0,0;(mF0! 6.113

[To 2 ia, 5, i I, 2" i5, 6, i7, i
—W&l&2@3(ﬂh‘*v Sv 6) + m8i18i28i38i4(7rh LT 8) —+ ... s
where the tracer momentum density 7} is defined by

T = pu(1 4 6p)0" . (6.114)

As always, we expand in perturbations

. g L (6.116)
55?2)(/%2,@) = D(a)”/g . K“h(kl,...,kn;g)éﬂl)...523 :
1 n

77777
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for n > 2. The power spectrum P™" and bispectrum B™" are defined by

2
(I 6r (ki 2,0)) = (2m)26p(ky + ko) P (ky, by - 2,a) (6.117)
=1
3 A A
(T 0rn(Ei 2, 0)) = (2m)20p(ky + ko + k) B™" (ky, kg, kg, by - 2,k - 2,0)
=1

We write the total one-loop power spectrum as

prh (k,k-2,0) = D(a)*P["(k, k-2)+D(a) (P (k, k-2)+ P (k, k%)), (6.118)

1-loop tot.

where

Pk k- 2) = K7 (k; 2) K7™ (< ks 2) P (K) (6.119)

and

Py (ke 2) = 2 / KM@ F = @ 22Pi(a) Pu(F — d) |
q

(6.120)
Py (k- 2) = 6PG (KT (,2) [ K30 -0 K 2)Pu(a)
q
The total one-loop bispectrum is
T, r, T, r.h, (I r.h,(IT r,
Bl—?oop tot. — D(a)4B2ﬁ + D(a)6 <B22}§ + B321( : + B321( ) + B41}i> ’ (6.121)

where here and below we suppress the argument (&1, ko, k3, ky-2, 12:273) of the bispectra

terms to remove clutter. The tree-level bispectrum is

B;ﬁ = QKI’h(EE 5)K?h(lg2§ ZA’)Kg’h(El, EQ; 2)P11(k1)Pii(ke) + 2 perms. , (6.122)
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and the one-loop contributions are

B;’zg :8/]%1@)51(%2—ﬂ)P11(|E1+ﬂ) (6.123)

By = 6Py (k) K" (ks 2) [P11<q>P11<|E2 —q0)

q
X KM (=G, —ko + @, —k1; )K" (3 ks — @ 2) + 5 perms.
By = 6Py (k) Pry () K7 (y; 2) K3 (e, Ky 2)
< / Pur(q)K3" (Foy @~ ) + 5 perms. |
7
Byl = 12P1 (k) Py (ko) K7™ (K 2) K" (o 2)

X/Pll(CI)KZh(_;—j— 1, —k2;2) + 2 perms. .
q

For details on how to evaluate the above integrals, see App. B.2.

6.6.2 Bias Expansion to Fourth Order

With the general expressions for tracers in redshift space in hand, we turn next
to the bias expansion, which is the missing piece from Eq. (6.113). For notational
convenience, we define all of the perturbations, kernels, power spectra, and bispectra
for tracers in real space using the notation in Sec. 6.6.1, but with subscripts or
superscripts ‘r, b’ replaced by ‘h.” From Eq. (6.113), we see that the tracer quantities
in real space can be obtained from the respective quantities in redshift space by
setting f = 0.

As has been previously laid out in [129], by the equivalence principle the tracer
overdensity d;, can only depend on second derivatives of the gravitational potential
and first derivatives of the velocity field, as well as higher derivative and stochastic
terms. Additionally, since the tracer overdensity depends on these fields in a non-
local-in-time way, we integrate over time along the fluid element Zy. In summary
we can schematically write the tracer overdensity as

%

t . 0
On(T,t) = / dt'H(t") fn (aiajcb(fﬂ, t'), Oy (Zq, 1), k—‘”ﬂ (T, t'), t’)

M

(6.124)

Ta==Tq (f,t,t/)
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where fj, is some complicated function describing tracer clustering, Zy is given by

dt//
a(t”)

t/
Ta@ ) = T4+ / B(Fa(E 4, 17), 1) (6.125)
t

and k) is the scale controlling the clustering of the tracer. 2

As has been subsequently shown in [131, 132], using the approach of [136] (i.e.
defining linear combinations of the dark-matter fields) still results in functional
degeneracies, and so we will build our bias expansion straight from the contractions
of the underlying fields and systematically remove degeneracies in a second step.
For the remainder of this subsection we will only focus on the lowest-derivative,
non-stochastic, real-space, bias terms and we include higher-derivative real-space
and redshift-space EFT counterterms and stochastic terms in Secs. 6.6.3 and 6.6.4.

To make sure we include all possible operators, we consider all possible scalar
contractions of 9;0;,® and 9;v7. With O representing any scalar of Galilean trans-
formations and rotations, such as 0, 9;v*, 9,0;90,0;P, etc., we have the general

expansion
t
on(@t) = / dt' H(t')co(t,t)O(Za(Z, t, ), 1) | (6.126)
@

and we give the full list of the operators O needed to go to fourth order in fields in
Eq. (B.78). The co(t,t') are incalculable (within the EFT) time kernels describing
the non-locality in time. We then Taylor expand the operators evaluated at Iy
around 7. Going up to order N (for this work we are interested in N = 4), and

assuming growing mode solutions, an operator O,, starting at m-th order has Taylor

expansion
N « N
i D) (n) -
om(xﬂ(x,t,t),t)Nzg(D(t>) (72((:0%&_(”1_1)(%75) . (6.127)

where the notation |y means expansion up to and including N-th order in fields,
the (ngﬂ are all n-th order in fields, and the index ¢ labels different descendants of
O,, at order n. The Taylor expansion in the fluid element up to fourth order for
general operators O is derived in App. B.3.2. Furthermore, given that in the above

equation, the full ¥ dependence is isolated in powers of the growth factor, we can

12This is to distinguish it from knp,, which is the scale controlling dark-matter clustering. How-
ever, for simplicity in this chapter, we let ky; = knp,. The difference is easily restored if desired.
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symbolically do the time integrals in Eq. (6.126), allowing us to define

ot () = / ' H()co, (1) (g&i;)a , (6.128)

and therefore the sum Eq. (6.126) becomes

on(@ ‘ ZZComa _— (ZC(W ) *t)) . (6.129)

O a=m

up to order N.

Doing this for all operators allowed by the equivalence principle Eq. (B.78), we
obtain Eq. (B.84). However this expansion is overcomplete, as the Cgﬁl are not
linearly independent. A full list of degeneracies is given in Eq. (B.86). We then

obtain the final bias expansion up to fourth order

+by cM(;g )+ bs (C2, (@, 6) + 2 (7, 1) + T, (7.0))

+b ((Cgi)Q(:i;‘, )+ C,(@,1)) + by Cy(@,6) + bs (C2, (7, 1) + C2y(@,1))
o €2, (7, ) + bro (CF, (7,8) + T, (7,6)) + b €, (7, 1)
+b12<cg32(x £) + bis Clay o (T, 1) + bua Cf (7, 8) + bis Cyos | (7,1)

N—

which through the procedure defined above, is the minimal set of linearly inde-
pendent functions for the bias expansion up to fourth order. This parametrization
is the same as the one used in the data analysis in Chs. 7 and 8. The operators

up to third order are the same as in the basis of [131, 132], except that we use
(C(3)

72,2

are explicitly given in App. B.3.4, and expressions for (C(g)Z for n < 3 can be found

= CS;)Q + %Cg)g, as it was easier to generalize. The new fourth order (Cg)i

in [131, 132]. In this way, our expression Eq. (6.130) extends the so-called basis
of descendants to fourth order. The dark-matter kernels are obtained by setting
by = by = by = by = 1, with all of the other bias parameters equal to zero. A bias
expansion to fourth order in real space was also given in [157, 158, and has the
same number of bias parameters as Eq. (6.130).

The procedure described above ensures that we include all possible operators,
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including those related to non-locality in time. However, it is interesting to compare
the basis of functions in Eq. (6.130) to what one would get assuming a strictly local-
in-time expansion, which in Eq. (6.126) corresponds to setting co(t,t") = co(t)dp(t—
t')/H(t) and not including any convective derivatives in the set of operators O
included. As we show explicitly in App. B.3.3, up to fourth order, the two expansions
are mathematically equivalent. 3

In terms of the bias parameters in Eq. (6.130), we have the following dependencies

of perturbative contributions

P{ih[bl] ) Plréh[bl7b37b8] ) P;éh[b17b27b5] ) B;é}ll’(l)[blabQJb37b57667687b10] )

(6.132)
Byl [by, b2, b5] , Bige " by, by, bs, bs, bs] , Bitilby, ... bua] , Bhaslba, ba, bs]

where

Pk, k- 2) = (b + f(k - 2)*)*Pu(k) | (6.133)

is the famous Kaiser result from linear theory, for example. In general, we have the

following dependancies of the kernels on the bias parameters

K7"b1] , K3"[by,ba, bs] . K3"[by,ba, bs, bs, be, bs, bio, and Ky"[by,... bis] . (6.134)
Notice that the diagrams Pféh, Bg’;l’(n), and BZ’lhl depend on less bias parameters than
the kernels in Eq. (6.134) would suggest. This happens because, in the particular
momentum configuration of the kernels that enter the loops in Eqs. (6.120) and
(6.123), some bias parameters can be removed with bias redefinitions. Let us explain
this in detail.

To the order that we work in this chapter, we have

by + by + b5

(0p(2)) ~ /Kh —q)Pui(q) = T/dqq2P11(Q> , (6.135)

13We disagree with some references, including [130, 157], which have claimed that the local-in-
time expansion in terms of 9;0;® and 9;v7 is not sufficient as a fourth-order basis. For example,
they mention a term that they write as tr(ITMTIP!) which they claim cannot be written in the
local-in-time basis. However, we explicitly find that, in terms of the basis of descendants that we
use in this work,

192
eIl = (CTQ g <c§‘§>2 ) 5<c (6.131)
441 (4) 15015 (4) 1729 12681 (4)
+67C 24,2 + 6(Cr35 1 128 (C62 3 16 C(W 2 128 C54 1

Because we find the basis of descendants equivalent to the local-in-time basis, this means that
tr(IIMNTIB) can be written in the local-in-time basis (which by definition is also local in space).
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which as mentioned below in Sec. 6.6.3, we will explicitly subtract when renormaliz-
ing d5. We also note that since number and momentum are not conserved for tracers,
the loops Py", Bit, and Bi"") start at &° (as opposed to k2 for dark matter) as
k — 0. As described in [159, 136], this is best understood as the renormalization of

lower-order bias parameters. We explicitly find that the redefinitions

13Dy + 34by — 47bs + 42b5 — 110bs — 82bs — 63b1
4272

by — by + /dqq?Pu(Q) , (6.136)

—( — 469b; — 96by — 109903 + 1664b, — 1260b6 + 3554b7 — 25200bg
U

+ 515009 + 6489b11 + 1890b12 + 5691b;3 + 2205b;5) / dq*Pi(q) ,
(6.137)

and

bs — bs + ( — 1001by + 3876by 4 1729b5 — 460404 + 546005 + 142800

b
882072
— 34214b; — 7140bg — 7250bg + 13230019 + 17451b1; — 56070012

— 1911b13 — 26460b14 + 6615b15) /dq q2P11(q) 5
(6.138)

absorb the k° UV limits of these loops. After these redefinitions, bia, by, and bys
are eliminated from our observables. Additionally, once the kY pieces are removed
from the terms proportional to b; and b3 in particular, these two operators become

degenerate, and so by3 can also be set to zero.

6.6.3 Renormalization of Biased Tracers in Redshift Space

In some ways, renormalization of biased tracers is more straightforward than
dark matter because there are no equations of motion to solve, one simply writes
all of the terms relevant for the final expressions. On top of this, we express the
contact operators of redshift-space distortions in terms of the long-wavelength fields.

We start directly with the renormalized operators that enter redshift space (the same
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as Eq. (6.82) but with p — pj, and § — d,)

Sulr = 0n + Os, | (6.139)
g = ppv’ + v‘(’)ph + O

Th

THY ?

[
[7h
[71'21]]] = ppv'v? + v UJOPh + Ui(f)frh + Uj(’)z +OY
[mivivk]) g = ppviviv? + vlioF O, + (vivj(’)frh + 2 perms.)

+(v Z(’)ﬁr’fw + 2 perms.) + (’)jffvg ,

[mh V" g = pro'vi ot + 0RO, + (V00FOL + 3 perms.)
+(v U]O%LU + 5 perms.) + (viOfr’ZlUQ + 3 perms.) + thkjs ,

where again, all of the O terms are Galilean scalars, and we specifically have
O,, = pnOs, , which is the higher-derivative halo bias or counterterms. Although 7},
may seem to not be a composite operator, in terms of v¢, it is given by the composite
expression Eq. (6.114), and so must also be renormalized. Note that we choose to
include the non-zero mean of d,, in the renormalized [0 g, so that Os, D —(dp,). The
non-trivial step now is to understand how non-locally-contributing terms containing
the differential operator 9;0;0;/0? in the renormalization of 7" enter the renormal-
ization for biased tracers. In the dark-matter case, the form is dictated entirely by
having a local stress tensor 7%/ and solving the equations of motion. However, biased
tracers do not have an explicit equation of motion from which to derive the form of
all of the counterterms.

To proceed, we write the renormalization of the tracer momentum density in
terms of the dark-matter momentum density, which we know from Sec. 6.4 and
contains the new non-locally-contributing counterterm. The term O in Eq. (6.139)
gives the counterterms that we explicitly add to the renormalized tracer density
[7i]R, so we would like to write that in terms of dark-matter quantities. By the

equivalence principle, we know that [129, 130, 133]
[0, = v']r = O}, (6.140)

where O, is a higher-derivative Galilean scalar built of spatially-local products of
0;0;® and 9;v7, that vanishes when the wavenumber of [v], — vz goes to zero. Now,

we recall that the renormalized velocity is given by [147]

[v']r = [mlr + O, bp 5 (6.141)
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where (’)27 yp are the standard higher-derivative Galilean scalar counterterms used
when defining the renormalized velocity of dark matter, which arise because v’ is a
contact operator in terms of 7° and p (for the same reason as described in Sec. 6.5.2).
Using an analogous expression to Eq. (6.141) for [v}]x, and plugging [v']g and [v}]r
into Eq. (6.140) gives

mhlr = = []r + [nlr (Ohy — Ok o + Oh ip) (6.142)

which using Eqgs. (6.82) and (6.139) to plug in the expressions for [7']|z and [7} ]

implies

(pn + Oph>v + Owh = [[p}]]: ((P + Op)“ + OW) + [pnlr (Om - Ouh,HD + Ov,HD) .
(6.143)

Finally, using p+ O, = [p|r and p, + O,, = [ps]r, we have

O

OL =1+ +0s,) | ———5~
T, ph( +0p + §h)<ﬁ(1+5+05)

+Oh, — Oy, yp + (93’,7HD) . (6.144)
On the right-hand side of the above expression, O! is already the solution for the
dark-matter momentum in terms of the local stress tensor (see Egs. (6.90) and
(6.49)), and so contains the non-locally-contributing Green’s function. The other
terms Ok, O) yp, and O, yp, are local functions of the dark-matter fields, so O
is the only term with non-locally-contributing terms already at field level. Thus, we

have , 4
Om|NLC _ L+ 0n + Oy, OW‘NLC (6.145)
Ph 1+0+0s p

where O|npc stands for the non-locally-contributing terms in O. Thus, we see
that, because of the equivalence principle and locality of the renormalization of
contact operators, the non-locally-contributing counterterms in [}z are determined
by those in 7]z (and the ratio of renormalized densities [§]z and [04]r).

We now specialize to the order relevant to this chapter. The non-locally-contributing

counterterms start at second order in fields in O%, so we have

o;

O;h’(f)’NLC = ’@‘NLC +o., (6.146)
Ph p
where the ... above stand for higher order terms (note that we have also left off
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the constant contribution (8;,) from Oj, since (§,) counts as two powers of 61,
as can be seen from Eq. (6.135)). Then, since it is actually the ratios O%/p for
dark matter and O, /py for tracers that enters the renormalization of the redshift-
space overdensity (as can be seen from Eqs. (6.68) and (6.113)), this means that
the relevant EFT coefficients for dark matter and tracers are actually equal at this
order. This fact has some intriguing consequences. First, measurement of this
quantity in galaxy clustering data is a direct measurement of the underlying dark-
matter properties. In fact, one can also imagine using dark-matter simulations
directly to set expectations for the size of this parameter, since it is unaffected by the
bias. Any mismatch between the measured value and the value expected from dark
matter would point to a violation of the equivalence principle or locality. Second,
since this EFT coefficient is the same for all tracers, the common value should enter
any analysis of multiple tracers or sky patches at the same redshift, thus reducing
the number of overall parameters of the theory. Finally, the same parameter will
enter any lensing analysis (which only depends on the overall mass distribution,
dominated by dark matter), thus again reducing the number of parameters of the
theory and providing interesting physical consistency checks. We leave exploration

of these exciting topics to future work.

6.6.4 Biased Tracers in Redshift Space Counterterms

We can now write down the most general local-in-space counterterms in a de-
rivative expansion of 9;,0;® and 9;v, up to second order, that obey the symmetries
of the problem, which are rotation and Galilean invariance. We focus on the first
few orders in derivatives, which, because number and momentum of galaxies is not
conserved, is O(k2Pyy) for Pi3, O(k*P2) for B}l and Bipr'", O(k°) and O(k?)
for Py, O(k°) and O(k?) for By, and O(k°Py;) and O(k*Py;) for Bg’ﬁ’m. The
O(K°Pyy) in Pl and O(K°P%) in By and Bije" are taken care of by shifts in the
bias parameters in Sec. 6.6.2.

For the response terms, we include the counterterms
9.0

~ ~ 1 ~ ~
= D3o*W + D (4@825(1) ’82 + ch9?6® — cho,0%5

1) 000
0?

kO,
Ph

o 9.51 9.9.50 o
+ c2?(6WsW) 4 cho? (a%f aﬁéf >+c’gai5<1>ai5<1>>,

(6.147)
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kng 2O - N S - - SO
% = D359,00 + D* (qajaia“)aﬂgz + ;6 —cgajai(s(l)% (6.148)
h
SN [ 0;0,0WM 8;0,01) 00,0k [ 0,001 9,0,6)
+6381(5(1)5(1))+C481< ]52 152 >—|—C5 ajz k ( ]812 152 )) )
and
kn,?0Y o 0,060 o 8:0,00 9,50
W = D*y¢5" + D (Cl e 00 | + D*{ "0y e kaz
~ 51 9.5 9:60) 9, 51) -
+ 508400 a‘é +cgva’%f —cgvakalaa]f —a’“; + 50
= O oW <y 0;0:6D 0;0,0 0,0;0(1) L
—sz5ijak5(l)%—2+cgv5(l) 52 +cg 52 k(‘3j2 +C77w5z‘j5(1)5(1)> :
(6.149)

We cannot write down any terms in (’)ff'hkvg or Offfzfg that are Galilean scalars and
contribute at the order that we work. In addition to the terms explicitly written
above, we also need to include the terms in Eq. (6.139) that are inherited from the
Galilean transformation properties. The ones that contribute to the order that we
work are v'0,,, V'Ol + /0L , (V'O + 2 perms.), and (v'0/OF |+ 5 perms.).
Also, notice that the last two terms just mentioned here are only present because
we allow a constant piece in OF .

We also point out the presence of the new non-locally-contributing counterterm
proportional to cf, which is included with a free coefficient following the argument in
Sec. 6.6.3 and is indeed needed to match the UV limit of B}, for example. '* A nice
check of Eq. (6.146) is to consider the UV matching with SPT loops, and compare
the matching of coefficients for the non-locally-contributing terms in Ofrh /pn for
biased tracers and O!/p for dark matter. For biased tracers this comes from %,
and for dark matter this comes from ci, co, ¢3, ¢5, and ¢, as mentioned under
Eq. (6.63). Specifically, decomposing the dark-matter terms in Eq. (6.54) into the
biased tracer basis in Eq. (6.148), we find that (9;(2)|NLC/E = O;h7(2)|NLC/ﬁh implies
cf =1(2/99)(2¢; — ¢2 + ¢35 — ¢5 — ¢6), which is indeed true for the UV matching that
we found in Egs. (B.102) and (B.37).

Even though cf is determined by the dark-matter value, this is still an unknown number for
the sake of galaxy-clustering data analysis, which justifies the choice in Chs. 7 and 8 to treat it as
a free parameter.
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For the stochastic terms, we include the counterterms

k"0 00 ;90,60
= Pho— D%, + D? <3i61 > + €l 52 (6.150)
0 0;0;0,00) 0 9,0,0,0,00)
P I M)
0? 02
kn O ; S0;600 L 0,0,00)
Sallf D2€6+D3( R (6.151)
0, 5(1) 9. , (1)
AR (45 )
and
kNLQO?rJ;LU ij ii 0 5(1) i 0 88(1)
X ik D?ejy + D (@efoka—Q gkl ’“52 . (6.152)

In addition to the terms explicitly written above, we also need to include the terms
in Eq. (6.139) that are inherited from the Galilean transformation properties. The
ones that contribute to the order that we work are v'O,, vi(’)ih + v (’)ﬁrh, (Ui(’)f;'zv +
2 perms.). The correlations of the stochastic fields €%+ are computed analogously
to those in Sec. 6.4.2, but expanded to the appropriate order in k£ to match the
terms that we are renormalizing. Again, we point out the presence of the new
non-locally-contributing counterterm containing 6{13 which has the form discussed in
Sec. 6.6.3 and is indeed needed to match the UV of Bgéhl’(l). Note also that above
we have included the flow terms so that we have the correct IR limit Eq. (6.91)
for Galilean scalars. These were obtained in the same way as in Sec. 6.4.2, which
is a generalization of [129] (with the clarification in App. B.1.5 for the stochastic
terms) to different tensor structures. The above list of counterterms is the full set of
independent terms with given tensor structures (at the order in fields and derivatives
that we consider) that are Galilean scalars so that the theory satisfies the equivalence
principle, and therefore it is the minimal complete set one can consider.

Explicitly, the above leads to the following forms of the kernels and contractions.
Quantities and contributions to observables are defined in App. B.4.1. Starting with

the response terms, we have

Kyt 2) = - (—c’f+(0’f——cm’f) f(l%-é)2——c"”f2(/%-2)4)- (6.153)

= 2
knr
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We expand K5 in the following way
KTth kl,kg, ZOJI ]{?1,]{?2, ) s (6154)

with

_ b b b bR
a; = {cf, ¢y, 5,64, c8,¢1, ¢k T e5? eRt ent ek gl Bt (6.155)

and the basis elements ef{Q and UV matching are given in App. B.4.2, where one can
see that the new non-locally-contributing counterterm enters through the term cZ el
in K™, We have found that the EFT parameters {cZ,c%, ¢l ca’} are degenerate
with other EFT parameters included above for the expressions for K™ and K™,
this of course may not be true when including higher order kernels.

For the stochastic terms, we have (where n is the tracer number density)

Prhe(k l% A)_l St+ St k2 + St k2 f(l;' A)2 (6 156)
keZ) =g e S G 2 , :

kL knt
and
B;’th(l)’e - B§2hl(1 (klv k27 k37 ) + B;Z}; (e <k37 kh kQ’ ) + B321 ’E(]g% E?n El; 2) )
(6.157)
where we have defined
B Dk Ky, kg 2) = (6.158)
= (0 (v, )00 (2, 2)8) (K3, 2))' + (8 (R, 2)0%%) (Ks, 2)055) (s, 2))’

Then, we have

b1+f( ?3

By (R, Fy, ks 2) = =———————P1 (k) cht DRk ks 2) , (6.159)

with e5* = 0; the basis elements €' and UV matching is given in App. B.4.3. In

particular, the new non-locally-contributing counterterm enters through e$5. > Re-

“Note that Eq. (6.146) also in principle implies a relationship between the non-locally-
contributing stochastic terms of dark matter (in Eq. (6.52)) and tracers (e in Eq. (6.151)).
However, since the dark-matter non-linear term is contracted with other dark-matter stochastic
terms and the tracer non-linear term is contracted with other tracer stochastic terms, the resulting
EFT coeflicients after contractions will in general be different. Non-trivial relationships may res-
ult at higher orders in perturbation theory, for example when the non-locally-contributing terms
contract with themselves.



6.6. Biased Tracers in Redshift Space

call that the renormalization of B£’2h2 involves three-point functions of the stochastic
fields, which can in general be independent from the two-point functions (but they
can be related after assuming a Poisson distribution, which is a reasonable assump-
tion). We find

Bhe = % <c§222) + ! . (cgm)(k:% FR2 KD + P55 (K + Kk + k:;k;g)) :

" (6.160)

which indeed is the most general function up to O(k?), symmetric in {/21, ko, Eg},

that can be made out of contractions of these vectors, when momentum conservation
El + Eg + /23 = 0 is considered.

For convenience, we quote here the dependencies of the counterterm quantities

on biases and EFT parameters

r,h,ct h m mv 7 rher St St St
Py [61,01,01,01,03], Py [Clac2ac3]a
r,h,(IT),ct h @© mv 7 r,h,(I),e St St St
By [b1, b2, b5, ¢, 1, c1",c3°] , Bay [b1,ci" 5 {c }z’:4,---,13] ) (6.161)

By by, A im0 €, B AT o) Bl 8 PP

Thus, overall, to the order that we work in this chapter, we have 11 independent bias
parameters, 14 independent response counterterms, and 16 independent stochastic
counterterms. For a conversion from the parameters used here to those used in
PyBird, see App. B.4.4.
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Constraints: The BOSS Bispectrum
Analysis at One Loop from the
EFTofLSS

7.1 Summary

We analyze the BOSS power spectrum monopole and quadrupole, and the bis-
pectrum monopole and quadrupole data, using the predictions from the Effective
Field Theory of Large-Scale Structure (EFTofLSS). Specifically, we use the one
loop prediction for the power spectrum and the bispectrum monopole, and the tree
level for the bispectrum quadrupole. After validating our pipeline against numer-
ical simulations as well as checking for several internal consistencies, we apply it
to the observational data. We find that analyzing the bispectrum monopole to
higher wavenumbers thanks to the one-loop prediction, as well as the addition of
the tree-level quadrupole, significantly reduces the error bars with respect to our
original analysis of the power spectrum at one loop and bispectrum monopole at
tree level. After fixing the spectral tilt to Planck preferred value and using a Big
Bang Nucleosynthesis prior, we measure og = 0.794 +0.037, h = 0.692 + 0.011, and
Q,, = 0.311 £ 0.010 to about 4.7%, 1.6%, and 3.2%, at 68% CL, respectively. This
represents an error bar reduction with respect to the power spectrum-only analysis
of about 30%, 18%, and 13% respectively. Remarkably, the results are compatible
with the ones obtained with a power-spectrum-only analysis, showing the power of
the EFTofLLSS in simultaneously predicting several observables. We find no tension
with Planck.
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7.2 Introduction, Main Results and Conclusion

The SDSS-TIT Baryon Oscillation Spectroscopic Survey (BOSS) has mapped the
clustering of galaxies in the nearby Universe in an unprecedented amount and with
great accuracy [9]. Although BOSS’ survey volume is modest with respect to upcom-
ing experiments such as DESI [160] or Euclid [161], the BOSS data are remarkable as
they have been revealing a wealth of cosmological information from the large-scale

structure of the Universe.

In the last couple of years, the Effective Field Theory of Large-Scale Struc-
ture (EFTofLSS) prediction at one-loop order has been used to analyze the BOSS
Full Shape (FS) of the galaxy Power Spectrum (PS) [7, 142, 143|, and Correlation
Function (CF) [162, 163|. The BOSS galaxy-clustering bispectrum monopole us-
ing the tree-level prediction was first analyzed in [7]| (see [164] for a recent slight
generalization). See also [165, 166, 167] for other techniques and analysis using lin-
ear theory with higher multipoles. All ACDM cosmological parameters have been
measured from these data by only imposing a prior from Big Bang Nucleosynthesis
(BBN), reaching a remarkable, and perhaps surprising, precision on some of these.
For example, the present amount of matter, €,,, and the Hubble constant (see
also [168, 169] for subsequent refinements) have error bars that are not far from
the ones obtained from the Cosmic Microwave Background (CMB) [24]. As we will
see in Ch. 10, for clustering and smooth quintessence models, limits on the dark
energy equation of state w parameter of < 5% have been set using only late-time
measurements (see also [169]). This is again quite close to the ones obtained with
the CMB [24]. These measurements provide a new, CMB-independent, method for
determining the Hubble constant [7], resulting in a measurement that is comparable,
if not better, to the one based on the cosmic ladder [170, 171] and CMB. Therefore,
this tool has been used to shed light on how some models that were proposed to
alleviate the tension in the Hubble measurements (see e.g. [20]) between the CMB
and cosmic ladder [172, 173| (see also [174, 175]) actually perform.

Very recently, in [176], the one-loop EFTofLLSS prediction for the bispectrum was
used to set the first and strong limits on primordial inflationary non-Gaussianities
from Large-Scale Structure (LSS) (see also [177, 178] for a contemporary and a
subsequent paper, where, once put together, the same shapes are constrained but
stopping at the tree-level EFTofLLSS prediction, and so obtaining much weaker con-

straints for the same data). We obtained limits on three of the so-called fyi, para-
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meters, fol' = 217 + 297, fouh = —64 + 74, floe = 49 + 36, at 68% confidence
level, which are predicted to be produced by some single-clock [179, 54| or multiple
fields [180, 181, 182, 183, 56| inflationary models. Perhaps quite surprisingly, those
constraints were already quite on par with the ones of the powerful CMB exper-
iment WMAP [184], though largely inferior to the more recent CMB experiment
Planck [60]. Significant limits from LSS on just fi& were obtained using the power
spectrum only, first in [185], using the so-called non-local bias [186, 187, 188], but
the analysis of [176] uses for the first time the bispectrum, obtaining much stronger
constraints using the data from the same experiments.

In this chapter we upgrade our original analysis of the one-loop power spectrum
monopole and quadrupole and tree-level bispectrum monopole |7], to include the full
one-loop bispectrum monopole and the tree-level bispectrum quadrupole. We scan
over all the ACDM parameters with BBN prior on the baryon abundance, ,h?,
with the exception of the tilt, n,, that we fix to the Planck preferred value.

Our main results are summarized in Fig. 7.1, where we plot the posteriors on
the cosmological parameters that are effectively scanned. This analysis improves
the error bars on the ACDM parameters og, h, and 2, with respect to the power
spectrum-only analysis by about 30%, 18%, and 13% respectively, achieving a pre-
cision of about 4.7%, 1.6%, and 3.2% at 68% CL, respectively. ' Notice also that
the results improve significantly upon the ones obtained using instead the tree-level
prediction for the bispectrum monopole: in particular, og is better determined by
about 30%. Naively, a 30% improvement corresponds to doubling the data volume of
the survey. As it can be seen in the same figure, the results are compatible with the
ones obtained with a power-spectrum-only analysis. We find no tension with Planck:
we measure gy, h, and €2, to values consistent at 0.30, 1.40,0.50, respectively, with
the ones of Planck vYACDM |[24].

The chapter is organized as follows. In Sec. 7.3 we describe the data products
and the measurements we use. In Sec. 7.4 we describe the theory model including
the observational aspects. In Sec. 7.5, we present the likelihood we use to describe
the data. In Sec. 7.6, we provide some tests for our pipeline. Finally, in Sec. 7.7,
we provide some additional details about the main results. Technical aspects and

additional materials are relegated to the appendices.

Here and in the rest of this work, we quote parameter constraints as the Bayesian 68% credible
interval from the one-dimensional marginalized posterior.
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Figure 7.1: Triangle plots, best-fit values, and relative 68%-credible intervals of base
cosmological parameters measured from the analysis of BOSS power spectrum multipoles
Py, £ = 0,2, at one-loop, bispectrum monopole By at tree or one-loop level, and bispectrum

quadrupole By at tree-level. Planck vACDM results are shown for comparison.

7.3 Data

BOSS DR12 LRG Sample. The main data sample analyzed in this work is the
SDSS-IIT BOSS DR12 luminous red galaxies (LRG) sample [9]. We use the BOSS
catalogs DR12 (v5) combined CMASS-LOWZ [189]. 2 To each galaxy we assign the
standard FKP weights for optimality together with the correction weights described
in [189] for BOSS data and in [190] for the patchy mocks. The inverse covariances

2Publicly available at https://data.sdss.org/sas/dr12/boss/lss/
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Figure 7.2: Measurements and best fits of bispectrum monopole By (top), power spectrum
multipoles P, (bottom left), and bispectrum quadrupole Bs (bottom right) from BOSS
(points and error bars) and 2048 Patchy (grey regions) CMASS NGC sky. The bispectrum
is shown in bins ordered by their central values forming either an equilateral, isoceles, or
scalene triangle, shown in blue, orange, or green, respectively. The bin triangle sides (top
panel) are shown either by the bin central values (colored lines) or by their effective values
(grey points). The best fit (black points) is shown only for the scales analyzed. The relative
error bars (turquoise regions) are shown with the best fit residuals for comparison. While
only CMASS NGC is shown for clarity, the best fit depicted here is obtained fitting the
full combination Py, + By + Bs on all BOSS 4 skies.
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are corrected by the Hartlap factor to account for the finite number of mocks used in
their estimation [191]. In order to test our analysis pipeline, we will analyze the mean
over the 2048 Patchy mocks of CMASS NGC (hereafter referred as ‘Patchy’). We
will also make use of the Nseries mocks, which are full N-body simulations populated
with a Halo Occupation Distribution (HOD) model and selection function similar
to the one of BOSS CMASS NGC [9]. 3 We will analyze the mean of the 84 Nseries
realizations (hereafter referred as ‘Nseries’). All celestial coordinates are converted

to comoving distance assuming Qfid = 0.310.

BOSS P+B Full-Shape Measurements. In this work, we analyze the full shape
of the power spectrum multipoles ¢ = 0,2, and of the bispectrum monopole and
quadrupole (respectively abbreviated ‘P,’, ‘By’ and ‘Bsy’). Those measurements are
shown in Fig. 7.2 (together with the best fit from our theory model that we discuss
later). The estimator for the power spectrum is the standard ‘FKP’ estimator [192],
generalised to redshift space in [193, 194, 195]. The bispectrum is estimated using
the estimator outlined in [196] (see also [197, 198, 152, 199]). The measurements are
obtained using the code Rustico [196]. # For the power spectrum, we find excellent
agreement between the measurements from Rustico and Nbodykit [200]. ° We use
Nbodykit to measure the window functions as described in [201]|, with consistent
normalization in the power spectrum as discussed in [202, 203, 204].

The configurations of the measurements are the following. We use a box of
side length Ly, = 3500 (2300)Mpc h~t for CMASS (LOWZ), with Piecewise Cubic
Spline (PCS) particle assignment scheme and grid interlacing as described in [205].
The grid is conmsisting of 5123 cells. The power spectrum is binned in Ak ~
0.01hMpc™'. Instead, we bin the bispectrum in An = 12(9) units of the fun-
damental frequency of the box k; for CMASS (LOWZ), starting from the bin
centered at Ny, = 6 + An/2; up to the one centered on ny,, = 126 (69) — An/2,
which correspond in frequencies to bins of size Ak = 0.02154 (0.02459)h Mpc™*,
with first and last bins centered on Ky, = 0.0215(0.029)h Mpc ™' and kpax =
0.215 (0.176)h Mpc ™, respectively. This choice of bin size is motivated to keep
the Hartlap factor at a value safely close to 1 to limit the effect from the bias of
the inverse covariance estimator. Given that we have 2048 patchy mocks at our dis-

posal to estimate the covariance, and, in our analysis, we will analyze 42 (36) k-bins

3Made available at https://www.ub.edu/bispectrum/pagell.html
4https://github.com /hectorgil /Rustico
Shttps://github.com /beep /nbodykit
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in Py and 150 (62) triangle bins in By, this makes for the Hartlap factor of about
0.91(0.95) for CMASS (LOWZ). Bs, as analyzed at tree-level, only adds 9 bins per
quadrupole (for both CMASS and LOWZ), which lead to the Hartlap factor of the
same order of about 0.9. Importantly, we keep all bins whose centers form a closed
triangle. Explicitly, we choose the following bins according to their centers ordered
as:

(n1,m2,n3), M1,N2,N3 = Nmin, Pmin + AN, -+ -+, Nnax

(7.1)

ifn1§n2§n3 andn3§n1+n2.

It follows that there are several bins that contain fundamental triangles that are not

closed. How to properly account for them is discussed in Sec. 7.4.5.

7.4 Theory Model

Our model for the power spectrum multipoles Py, ¢ = 0, 2, the bispectrum mono-
pole, By, and the bispectrum quadrupole, B, consists in the prediction of EF TofLL.SS
at one loop for P, and By, and at tree-level for By. We also incorporate a number of
observational effects in our modeling to make contact with the measurements. The

loop integrals are evaluated using the techniques described in [206].

7.4.1 EFTofLSS at One Loop

Details for the one-loop power spectrum and bispectrum for halos in redshift
space P™" and B™" can be found in Ch. 6, but we summarize the dependence on
bias parameters and EFT parameters here for convenience. For the perturbation

theory contributions, we have

P[], Pby,bs,bs] . P33'[bi, ba, bs)
B;lhi [blu b27 b5] ) B;;th(][) [bla b2a b37 b57 b8] 3 BZ’{; [bh ey bll] ) (72)
B;ég[blﬁ b27 b5] 9 BQQ]?I(I) [blﬂ b27 b37 b57 b67 b87 bl()] 5

while for the counterterms, we have

r,h,ct rher St St St
P13 [bh Ch,la C7r,17 C7r1),17 Cm;,3] ) P22 [ ] )

€1,C,C3
rh,(I11),ct rh,(I),e St St g St
Bajy [b1,b2, b5, Ch1s Crts Crots Crvgl s Baag b, 4ty ey {6 ima, 3] (73)
r,h,ct rher (222)  (222) (222)
Bii® b, {eniti=1,..5 ¢ty Copy {Crogti=1,7l . Bays'ler yen e ]
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Notice that the diagrams Pféh, Bg’th’(H), and BZ’lhl depend on less biases than the

kernels in Eq. (6.134) would suggest. This is because, when considering the partic-
ular momentum-configuration of the kernels that enter the loop in Egs. (6.120) and
(6.123), they are degenerate with EFT parameters.

To make contact with our measurements described in Sec. 7.3, what we analyze
in the data are various multipoles with respect to the line-of-sight 2. In particular,
we analyze the power-spectrum and bispectrum monopole and quadrupoles. The
power-spectrum multipoles are given by

PP(E) = %§1MP<WMmm, (7.4)

where P, are the Legendre polynomials, and p = k- 2. The bispectrum monopole is
the average over the line-of-sight angles [207, 199, 208] ¢

27
Brh(/ﬁ,kzaks /dﬂl/ d¢Brh(7€1,k2,k37/l1,/i2</l1,¢))a (7-5)

where p; = ki - z, and explicitly, from the triangle conditions:

pa(pin, @) = paky -k + /1= 3/ 1 = (ky - k2)? sin g | (7.6)
pa(pns @) = —ky (kipn + kopio(pi1, 9)) - (7.7)

The expectation values of the estimator used by Rustico for the quadrupoles

are:

By (ky, ka, ks) = /_ldul/ Ao Pa(p) B™" (K1, kz kg, pua, po (i, 9)) 5 (7-8)
E&%wwwz—/Fm/%w%mmmWHMm@%wwmm@u
Bty (hu b, k) = - /Fm/%w%wmmwﬁwmmhwumm@»

We work directly in this basis of quadrupoles, that are linear combinations of the
Bay, coefficients of the spherical-harmonics expansion defined in [207]. We note that

if only considering the bispectrum monopole, c§222) and 02222) become degenerate, so

(222) (222) cé222)/6 ( 7)_

we redefine ¢5™ ' — ¢y

6We have corrected a factor of 1/(4r) in Eq. (14) of [208].
"When considering in addition the bispectrum quadrupole at one loop, this degeneracy breaks.
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7.4.2 IR-Resummation

The IR-resummation is a crucial effect to include in our theory model, in order to
correctly reproduce the BAO. For the power spectrum, we use the full resummation
of [209] as implemented in Pybird [169]. For the bispectrum instead we rely on
a wiggle-no wiggle approximation, following [210]. For the linear bispectrum, the

formula we implement is:
Byl = KT (ky: 2) KT (ky: 2) K3 (Ky, ko ) Puo (k1) Puo (k) + 2 perms. ,  (7.9)
where
Pro(k) = Pug(k) + (1 + K252 e ¥ p, (k). (7.10)

Here P, (k) = Pi1(k) — Puw(k), and P,y (k) is the no-wiggle power spectrum, which
we obtain using the sine-transform algorithm described in [211] and detailed in [212].
Then X2, is defined by

Y2, = —%F 5% + (1 + %f(2 + f)) 2, (7.11)
A

2 4%/0 (2qu)3me@) [1 — jo(qxos(:) + 2j2<q$080)] ) <7‘12>
A .

(522 = 47T/0 ﬁPHW(Q)]Q(quSC) ) (713)

where we choose A = 1AMpc™ and e = 110 Mpch™!, and j; are the spherical
Bessel functions. ® For the loop, our choice is to only substitute the non-integrated
Py (k) with

Pxpo(k) = Pag(k) + e 7% Py (k) (7.14)

while for linear power spectra whose argument are being integrated, we use P;;. We
discuss the goodness of this approximation in Sec. 7.6. Another method of BAO
damping for the tree-level bispectrum was given and tested on Patchy mocks in
[167].

8We have checked that changing A to 0.12hMpc™! leads to insignificant differences in the
posteriors.
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7.4.3 Window Function

The power spectrum and bispectrum need to be convolved with the window
function of the survey. For the power spectrum, this is standard and does not present
numerical challenges. However, for the bispectrum this becomes more challenging.
Therefore, we resort to an approximation used in [213], which amounts to evaluating

the linear bispectrum with the windowed power spectrum. In formula, we have:

Byly = 2K7" (ks 2) K7 (ks 2) K3 " (K, o 2)[W s Pua] (k) [W * Pua)(2) + 2 perms.

(7.15)
where [W « Py](k) = [ (‘;Tkl — K')Py1(K'). Rather than projecting Eq. (7.15)
into multipoles, we prOJect Eq. (7.15) as if there was no window function, and for
[W % Ppy(k) we use the following: for the monopole, we use W — Wyg and, for the
quadrupole we use W — Wy, where Wy and Why are defined in [7|. Because the
window is a small effect, we do not apply it to the loop bispectrum. We discuss the

goodness of this approximation in Sec. 7.6.

7.4.4 Alcock-Paczynski Effect

To estimate the galaxy spectra from data, a reference cosmology is assumed to
transform the measured redshifts and celestial coordinates into three-dimensional
cartesian coordinates. The difference between the reference cosmology and the true
cosmology produces a geometrical distortion known as the Alcock-Paczynski (AP)

effect [214]. We introduce the transverse and parallel distortion parameters:

D4(z)Ho H*™'(z)/Hg!
_ — 7.16
qL fof(Z)Héef ’ qH H(Z)/HO ) ( )

where D4 is the angular diameter distance, and the factors of Hy are there since
our wavenumbers are in units h Mpc™'. In terms of these, the true wavenumber and

angle with the line of sight are related to the ones in the reference cosmology by:

k= B ll + (pref)? (% - 1)}1/2 : (7.17)

q1

ref —-1/2
w ref\2 1
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where F' = ¢|/q.. To match the measured power spectrum multipoles, we do the

following integral:

2€+1 ! re re re re re
o [ L P ). (1)

Py(k™) = o
1

The formula for the bispectrum is:

re re re 26 + 1 re 271- ref
B(é,i)(kl f7 kz f7 k:s f) / f/ a¢ B(k?h ko, k3, pi1, iz, Ns)Pz(Mz) .

2qjq1

(7.19)

For the bispectrum, we only apply the Alcock-Paczynski effect on the tree-level
part, as it is a small effect: we find that, within BOSS error bars (on €2,,), it is an
effect of at most ~ 1o, and accordingly, the change in x? is at most 1 if neglecting
it completely. Given the size of the loop terms and counterterms, it is thus safe to
neglect it there. We find that we can achieve sufficient numerical accuracy using
a nested trapezoidal rule with only 13 points in p and 4 points in ¢, after using

symmetries to restrict the integration domain to py € [0, 1], and ¢ € [—7/2,7/2].

7.4.5 Binning

For the power spectrum, data are an average over spherical shells in momentum
space. The theoretical prediction needs therefore to be averaged over the funda-
mental modes of the chosen grid. Since our bins have many fundamental modes, in
practice we do an integral of the power spectrum over a bin, which is numerically
very simple. The effect of binning is anyway small for the power spectrum, with
respect to the error bars of our data and simulations.

For the bispectrum, we have an average over fundamental (closed) triangles in a
bin of width Ak around a central triangle with sides ki, ks, k3. Especially for our
chosen bins with Ak ~ 0.02, it is important to take into account the binning effects
when comparing the theory to the data. The average should be done as a sum over

fundamental triangles:

. 2£+1 .
B(é};) vin (B, ko, kg) = Z Z Z Ox(h + &+ @) B h(Q G2, G3)Pe(pis)

q1€k1 G2€k2 2€k2

(7.20)
and we note that, here and elsewhere, B""(q\, ¢, @) is the full redshift-space bis-

pectrum, i.e. we have suppressed the dependence on Z for notational convenience.
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Here Np is the number of fundamental triangles in the bin, dx is the Kronecker
delta function, and the notation ¢; € k; means a sum over the fundamental modes
¢; for which k; — % < |G| < ki + %. Calculating such a sum is numerically very
challenging. However, since in each bin there are many fundamental triangles, we
expect that an integral approximation should work well. The only caveat is that
one needs to integrate only over the closed triangles. In particular, this is very im-
portant for bins such that ks + Ak/2 > ki + ko — Ak (remember that our ordering
is k1 < ko < k3), for which there are configurations of modes that do not form a
closed triangle in the bin.

Therefore, we implement the following formula:
B{ly pin(k1s Koy g) = (7.21)

2€+1 3 d3ql . 5 . r N
= (1}/ 2n)? (27)°85) (@1 + @ + @) B (Gh, G2, @) o)

Vi

where

Vi

Vr = <11/ (‘;Wq)g) 2r)P0NG + @+ @) (7.22)

and we used the notation

d3 24 k+2
/ A /;f;f/d P Where/ / (7.23)

As shown in App. C.1, we can perform the angular integrals and find

B(Aq)
B(h)bm(klak%kii /dQ1/ dCJ2/ dQ3Q1CI2C]3 4)3(22)(611&2,(13); (7-24)
k1 ko k3

A
VT:/ dCh/ dQZ/ dgs q192q3 BS( 4q)> (7.25)
k1 ks ks T

where B(A,) = 1/2 if ¢1, g2, g3 form a folded triangle, 5(A,) = 1 for all other
(closed) triangles, and 5(A,) = 0 otherwise.

We apply only the binning in this way to the tree-level part. For efficient numer-
ical evaluation of the integrals in Eq. (7.24), we implement the bispectrum binning
as follow. For a given bin centered in (k, ko, k3), we enforce that (g1, go, g3) forms a
triangle by redefining the integration boundaries: ¢ € [k; — Ak/2,ky + Ak/2),
G2 € ko — Ak/2,ky + Ak/2], and q3 € [|k1 — ka|, k1 + ka]. Whenever ¢z can

not satisfy this triangle inequality, we drop this configuration. As such, we can
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drop the ((4,) function inside the integral. We perform a change of variable
gz — cos(ba) = (&3 — ¢ — ¢3)/(2q1q2), such that the integral measure becomes
714293 dq1dqadgs — ¢3q5 dgidgad cos(612), We then discretize the integration domain
in 6 evenly-spaced points in ¢;, 6 in g2, and 4 in cos(6;2). On each point of this grid,
we evaluate the 14 pieces of the tree-level part of the bispectrum. The binning integ-
rals are then performed with a nested trapezoidal rule over the grid. Given that the
AP integrals, Eq. (7.19), need to be performed for each of those evaluations, we limit
the number of evaluations by first looking for (and storing) the common triangles
of the discretized domains over all the bins we need to evaluate. For our 150 bins
in CMASS, this reduces the total number of evaluations by about a factor 1.5, from
6-6-4-150 = 21600 to 13782. After compilation of the integrand expressions going
in the AP integrals, we are able to evaluate the binned bispectrum in our Python
code with an overall runtime of ~ 1 second on 1 CPU. The numerical precision of
such evaluation has been extensively tested, in particular against Monte-Carlo in-
tegrations, and is found to be under control for the data and simulations error bars
we analyze in this work.

The loop pieces and counterterms, that are small with respect to the linear term,
are instead evaluated on effective wavenumbers. ® They are defined, as described

in [215], by the following averages:

d d d )
ke = ch / ck ﬂqlqzqs B (Ag) min(qy, g2, g3) , (7.26)
1 d d d
Fefr2 = ch / 2 ﬂ611612613 B(Ag) med(q1,q2,q3) , (7.27)
d d d
kei 3 = — ch / c ﬂ 414293 (Aq) max(qi, g2, q3) - (7.28)

As expected from the size of those terms and the size of the binning effect (~ 10),
we have checked that properly binning the loop instead of evaluating them on these
effective wavenumbers lead to negligible shift in the min x? and in the posteriors for

the analyses presented in this work.

9We checked that binning the loop did not lead to appreciable different posteriors.
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7.5 Likelihood

To analyze the data, we start from a Gaussian likelihood, which is multiplied by

the prior to arrive at the Bayesian posterior P over cosmological and bias parameters:
—2InP = (T; — D;)C; ' (T; — D;) — 2In Py, (7.29)

where T; is the full vector of theory predictions in bin ¢, containing power spectrum
multipoles and bispectra, D; the corresponding data measurement in bin ¢, Cj; is the
full covariance between bins ¢ and j, and P, is a generic prior on the parameters.
Our theory model depends on cosmological and EFT parameters. It is the case
that many EFT parameters appear linearly in the theory model. Denoting them by
Ja, We can write
Ti=g9.1¢; + Tna , (7.30)

where T§ ; and Tivg,; depend non-linearly (that is, at least quadratically) on the other
cosmological parameters and three biases for each sky cut. Since we are interested
in the marginalized posteriors over cosmological parameters, it is very convenient to
do the analytical Gaussian integration over the g,. We will also choose a Gaussian
prior on them, with covariance 0,5 and mean g,. '° Collecting the powers of g,, we

can write the posterior in the following form:
—211173 = gaF27a595 — QQQFLQ + F[) s (731)

where the F’s are defined as:

Forop =T8,C;;' To; + 004 (7.32)
Fio=-T8,C;;'(Tna; — Dj) + 0,505 » (7.33)
Fy = (Tne,i — Di)Ci; (Tne,; — Dj) + 90595 — 21In1l, (7.34)

where II is a generic prior on the cosmological and bias parameters non analytically
marginalized. In other words, we assume that P, is a sum of a Gaussian prior over
the g, and a remaining prior on the other parameters. After integrating the g,, we

have the marginalized posterior:

™

E
—21n Pmarg = _FLQFQ_,;,BFLﬁ + FO + In det <2—2) . (735)

10We only use g, # 0 in one of the checks in Sec. 7.6.
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Prior. In our analysis, we vary the cosmological parameters weg,, I, and In (10'° A,)
with a flat uninformative prior, while we use a Gaussian prior on w, of mean
wpBN = 0.02233 and standard deviation oggy = 0.00036, motivated from Big-
Bang Nucleosynthesis (BBN) experiments [216]. We instead fix ng to the truth of
the simulations or to the Planck preferred value when analyzing the data [24]. When
analyzing the BOSS data, we also fix the neutrino to minimal mass following Planck
prescription. !

The EFT parameters should instead be restricted to be O(1) numbers, for con-
sistency of the perturbative expansion. The EFTofLLSS is an expansion in the size
of fluctuations and derivatives. Both of these are suppressed by a nonlinear scale
ki =~ ky =~ 0.7h Mpce ™!, where kyp, is the nonlinear scale for the matter field, and
ky is the typical wavenumber associated to galaxy size. However, it was recog-
nized in [144, 217| that terms involving expectation values of velocity fields, coming
from the transformation to redshift space, define a new scale, which we denote by
kxur =~ kni/ v/8. We therefore write down each operator in the EFT expansion
with either a ky or a kg suppression, depending on its origin. We then use a
Gaussian prior of width 2 centered on 0 on all the EFT parameters that we ana-
lytically marginalize, with the following exception: on ¢p, 1, ¢r 1, Crp1, and cgt, that
already appear in the power spectrum (see their definitions in Ch. 6), we put in-
stead a Gaussian prior of width 4 centered on 0, such that the prior is the same
as the ones used in our previous series of analyses with the power spectrum only
(see e.g. |7, 143, 162]). For the quadratic biases, we define the linear combinations
ca = (by4bs)/V/2, cs = (by—bs)/v/2, and we assign on them a Gaussian prior of width
2 centered on 0. Finally, for by, which is positive definite, we use a lognormal prior
of mean 0.8 (since €% = 2.23), and variance 0.8, such that [0, 3.4] is the 68% bound
for this prior on b;. For definiteness, in our prior, we take knp, = ky = 0.7h Mpc ™
and n =4-107*(Mpc/h)3.

When analyzing more than one sky, we can use the information that the bias and
EFT parameters should be the same at the same redshift, and their time evolution
is expected to be comparable to the growth factor to some small power. This allows
us to estimate the variation of b; between CMASS or LOWZ effective redshifts,
to be about 20%. Therefore, in our multisky analyses the biases are correlated,
which, as explained in the following section, helps to mitigate prior volume effects.

In practice, let us consider the 4-sky analysis and the b; parameters, which will be a

1 As we describe later in Sec. 7.6, we add a linear prior on €,,, h and b; in order to mitigate
phase-space projection effects.
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vector (bgl), ng), bg?’), b§4)), with one bgi) for each sky. The prior on it is a multivariate

lognormal with correlation matrix:

1 P12 P13 P12pP13
P12 1 P12P13 P13
P13 P12pP13 1 P12

p12P13 P13 P12 1

, (7.36)

where p;; =1 — efj/Q, and we choose €15 = 0.1, €;3 = 0.2. This formula is motivated
by the fact that two variables distributed according to a bivariate normal with
correlation p, the standard deviation of the difference is € = \/m . Our choices
of €; then reflect that we expect the values of b; to be different only by about
10% between NGC and SGC, given slightly different selection function, and only by
about 20% between CMASS and LOWZ, given the redshift evolution of b;. We use
the same correlation matrix for the Gaussian priors on all the quadruplets co, ¢4 and

the g, parameters.

Posterior Sampling. Our analyses are performed using the Metropolis-Hastings
sampler as implemented in MontePython 3 [218|, with the theory model evaluated
using CLASS [27] and PyBird. We declare our MCMC converged when the Gelman-
Rubin criterion [219] is < 0.02. The plots and summary statistics are calculated
with the GetDist [220] package.

7.6 Pipeline Validation

For our analyses, we use the following scale cut: ky;,, = 0.01h Mpc! for all
observables, kmax = 0.23h Mpc™! for P, and By, and kpyax = 0.082 Mpc ™! for By, on
CMASS. For LOWZ instead, we use kmax = 0.20h Mpc ™ for P, and By , following [7].
We keep kmax = 0.08hMpc™! for By on LOWZ. 2 In this section, we perform

multiple checks to validate our method at this scale cut.

12For comparison purpose, we sometimes fit By using the tree-level prediction instead. When
doing so, By is denoted B{® (to distinguish from BSIOOP) and is fitted up to kyax = 0.08h Mpc™?
for both CMASS and LOWZ.
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7.6.1 Measuring and Fixing Phase-Space Effects

Our likelihood has several EFT parameters on top of the cosmological paramet-
ers. Some of these appear in the likelihood in a Gaussian way, and we analytically
marginalize over them. Performing such a Gaussian integral corresponds to putting
these parameters to their best fit values, given all the other parameters and obser-
vational data. At this point, we are left with a likelihood which has a non-Gaussian
dependence on the EFT and the cosmological parameters.

Now, there is an interesting phenomenon that we would like to describe. Let
us analyze data that are generated with our theory model: the EFTofLSS plus
observational effects as described in Sec. 7.4. We refer to these as ‘synthetic’ data.
We generate these synthetic data by choosing the best fit EFT parameters that we
find by fitting the average of 2048 Patchy simulations, on the Patchy cosmology, so
that the resulting EFT and cosmological parameters are at realistic values. In this
case, the best fit has y? = 0 once we put flat priors on the EFT parameters, and we
should clearly recover the correct cosmological parameters. However, as it can be
seen from Fig. 7.3, in green, the sampled posteriors show biases in all 1D posteriors
of the cosmological parameters, and in particular in og and €2,,. What is going on?

The first hypothesis is that there could be an error in our pipeline. This hypo-
thesis can be discarded by noticing that if we analyze the data with a covariance
that is about 100 times smaller, we recover the truth with exquisite precision (see

the blue curve in Fig. 7.3). So, we exclude this hypothesis.

185



Chapter 7: Constraints: The BOSS Bispectrum Analysis at One Loop from the EFTofLL.SS
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Figure 7.3: Triangle plots of base cosmological parameters obtained fitting synthetic

data analyzed using a covariance with BOSS volume Vpogg or rescaled to a large volume

~ 100VBoss, with prior on the EFT parameters centered on their truth, or with phase-

space projection adjustment. Here the synthetic data are corresponding exactly to our
model Py + By + By on the best fit of patchy. ‘1 sky’ or ‘4 skies’ correspond to CMASS
NGC or all BOSS skycuts, respectively. The grey lines in the triangle plots represent the

truth. We also show the relative deviations oproj/0star 0n the base cosmological parameters

from the truth from those various analyses. In summary, the addition of a phase-space

correction prior to our likelihood allows us to

of the cosmological parameters of interest.

recover unbiased mean in the 1D posteriors

Oproj /o2t Qm h og weam | In(1010A4,) Sg
.ﬁ Py -0.02 0.05 0.08 0.02 0.05 0.07
%‘ Py + Bo -0.06 | -0.03 | -0.04 | -0.08 0.03 -0.06
Z Py + Bo+ Ba | -0.12 -0. -0.04 | -0.11 0.04 -0.08
& Py -0.15 0.07 -0.11 -0.06 -0.08 -0.15
" Py, + By 0.07 0.06 0.09 0.11 0.02 0.1
- Py, + By + B2 0.13 0.06 0.04 0.15 -0.04 0.08
E Py -0.01 0.05 -0.03 0.02 -0.04 -0.03
=% Py + Bo 0.05 -0. 0.01 0.03 0.01 0.03
~ Py, + By + B2 0.1 0. -0.05 0.07 -0.06 -0.01

Table 7.1: Residual deviations
on synthetic data generated and
the best fits of Nseries, Patchy 1

Oproj after phase-space projection adjustment measured
fitted with our model P, + By + Be with truth given by

data

sky, or Patchy 4 skies, relative to BOSS error bars o{& .

Another reason for the offset of the green curve in Fig. 7.3 could be the prior
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on the EFT parameters. In fact, while on the synthetic data the EFT parameters
have some definite values (which are well within the priors), our Gaussian priors are
centered at zero, and so the true value of the EFT parameters are slightly disfavored
by the priors. We check if this can be the reason to the offset seen in the posteriors
of the cosmological parameters by sampling instead with priors centered around the
synthetic truth. We find that the resulting posteriors are close to previous results
(grey vs. green in Fig. 7.3), suggesting that the central value of the prior of the bias
parameters does not play a substantial role. This means that even if the truth is
the maximum likelihood point, the posteriors will not recover it.

Having excluded that the bias in the posteriors on synthetic data is due to an
error in our pipeline or due to our priors, we conclude that it must be due to
phase-space projection effects. In fact, if the posteriors of the EFT parameters are
effectively non-Gaussian (i.e. if the error bars are sufficiently large that the Taylor
expansion at second order around the maximum of the posterior is not accurate
enough to describe the actual posterior), then, upon marginalization, one can get
projection effects on the remaining parameters, which, in this case, are the cosmo-
logical ones, even if the maximum likelihood point is the truth. Given the large
number of EFT parameters, it is not so surprising that this might be the case. We
call this effect ‘phase space effect,” but it is also known as ‘prior volume effect’ or
‘projection effect.’

We decide to fix this issue with the following procedure. As a measurement of
the phase-space effect, for all analyses in this work, we take the shift in the 1D
posteriors from the truth obtained fitting synthetic data with the same modeling

and covariance. =~ We add a prior of the following form to the log-likelihood of

Pg+Bo<+B2>:
b Q h
1 ph. sp. Isky _ -1 “1 mm 14 — .
n P 8(2 +8 (530 ) F 14 56 ) (7.37)

b Q h
l Pph-spdsky . yq ( 2L 39 [ 2™ 48 [ ——
n P > ) T2\ o) T\ oes )

respectively for 1 sky and 4 skies. * As such, upon marginalization, we recover

13When analyzing the power spectrum multipoles P, alone, we put the following prior instead:

b Q
rph.s.lsk 1 m
P y:2(2>_2(0.31> ’ (738)

b Q h
1 ph. sp. 4sky _ —4 A 1 —m 14 — .
nPp, 2 +10 0.31 + 0.68
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Asys,/(7s,tat Qm h o8 Wedm ln(loloAs) Sg

Py + Byp: base - w/ NNLO -0.03 | -0.09 | -0.03 -0.1 0.05 -0.04
Py + By: base - w/o By window 0.11 | -0.05 | 0.01 0.05 -0.01 0.05
Py + Bo + Ba: base - w/o Bg, Ba window 0.51 0.09 0.02 0.51 -0.25 0.19

Table 7.2: Relative shifts Agys/0stat on base cosmological parameters measured from
various modeling choices compared to our baseline: inclusion of the NNLO or removal of

the window function in the bispectrum.

unbiased 1D posteriors from the fit to the synthetic data (see the red curve in
Fig. 7.3 and also the associated table). More in detail, in Tab. 7.1, we show the
residual deviation from phase-space projection on the base cosmological parameters
measured from synthetic data. We see that for all data volume (either the one of
CMASS NGC or of all BOSS 4 skies) and cosmologies tested here (either the one
of Nseries or the one of Patchy), we find that the residual deviation are negligibly
small (< 0.15 or the error bars obtained with BOSS-volume covariance).  Since
the synthetic data are close to the Patchy ones (and so to the data), and since
we expect the phase-space projection effects to be a slowly-varying function of the
cosmological and EFT parameters, we add the same phase-space-correcting prior to
the likelihood of the BOSS data.

7.6.2 Scale Cut from NNLO

A simulation-independent way to evaluate the theoretical error as a function of
kmax is to analyze the data by adding to the theory model a part of the next order
terms: for our one-loop model, this part consists in the next-to-next-to-leading-order
(NNLO) terms. Such a procedure was successfully applied to estimate the scale cut
for the CF [162]. Here we use the same technique. We add the following two-loop
counterterms to the EFTofLSS prediction at one-loop for the power spectrum:

, 4 K 1 k*

1
Punvo(k, p) = Zcr,4b1u4k4—P11(/€) + Zcr,ﬁblﬁLG
NL,R

i Pu(k), (7.39)
NL,R
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and for the bispectrum:

4

rh7 70 A rh7 A k
Banwo(ki, K, ks, 1, 0) = 2enwro,1 Ko™ (kr, ko 2) K" (Ko Z)fﬂfw—lpn(/ﬁ)Pu(/@)
NL,.R

(K3 + k3)

+ CNNLO,2KIJL(E1§ f)KI’h(E% 2)Pri (k) Pra (ko) fusks— 5751
4kikakNy, r

(7.40)
x| = 2ky - ka(k iy + k3pu) + 2 f s piapiski koks (kT + k3)| + perm. |

where knpr = knw/ \/g, as discussed in Sec. 7.5. The prefactors ¢, 4, ¢, 6, CNNLO 15
and cxnpo2 are given a Gaussian prior centered on zero and of width 2. We then
analyze the data as a function of k., and determine the maximum wavenumber
by taking the largest k.« where the shift in all 1D posteriors of the cosmological
parameters with respect to the analysis without these terms is equal to 1/3-¢. This
would mean that our results would have become sensitive to these terms that we do
not fully compute, and so we need to analyze the data only up to this threshold. For
simplicity, rather than determining the k., in this way, we check the effect of these
NNLO terms close to the k., that we find in simulations, and check that the effect
of the NNLO terms is indeed not too large. The results are presented in Tab. 7.2.
We see that the effect is negligibly small, confirming what we find in simulations

next, 7.e. that our scale cut is appropriate.

7.6.3 Tests of Additional Modeling Effects

Our implementation of the IR-resummation and of the window function is ap-
proximate, without a control parameter. We therefore check the accuracy of the two
implementations in the following way.

For the window function, the correctness of our approximation has been checked
in [221] for the monopole. In fact, as shown in the second line of Tab. 7.2, the
difference between the bispectrum computed with our approximation, and the one
where we apply no window is within 1/4 of the error bars obtained on all cosmological
parameters from the fit to BOSS data. For the quadrupole, the third line of Tab. 7.2
shows that the difference with applying no window is about 0.50 on the posterior
of Q,, (while negligible for the other cosmological parameters). While this might
seem too large an effect to tolerate, one should keep in mind the following. Roughly
speaking, the correct window function should consist of applying 3/2 factors of W to
the bispectrum (i.e. one for each field). Applying no window therefore is a radical

negligence of all these factors, much worse than the approximation we do (which
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Figure 7.4: Triangle plots and relative 68%-credible intervals of base cosmological para-
meters measured from the Nseries and Patchy simulations analyzed using a covariance with

CMASS NGC volume. The grey lines in the triangle plots represent the simulation truth.

applies two factors of W). We therefore believe that a more reliable estimate of the
error associated to our implementation of the window function for the quadrupole is
obtained by dividing the effect in Tab. 7.2 by a factor of 4. Even if our estimate were
to be wrong by a factor 2, this would make the effect safely negligible. It would be
interesting to compare our approach to an analysis using another estimator based
on tri-polar spherical harmonics (described in [165] and tested on Patchy mocks in
[167]) for which the window functions can be estimated on an equal footing, making
its application more straightforward.

Let us now discuss the goodness of our approximate implementation of the IR~
resummation of the bispectrum. It should be emphasized that the wiggle /no-wiggle
procedure is affected by several uncontrolled approximations (i.e. not controlled by
a small parameter, but numerically accidentally small) [140]. On top of those, our
formulas neglect the angle dependence of the IR-resummation, and, perhaps even

more quantitatively importantly, do not damp the oscillations in the power spectra
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osim /gdata Qm h 08 | Wedm | In(1010A4,) Ss

Nseries Py + Bo 0.02 0.17 | 0.15 | -0.03 0.17 0.17
Nseries P, + Bo + B2 | 0.16 0.25 | 0.08 | -0.09 0.08 0.16
Patchy P, + Bo 0.27 0.21 | 0.23 0.05 0.14 0.33
Patchy Py 4+ Bo + B2 0.31 0.2 0.07 0.09 0 0.2

Table 7.3: Report of systematic errors on base cosmological parameters measured from the

Nseries and Patchy simulations. The systematic error, reported relative to the BOSS error

data sim —

. sim . sim -
bars ogi, is defined as ogyy = max(Jmean — truth| — o5at /v Nsim, 0). Here o5at /v/ Nsim
represents the uncertainty from the simulation cosmic variance, which corresponds to about

0.15 or 0.03 in ¢422 for Ny, = 84 Nseries or Ny, = 2048 Patchy realizations, respectively.

whose momenta are integrated in the loop integrals, as for example proposed in [210].
We checked that applying the damping for those power spectra leads to a negligible
(< 0.25) change in the x? when keeping all the parameters of the model fixed. We
therefore conclude that neglecting the IR-resummation on the ‘wiggly’ parts from
inside the loop integrals is accurate enough for BOSS data. We leave to future work
more careful inspection of the remaining approximations in our IR-resummation

scheme.

7.6.4 Tests against Simulations

We now test the accuracy of the model by comparing against N-body simulations
described in Sec. 7.3. This does not only test the effect of the theoretical error due
to the next order terms not included in our baseline model or to the approximate IR-
resummation, but also of the other observational effects that we model imperfectly,
such as the window function. In Fig. 7.4, we show the posteriors from the analysis of
the average of 84 Nseries boxes, analyzed with the covariance of one box, such that we
also account for the phase space effect. Since the actual cosmic variance associated
to this average of 84 boxes is about 1/9 of the posteriors in Fig. 7.4, we measure for
each cosmological parameter the theoretical error as the distance of the mean of the
posterior to the truth of the simulation minus 1/9 of the standard deviation (we take
zero if this number is negative). This allows us to detect theoretical errors larger
than 1/9 of a standard deviation of the posterior in Fig. 7.4, which corresponds to
about 0.15 of the of the error bars obtained on the BOSS data. Our results show
that the theoretical error that we can detect is safely below 1/3 of the error bars
obtained on BOSS, as summarized in Tab. 7.3.

In Fig. 7.4, we also present the analogous analysis on the average of 2048 Patchy

mocks. In this case, the detectable theoretical error is almost unaffected by cosmic
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Npip // dof min x? | minx?Z/dof | p-value
CMASS NGC 42 4+ 150+ 9 = 201 159.5 0.79 0.99
CMASS SGC 42 + 150+ 9 = 201 188.7 0.94 0.72
LOWZ NGC 36 4+ 6249 =107 98.3 0.92 0.71
LOWZ SGC 36 4+ 62+ 9 =107 106.4 0.99 0.50
Parameter Prior | 3+41(14+0.1+0.2+40.1-0.2) ~ 57 8.9 - -
Total 616 — 57 = 559 561.9 1.01 0.46

Table 7.4: Goodness of fit given by the maximal log-likelihood value log £ = — min y?/2
obtained fitting BOSS 4 skies Py + By + B2, and associated p-value. For each skycut, we
detail the number of bins Ny, = Ngfl + N}ﬁg + N}ﬁi, while in ‘Parameter Prior’ we give
instead the degrees of freedom (dof). The dof are taken as the sum of 3 varied cosmological
parameters (that are not prior dominated) plus an effective number of correlated EFT

parameters. The p-value are calculated assuming there is no correlation within the data.

variance. Thus, assuming no systematic error in the Patchy simulations, the minimal
detectable theoretical error is practically zero. Also in this case, the theoretical error
is safely below 1/3 the error bars obtained on BOSS, as summarized in Tab. 7.3.
We conclude that our analysis pipeline is free from significant systematics for
BOSS volume at the scale cuts chosen at the beginning of this section, and we now

move on to the analysis of the observational data.

7.7 Results

When analyzing the BOSS data, we find that there is no additional gain by
adding all the three independent quadrupoles after one has been included. We
therefore present results including only Bg’g).

In Fig. 7.2, we show the best fit residuals and in Tab. 7.4 the best-fit x? and
associated p-value. The p-value is very good and we do not find any concerning
systematic behavior in the residuals. In Fig. 7.1, we provide the best-fit parameters,
which safely lie within our 68%-credible intervals.

The posteriors associated to the analysis of the BOSS data are presented in
Figs. 7.1 and 7.5. They are discussed in the Introduction. In App. C.2 we provide
the posteriors for the other non-marginalized parameters as well their confidence

interval. One can see that the bispectrum improves their measurement by order

100%.
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Figure 7.5: Triangle plots of base cosmological parameters measured from the analysis
of BOSS power spectrum multipoles Py, ¢ = 0,2, at one-loop, and bispectrum monopole

By at tree or one-loop level.
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Forecasts: Peeking into the Next
Decade in LSS Cosmology with its
EFT

8.1 Summary

After the successful full-shape analyses of BOSS data using the Effective Field
Theory of Large-Scale Structure, we investigate what upcoming galaxy surveys
might achieve. We introduce a “perturbativity prior" that ensures that loop terms
are as large as theoretically expected, which is effective in the case of a large number
of EFT parameters. After validating our technique by comparison with already-
performed analyses of BOSS data, we provide Fisher forecasts using the one-loop
prediction for power spectrum and bispectrum for two benchmark surveys: DESI
and MegaMapper. We find overall great improvements on the cosmological para-
meters. In particular, we find that MegaMapper (DESI) should obtain at least a
120 (20) evidence for non-vanishing neutrino masses, bound the curvature € to
0.0012 (0.012), and primordial inflationary non-Gaussianities as follows: fi% to
+0.26 (3.3), fxi to £16 (92), fth- to +£4.2 (27). Such measurements would provide
much insight on the theory of Inflation. We investigate the limiting factor of shot

noise and ignorance of the EFT parameters.
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8.2 Introduction

In the last few years, Large-Scale Structure (LSS) survey data have started to
be analyzed using the so-called Effective Field Theory of Large-Scale Structure
(EFTofL.SS) [30, 28|. The approach in which the data are analyzed in the con-
text of this theory is rather simple: all data below a certain maximum wavenumber
are used in the Bayesian inference. This technique goes under the name of “full
shape analysis". Such an application to data has allowed a measurement of all
cosmological parameters of the ACDM model using just a prior from Big Bang
Nucleosynthesis |7, 142, 143]. The precision and accuracy achieved through this
measurement were unexpectedly high, offering a new independent method for de-
termining the Hubble constant with a percent-level precision [7], and for measuring
2, with a precision comparable to Planck [24]|, among other remarkable achieve-
ments. It should be stressed that the development of the EFTofLSS was a rather
long journey in which the theory was developed in the various stages that are neces-
sary to compare it to observations (dark matter, galaxies, redshift space distortions,
[R-resummation, fast-evaluation techniques, MonteCarlo sampling, etc.), and along
the way comparison with numerical simulations was essential to check that the the-
ory was on the right track. Because of this, we find it fair, and also useful for the
interested reader, to provide a footnote with a list of the references that were essen-
tial for the development of the EFTofLSS prior to its application to data, when it
finally became clear that the approach was useful.

So far, the data analysis has mainly focused on the data from BOSS DR12 [9].
While there are certainly more ways in which these data can be analyzed, with
many much-improved LSS surveys coming online and being designed, it is natural
to ask what kind of measurement the application of the so-far developed EFTofLLSS
to these data will allow. In this chapter, we do this by Fisher forecasting the inform-
ation content of two upcoming surveys, that we take as benchmarks, DESI [222],
and MegaMapper [223], including some forecasts for further analyses on BOSS.
Our intention is that the results for these two upcoming and planned surveys will
give an idea of the capabilities of other further surveys, either already planned
or to be planned. We primarily focus on the cosmological parameters of the flat
ACDM model, while also considering neutrino masses, curvature, and primordial
non-Gaussianities (for a forecast about CDM-isocurvature modes for Euclid and
MegaMapper, using just the one-loop power spectrum and tree level bispectrum,

see [224]). These are in fact parameters whose detection would allow us to extend
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or ameliorate the standard model of cosmology and of particle physics.

For neutrinos, we know from neutrino oscillations that they are massive (see
for example [225]), but we do not know the absolute value of their masses. For
inflation, curvature should naturally be very small, to the order of the primordial
perturbations ~ 3 - 107°, though evidence of negative curvature could be extremely
interesting, pointing towards the fact that our universe might come out of a bubble
nucleation event (see for example [226] and references therein). A large positive
curvature would essentially rule out eternal inflation, while a large negative curvature
would rule out slow-roll eternal inflation [227]. Finally, non-Gaussianities could
reveal the interaction structure of Inflation, which is actually the most insightful
aspect to understand the particle physics origin of this theory. Concerning the
shape of the non-Gaussianities we will explore, we will analyze the so-called fi%
(see e.g. [183]), fxi [179] and fg™ |54] shapes, which parametrise a large class of
non-Gaussianities that can be produced in single field inflation [47, 54|, and, for )¢,
also in multifield inflation (see e.g. [180, 181, 182, 56]) (see also recently [228] for a
forecast on MegaMapper on these parameters using just the tree-level bispectrum).
It should be stressed that there exist other shapes of non-Gaussianities that are well
motivated (see e.g. [229]), and we leave their exploration to future work.

Let us summarize some important technical aspects of our analysis:

e We use the prediction of the EFTofLLSS at one loop order for the power spec-
trum and the bispectrum. We provide the Fisher forecasts by utilizing all the
multipoles of the line-of-sight angle.

e The model that we implement is the same as in the analyses of the BOSS data
as in [3]. In particular, this includes the integration of the one-loop bispectrum
integrals as developed in [206]. The modeling of primordial non-Gaussianities

is done as in [176].

e We check the accuracy of our predictions against comparison with the pos-
terior obtained by analyzing the BOSS data with the full-likelihood of [3].
We conclude that, approximately, our predictions for the error bars should be
roughly accurate to about 30% or 40%, once the maximum wavenumber of the
analysis has been fixed. This error is primarily influenced by our assumption

of a diagonal covariance.

On top of the overall volume of the survey, we identify two limiting factors that

affect the precision of the upcoming measurements. One is the discreteness of the
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galaxy field, which induces a shot noise term in the data, and the second is the fact

that dozens of EFT parameters, including biases, need to be fitted to the observa-

tions (these EFT parameters encode the effect at long distances from uncontrolled

short distance physics, which includes the relation between galaxy overdensities and

matter fields). We explore these issues in the following way:

1. Shot noise: In addition to our main analysis, we provide Fisher forecasts with

shot noise set to zero, effectively assuming an infinitely dense distribution of

galaxies.

2. EFT parameters: We investigate the impact of limited knowledge regarding

the EFT parameters by conducting Fisher forecasts in the following three ways:

(a)

(b)

We set the width of the prior on the EFT parameters to zero, which is
equivalent to fixing them. This represents the ultimate reach in terms of

constraining power.

Galaxy Formation Prior: We set the width of the prior on the EFT
parameters to 0.3 (rather than about 2 or 4 as in the normal analyses).
This is meant to represent a perhaps realistic prior on the EFT parameters

as informed by astrophysical galaxy formation studies.

Perturbativity Prior: Finally, we introduce a new, theoretically-justified
prior on the EFT parameters that we call “perturbativity prior", which
is based on the following reasoning. In the EFTofLLSS, it is possible to
estimate the correct size of a loop term given the lower order terms by
simple scaling formulas. It is self-consistent to impose that the loop terms
in the analysis obey this estimate. If the number of parameters to fit to
observations is small, this criterium is automatically satisfied once the
EFT parameters have been assigned a prior of O(1), which is the stand-
ard way in which priors are set (see for e.g. [3]). However, when the
number of parameters becomes large, say n > 1, if each parameter is
O(1), the size of the loop can be a factor of O (y/n) too large, due to
some random accumulation effect. It is easy to convince oneself that the
data, which are most effective at the highest wavenumbers where the loop
is sizable, might not provide sufficient constraining power to prevent such
random accumulation effects from happening. In fact, due to cancella-
tions among the various components of a loop term, it is possible that

the loop is small at those high wavenumbers where both data and loop
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are strong, while the loop could still be too large at intermediate and
low wavenumbers. Indeed, at these intermediate and low wavenumbers,
the data, being weaker, do not constrain the loop term, having this one
become quite smaller in the meantime. We therefore set a Gaussian prior
on the overall loop term, by favoring the configurations that satisfy the
overall size and scaling as a function of wavenumber of the loop term.
While this prior has not yet been tested on simulations or data, it is

solidly theoretically justified, and we report results incorporating it.

We find the following results for DESI and MegaMapper for the various cosmo-

logical parameters:

e () Planck 2018 constrains this parameter to 0.0065 [24]|. For DESI, we fore-
cast a constraint of about 0.051. MegaMapper instead will reduce this bound
to 0.0012, representing an improvement of over 5 times compared to Planck,
and just about 1.5 orders of magnitude away from the ultimate limit where it
makes sense to measure this parameter, which is the amplitude of the primor-
dial curvature fluctuation. We notice however that this bound depends quite

strongly on the maximum wavenumber of the analysis.

e > .m,,: Planck 2018 constrains this parameter to be <0.27 eV [24]|. However,
the most interesting side of the error for this parameter is the lower one, as it
is associated to a detection of non vanishing masses. We find that DESI will
constraint this parameter to about —0.07 eV from above the reference value
(which is what is relevant for detection) with only the power spectrum (P)
and —0.05 eV with the addition of the bispectrum, a significant improvement
with respect to Planck. Since our bound depends on the central value of
neutrino masses, a more invariant way to cast this bound is that we expect
on DESI there will be a guaranteed 2c0-evidence for non vanishing neutrino
masses. MegaMapper instead will reduce this bound to 0.008 eV, which should
guarantee a = 120 detection. After the measurement of the cosmological
constant A, this would be the second parameter of the standard model of

particle physics that is measured from cosmological observations.

e fun: Planck 2018 constraints fio% to 5, fxi to £47, foih to £24 [60]. We
find that DESI will constraint fi¢ to +3.3, fxi to £92 (or +114 without
the perturbativity prior), foih to 427, which are quite comparable to the

limits obtained by Planck. MagaMapper will further reduce these bounds as
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% to £0.26, fxi to £16 (or +£18 without the perturbativity prior), for™
to +4. These are very significant improvements with respect to Planck, that
range from factors of almost three for fxi, six for foih to about a factor
of 20 for fi%. Such a level of improvement brings with it a clear chance of a
discovery of primordial non-Gaussianities, opening the door to a deeper under-
standing at the particle physics level of the inflationary theory. Additionally,
the allowed values for non-Gaussianities would begin to be close to that O(1)
which represents the vague but significant threshold beyond which inflation is
of the slow-roll kind.

We also study the limiting effect of shot noise and biases. We find that setting the
shot noise to zero for DESI would reduce the error bars of practically all parameters
by roughly a factor of two. For MegaMapper, the reduction would be of a factor of
about three for the fyi.’s, and about an order of magnitude for the other cosmological
parameters.

Regarding the EFT parameters, assuming perfect prior knowledge of the biases
in DESI would lead to varied reductions in the error bars, typically by a factor of
two. For fxi, the reduction would be around a factor of five. When considering
our galaxy-formation benchmark prior of 0.3 instead of fixed parameters, the im-
provement is significantly diminished to approximately 30% for fy{ and fgi, with
marginal impact on the other parameters. We find a similar behavior for MegaMap-
per. It appears that the perturbativity prior only captures a fraction of the potential
improvement achievable through exact knowledge of the biases. It would be inter-
esting to see if higher n-point functions or higher-order computations can improve

on this.

Overall, this Fisher analysis tells us that even by just using the EFTofLLSS at
the current level of development, the next decade in LSS surveys could lead to
great improvements in our knowledge of cosmological parameters. This includes
parameters that have not yet been measured, such as neutrino masses, as well as
those connected to inflation, such as primordial non-Gaussianities and the curvature
of the universe. Improvements in the design of surveys to reduce shot noise, or
advancements in the measurement of EF'T parameters have the potential to further

strengthen these already promising results.
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Public Codes: The code to compute the Fisher forecasts is publicly available on
GitHub !.

8.3 Technical Aspects of the Fisher Matrix

Fisher analyses have become a key tool for forecasting in cosmology. Pioneered
in [231], there have been numerous applications over the past years (for example
[232, 233, 234]). We here briefly lay out which methods we will use for our forecasts
and what contributes to our estimates.

At the heart of Fisher forecasts lies the Cramér-Rao lower bound. It states that
the covariance of unbiased estimators for a set of parameters 6 is bounded below by
the inverse of the Fisher information matrix Fj;, defined as the expected value of
the Hessian of the log-likelihood

9 log L
b = _< 80,00, > (8.1)

Under the assumption that the likelihood is Gaussian with mean X and covariance

C', we can approximately write the Fisher matrix as [231]

T
0x C—la—X (8.2)

Fij = .
7700, 00,

In order to calculate the Fisher matrix, we need to assume reference parameters
g, on which we evaluate the derivatives. In particular, the reliability of the Fisher
forecast depends on this reference cosmology being fairly accurate. An intuitive
way to see the reference cosmology dependence and also an alternative derivation
for Eq. (8.2) is to start directly with a Gaussian likelihood for an observable X
depending on parameters 6, that has a true mean X, such that the log-likelihood is

given by
—2log L = (X(0) — X)TCHX(0) — X) + pr, (8.3)

where p; is a f-independent constant. We can then assume a reference value ', and

Taylor expand around the reference value to first order, X (6) ~ X (0"")+>", %(Qi —

greh). If X (0™) is accurate we can identify that the X term in Eq. (8.3) cancels with

'https://github.com/YDonath/EFTofLSSFisher

201


https://github.com/YDonath/EFTofLSSFisher

202

Chapter 8: Forecasts: Peeking into the Next Decade in LSS Cosmology with its EFT

X () ('2). What remains is the first order term, which we can substitute back

into Eq. (8.3), to get
—2log L = (0 — 0"HTF(6 — 0™") + py, (8.4)

where we get the same formula for the Fisher matrix, F', as in Eq. (8.2). In Eq. (8.4)
we can now clearly see that the Fisher matrix is the inverse covariance for the like-
lihood of the parameter vector 6. As can be seen from the derivation above, the
Fisher formalism is sensitive to an accurate reference cosmology in order for X to
cancel with X (6™f) and also for the Taylor expansion to be an accurate approxim-
ation. Given that we now have precise measurements of all cosmological and EFT
parameters from Ch. 7, we have good reason to believe we are making realistic pre-
dictions around a realistic reference cosmology. In fact, we will show in Sec. 8.4 that
we can reproduce results from previous surveys to great precision. We also checked
that slight deviations from this reference cosmology do not greatly alter our results.

Note that Eq. (8.2) is in principle simply an inverse-covariance weighted sum over
all available information. Both the mean and the covariance can be modelled using
perturbation theory. We will discuss this in Secs. 8.3.1 and 8.3.2. Then in Sec. 8.3.3
we will discuss further ingredients that go into calculating the Fisher matrix, such
as fixing the reference bias parameters at different redshifts. We here always refer to
the correlators of galaxies in redshift space. Therefore, unless explicitly mentioned,
we drop the ®" index with respect to the notation in Ch. 6, and by P, B, 4, ... we

always indicate the quantities for biased tracers in redshift space.

8.3.1 Power Spectrum and Bispectrum

For both the power spectrum and bispectrum there are well-established thin-
shell averaged estimators that predict the mean and covariance for Eq. (8.2). We
use the estimators that bin in the momenta, but not in the line of sight 3, since we
have enough analytical control to integrate over the full line of sight information.

Furthermore, for both correlators, we use leading-order contributions in the co-
variance, in particular neglecting power spectrum-bispectrum cross-covariance. We
will discuss the impact of this approximation in Sec. 8.4.2. This assumption in

particular implies that we can write the combined power spectrum and bispectrum

2Note that the Taylor expansion to first order is sufficient exactly because of this cancelation.
3Binning in line of sight angles is also possible, see for example [233].
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Fisher matrix, F©*5, as the sum of the individual Fisher matrices
FPYB = P B (8.5)

where F¥' and F'® are the power spectrum and bispectrum Fisher matrices respect-

ively. Next, we will discuss these individual contributions.

Power Spectrum For the power spectrum, the estimator is given by [231, 192]

- 1

P(k;2) = WABk d*q6(q; 2)6(—q; 2), (8.6)

where we used the notation ABy, = B(0,k + £8)\B(0,k — &%) and B(a,r) is the
ball of radius r around the point a. Vg is the survey volume and Vp(k) = 4rk*Ak is
a normalization factor given by just the integral on the right-hand side of Eq. (8.6)
without the prefactors and with the galaxy density contrast 6 — 1, i.e. Vp(k) =
J ABy dq.

The expected value of the estimator is simply the power spectrum itself and we

will evaluate it up to the one-loop order. That is
P = Prec + P11 (8.7)

Here the tree and loop contributions include their respective stochastic and response

terms. We use the exact same model as in Chs. 6 and 7. Then, for the covariance,

we get
Crp(k k) = (P(k)P(K)) — (P(k))(P(K')) (8.8)
~ e . g S0 0001390001 )50 )3~ 2)
(50w )80 20005 900 2)|
= v L a0 00 )01 )0(0:2)
= 5,6,,6,%%%(&2)?

4As mentioned in Sec. 3.4, any estimator is ultimately limited by the finite number of stat-
istically independent realisations we have in the survey. For the power spectrum, this is exactly
what we calculate here, i.e. we are estimating the power spectrum given Ny observations, where
Ny = Vsk?Ak/(27)2.
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Note that, schematically, we used (00d9) = (600d). + 3(d9)(00), where, by the su-
bindex ., we mean the connected correlator. The connected four-point function is
the trispectrum, which we neglect here. Of the three disconnected parts one cancels
with the (P(k))(P(k')) term in the first line and the other two terms are the same,
giving the factor of two in the third line. As mentioned, off-diagonal contributions
to the above covariance are of the order of the trispectrum, and therefore similar in
size to the one-loop power spectrum multiplied by a linear power spectrum. To be
consistent in the perturbative order, given that we neglect the off-diagonal contri-
butions, we also neglect loop contributions to the diagonal of the covariance. We
will see in Sec. 8.4 that this leads to a roughly 10% effect. Finally, by substituting

the mean and covariance into Eq. (8.2) we get the power spectrum Fisher matrix

F=2. 4]jr22‘fk 11 %Mapa(z-; 2 8P(9(§? - (P (1k 2))*’ (8.9)
. - i j Tree (K}
with pu = k - 2 the line of sight angle.
Bispectrum For the bispectrum, we use the estimator [197, 235|
Blky, kg, ks; 2) = (8.10)
= VSVB(ki o, F) / Ed®gd’q30p (@ + @2 + 63)0(q1; 2)0(q2; 2)0(gs; 2),

ABgygs

where we defined ABy,,, = ABy, X ABy, X ABy,. Similarly to the power spectrum
discussion, the volume Vg is defined by just the above integral with 6 — 1 , without

prefactors and is given by

Ve(ki, ko, ks) = / P d*gad®q300(q1 + g2 + g3) (8.11)
ABk123

== 8W2k1k2k3Ak1Ak2Ak36(l€1, kQ, k‘g),

where, without loss of generality, we assume k3 > ko > ki and [(ki, ko, k3) = 1
unless k3 = ki + ko, in which case it is % Again the mean of this estimator is simply

the bispectrum itself, which we calculate up to the one-loop order in Ch. 6:

B = Bryeo + Bip. (8.12)
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Again the tree and loop contributions include their respective stochastic and re-

sponse terms. To leading order, the bispectrum-bispectrum covariance is given by °

(2m)°
VSVB(kh k?) kS)

3
Cpp(ky, ko, ks, K, Ky k) = sp [ (OrwP(kii2)), (8.13)
i=1

where sp is a symmetry factor that is equal to 6 for equilateral triangles, 2 for
isosceles triangles and 1 otherwise. Again, we do not consider off-diagonal con-
tributions, which would be the connected six-point function, as well as bispectra
squared and products of trispectra and power spectra. While these contributions
are suppressed relative to the diagonal, they may be sizable in some cases and we
therefore check this approximation with respect to covariances measured in mocks
in Sec. 8.4. Finally, we bin equally in all &;, so that if we plug Egs. (8.12) and (8.13)
in to Eq. (8.2), we get the bispectrum Fisher matrix at fixed redshift (see Sec. 4.2
of [232] or Sec. 4.1.3 of [157] for more details):

S / / 8B@Bﬁ ki Ak Lif kg = ky + ko
N 955 963 Prvee(Ki; 2)

(k1,k2,k3) 1, else,

(8.14)

where 1;(j11,¢) = ki - 2 are the projected momenta, and we omitted writing the

arguments of B to avoid clutter. We use the same parametrization of the y; as in
Egs. (7.6) - (7.7).

8.3.2 Combining Redshifts

In the previous section, we derived formulas for Fisher matrices for the power
spectrum and bispectrum at a single redshift. However, for surveys that cover a
range of redshifts, we need to combine the information from different redshift bins
to compute the overall Fisher matrix. We will now lay out how we combine these

redshifts.

Assuming that all EFT-parameters at different redshifts are uncorrelated 9, the

5The derivation of the bispectrum covariance follows analogously to Eq. (8.8): we expand the
six-point function into a sum of products of connected correlators, and neglect terms that are
higher order. For more details, see for example [236].

SNote that in Ch. 7 the fact that the EFT-parameters at different redshifts are in principle
correlated has been used. But given the large range of redshifts and the mild correction from
correlations, we neglect this here. For BOSS, where the redshift binning is finer than for DESI and
MegaMapper, and thus the correlation is stronger, this is a 15-20% effect. Therefore we assume
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full Fisher matrix for a survey with a set of redshift bins can be expressed as the
sum of the power spectrum Fisher matrix and the bispectrum Fisher matrix over
the redshift bins

Furvey = Y _ (FP(2) + FP(2)). (8.15)

In all forecasts we consider, we split the survey into two sets of redshift bins, let

us call them bin; and biny. Let us write Fyyrvey = Fiurvey,1 + Fsurvey,2 and the sum in
Eq. (8.15) for each of these two Fisher matrices simply runs over the redshifts in that
particular set of bins (for BOSS this is, for example, LOWZ and CMASS, i.e. bin; =
{z € Tab. D.2 |z < 0.45} and biny = {z € Tab. D.2 |z > 0.45}). A common approach
is then to define effective redshifts z.s, background number density n e, etc., and
simply compute the Fyyvey,; With these values. This is a good approximation for the
derivatives of the observables, given that the time dependence is largely dominated
by the growth factors that have comparably weak time dependence. However, we
find that this is not a very accurate estimate for the covariance 7. To emphasize the
different redshift-dependent contributions that enter the covariance, let us write the

covariance from the previous sections in their full form:

Cpp(k, k' 2) = 516,1«% ((bl(z) + F(2)p?) 2P (k) + n?;) (8.16)

St

327t SBH 1 Ok, k & 22 “
k k;/ 1= i) ‘ P k
CBB( 15 Vg5 ) VS( )k‘lk‘gk’g k’gﬁ k17k2>k53 ];!:( )p’z) 11( z)‘f‘nb(z))a

where Pp; is the linear dark matter power spectrum, ;! is the tree-level stochastic
term and we abbreviated the triangle dependence on the left-hand side k; = {k,
ks, k3}. Defining effective numbers as an approximation is not appropriate for the
covariance since it is very sensitive to accurate estimates of the survey volume Vg,
number density n;, and linear bias b;. Their numerical values are typically given by
survey specifications, and vary greatly with redshift. Specifically, n, greatly varies
with redshift as it depends on the survey target selection and measurements. In

contrast, the growth rate f and the linear power spectrum P;; have a comparably

for future surveys the impact will be negligible.

TApart from the fact that ny .z simply gives a very bad estimate for a realistic covariance
(i.e. reproducing the measured covariance), notice also that the power spectrum and bispectrum
covariances scale with different powers of n;, and their measured effective numbers would not be
the same.
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mild redshift dependence. However, in our analysis, we will nevertheless consider
their redshift dependence for completeness.

To summarize, we have weak time dependence in the derivatives and strong
redshift dependence in the covariance. Therefore, for X € {P, B} and i € {1,2} we

use the following approximation for the Fisher matrix of the two redshift bins: 8

0XT(z) 0X(z
(‘Fs)jrvey7 )] = Z a—QUOXﬁf(Z)% (817)
z€bin, ¢ J
~ aX Zeﬂ r C (9X(zegﬂ.)
= > Oxx() | =
zZEbin, J

where z.g, is the effective redshift for bin,. The vector contractions in Eq. (8.17),
represent the covariance weighted sum over the available information in the correl-
ator X. For the modes, this leads to the sums over k in Egs. (8.9) and (8.14). We
also sum over all redshift space information, which in the continuum limit turns
into an integral over the redshift space angles in Egs. (8.9) and (8.14). The final full
Fisher matrix that we use is Fiyvey = FL +FB +FP L +FB

survey,1l survey, survey, survey,2*

8.3.3 Survey Specifications at Different Redshifts

Now that we established how to combine the information from different redshifts,
let us discuss what reference parameters we choose for each of these redshifts. Pre-
dictions from the EFTofLSS rely on a number of redshift and survey-dependent
parameters. While these factors have been measured to great precision at low red-
shifts for the BOSS survey, we need to discuss how we extrapolate these results to

different redshifts and surveys.

EFT Parameters Let us first look at the approximate evolution of all EFT para-
meters entering the galaxy power spectrum and bispectrum. In particular, we ana-
lyze the time dependence of the physical (as opposed to the bare) parameters. There
are at least two distinct origins of nuisance parameters in the EFTofLLSS. On the one
hand, we expand some functions (such as the stress tensor or the galaxy overdensity)

in terms of all fields they can depend on, multiplied by parameters. Schematically

8Note that we can test the validity of > _ hin, Cx % (2) as an approximation for the covariance
on its own, given that we have measurements for the covariances of BOSS. We in part do this in
Sec. 8.4.2 and Fig. 8.2, where we find very good agreement.

207



208

Chapter 8: Forecasts: Peeking into the Next Decade in LSS Cosmology with its EFT

at linear order, with redshift space distortions implied, this is (see Ch. 6)

§(z,t) = by (t)0aqm (2, t) + ... — c?(t)k—gadm(x,t) SR (8.18)

R
where dqy, is the dark matter overdensity (note that § without indices denotes the
overdensity of galaxies in redshift space). We will refer to these parameters as biases
(this includes response terms, but not stochastic fields). The BOSS best-fit for the
biases, EBOSS; has been determined in Ch. 7. The explicit numerical values are
in App. D.1. When fixing the reference cosmology for surveys at higher redshifts,
we rescale the biases according to the estimated linear bias given in the survey
specifications [222, 237|. Specifically for any new survey we set the reference value

for the vector of biases b = {by, by, ..., ", ¢k, ...} according to

ref
gref — bl

b1 Boss

bposs- (8.19)

Note that the b in the tables of Sec. 8.5, App. D.1 and [222, 237, account for
different redshifts and different galaxy species. For the surveys we consider in this
chapter, we give the numerical values for 6°f in Tabs. 8.1, 8.2 and 8.3.

Contrary to biases, there are parameters coming from correlators of stochastic

fields. For example, we have

(0(k, t)o(K' 1)) D (ealk,t)ep(k' 1)) = nib (cft + cgt% + ) . (8.20)
We will call these terms stochastic. Importantly, since they are Poisson distributed,
they are constant in time. Therefore, given that we have a vector of measured values
for the stochastic terms from BOSS, we could in principle use these reference values
for all redshifts. However, we here make a slight correction relative to the analysis
done in Ch. 7. There, leading order stochastic terms, for example c7, were varied
freely, whereas they should be fixed to one, by definition of n; ( ?). Therefore, for
surveys other than BOSS, we fix the leading order stochastic parameters for the

Stref _ (222),ref

power spectrum and bispectrum, i.e. ¢ ¢y = 1, and we also do not take

derivatives with respect to these parameters °. For all other terms in the vector of

9Tt is possible to have slight deviations from this condition [238], which we will study in future
work.

10For BOSS, we will let the leading order stochastic terms vary freely to validate our pipeline
against previous data analyses in Sec. 8.4, i.e. there we take derivatives with respect to these
parameters. Instead, when predicting further results in Sec. 8.5, we will keep them fixed for BOSS
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stochastic terms €= {c5t, c5?, ...} we use

— re 1 —
€ f— St—EBOSS’ (8.21)

€1,B0sS
where €gogs is the vector of stochastic parameters measured for BOSS . Explicit
numerical values are given in App. D.1 and for details on the specific parameters
see Ch. 6.

As a final remark, we note that we have tested the sensitivity of our results in
Sec. 8.5 to small shifts in the reference values of EFT parameters and found that
they do not significantly affect our findings. The parameters that have the greatest
impact on our results are those used in the modeling of the covariance, namely b;
and ;. To ensure accurate predictions for future surveys, where the best-fit is yet
unknown, we take b' directly from survey specifications and we set the reference

value of ¢;! to one (with the exception of BOSS, as mentioned earlier).

Perturbative Reach The perturbative reach of the EFTofLSS, parametrised by
kmax, can be determined in simulations by setting a threshold for the theory system-
atic error. This was the approach used for example, in [7] and Ch. 7. For the BOSS
CMASS sample this is kmax = 0.22h Mpc™! at one-loop order and kpayx = 0.1h Mpc™?
at tree level. In the following, we will lay out how we estimate the k., for a different
survey at a different redshift, motivated by the method used in [7]. There, roughly,
it was imposed that the signal-to-noise of the leading theoretical error should not
be sizable in the k-bin containing the k., (see footnote 23 in [7]). This is a good
approximation, assuming that the signal-to-noise of the theoretical error only has
a sizeable contribution in the highest k-bin. Here, however, we want to limit the
full signal-to-noise of the theoretical error over all k-bins. The motivation for this
is two-fold. First, this approach is binning independent, which is important to be
consistent between surveys that have different bin sizes. Second even though the
signal-to-noise of the leading theoretical error is well approximated by only consid-
ering contributions at large £ since it grows very steeply with k, it leads to a slight
overestimate of the kpa, ( ') since one does not consider the theoretical error at
k < kmax — 2E. We, therefore, consider the theoretical error contribution at all

2
scales. Furthermore, as in Ch. 7, we will use the same k., for the power spectrum

forecasts as well.

HTn all forecasts for BOSS, we use ézogs as reference values.

12We note that on small redshift differences for example between CMASS and LOWZ, the two
approaches produce the same results. Therefore, the estimates in [7] are accurate.
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and the bispectrum, since we expect the k-reach to be the same. To summarize,
this means we impose that the signal-to-noise of the theoretical error is the same in

all surveys, which then defines the k. through

kmax, kmax,
Zl (O’theor}”l (k7 21, ))2 _ ZQ <O’the0ry:2(k'; 22, ) ) 2 (8 22)
O'data,l(kazla ) Udata,?(k’.7 227"') ’ ‘

k:kmin k:kmin

where the sum runs over the k-bins of the respective survey, the dots represent
further dependences, such as the EFT-parameter best-fit, and oqata/theory; are the
respective theoretical and data errors that we will discuss next. The leading theor-
etical error is the next higher loop contribution, and we estimate the data error by
perturbatively modeling the covariance. Let us focus on the theoretical error first.

To good approximation [145] the L-th order loop scaling is given by

I (3+n(k,2))L
) , (8.23)

UL—Loop(k7 Z) - Pll(k7 Z) (kNL(Z)

where n(k, z) is the slope of the linear power spectrum around k. For the one-
loop analysis, the theoretical error is, therefore, oiheoryi(k, 2iy-..) = To—Loop(k, 2i)-
Note that in Eq. (8.22), any constant factor will drop out, so we only care about
BOSS

the scaling. Furthermore given that from the BOSS analysis we have k

0.7h Mpc™!, we can get kyr, at different redshifts by solving

knt(z) 0.7h Mp071
/ dq ¢*Pu (g, 2) = / dq ¢*Pi1(q, 2 = 0.57). (8.24)
0 0

To estimate the data error we use the square root of the covariance estimate from
Eq. (8.16), including the summation over redshifts, mentioned in Eq. (8.17). We

average over the redshiftspace dependence, and do not consider shot noise 3, that

13Setting shot noise contributions in the covariance to zero gives more conservative values for
Emax. However, in surveys with large shot noise (i.e. we underestimate kpax more), contributions
from higher k are negligible exactly because of this large shot noise.
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18

1y ~1/2
mo
Z /170P113,nb—>oo(z7u)> (825)

—1/2
- 21 VS(Z) ! d_,U 1
= VieAk (Z Pui(k, =) / 2 (b1(2)+f(2)u2)4>

z€Dbin;
&data,i (k)

VAE

In practice, the sum over z € bin; runs over the bins mentioned in Eq. (8.17).

Odata,i (k) - (

Furthermore, we defined Gaatabin, (k), since we will take the limit Ak — dk, such

that Eq. (8.22) turns into an integral with integration measure equal to dk. Then,
L

max

for each survey bin with effective redshift z.g, to estimate the L-th loop order &

, we solve

Elax Py (k, zet)? L (3+n(k,zem))2(L+1)
dk—= (8.26)
Udata,i (k) kNL (Zeff>

/k#ax, CMASS " Pll(k?, y = 057>2 k (3+n(k,z=0.57))2(L+1)
0.7h Mpc ™! ’

&gata, CMASS (k)

8.3.4 Further Ingredients from Data Analyses

In principle, we now have all the ingredients to compute Fisher forecasts for
a given survey. However, there are a number of aspects related to the data and
the data-analysis that we want to consider here, in order to best predict future
results. For one, there are priors that we put on cosmological parameters and EFT
parameters. For completeness we also briefly discuss the Alcock-Paczynski(AP)
effect.

Priors We impose priors on the EFT parameters that are very similar to those
used in Ch. 7. Given that we are assuming a Gaussian likelihood in the Fisher
analysis, imposing a Gaussian prior amounts to adding the inverse variance of the
prior to the diagonal of the Fisher matrix. The key difference between the priors
we have in the Fisher analysis and those in the MCMC is that all of our priors
are centered around the best-fit value rather than around zero. However, we have
verified that this difference has a negligible impact on the error bars. For the special

case of the linear bias b;, we use a log-normal prior of variance 0.8 to ensure its
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positivity '* For all other EFT parameters, we put a Gaussian prior of width 2,
except for response and stochastic terms that are joint between the power spectrum
and bispectrum, for which we use a Gaussian prior of width 4. These variance
choices are analogous to the ones in Ch. 7.

We anticipate or hope that, in the coming years, our understanding of galaxy
formation will advance to a level that will allow for stronger priors on the EFT
parameters. In parts of Secs. 8.5 and 8.6.2 we, therefore, separately use a “galaxy-
formation prior", where we put a Gaussian prior of width 0.3 on all EF'T parameters,
except for b; where we put again a log-normal prior, also with width 0.3. This
value of the prior is a benchmark value we deemed reasonably close to what can be
potentially achieved.

For the cosmological parameters, we use a Gaussian Big-Bang Nucleosynthesis
(BBN) prior on the baryon abundance wy centered around the best-fit value and,
with a width of gy = 0.00036. Also, we analyze log m!®* :=log(}_, m,, /eV) rather
than ) . m,, which implicitly ensures unbounded positivity, with support (0, c0), on
the neutrino masses, since the logarithm ensures positivity !°. In the results Sec. 8.5
we transform the predicted error on log m!®* back to a 68% interval on Y, m,, ( '9).
We do not assume any previous knowledge about the other cosmological parameters.
Overall, our choice of priors is almost equivalent to those used in the data analyses

[143] and Ch. 7.

14Even though the Fisher formalism only allows for Gaussians, we can put log-normal priors,
by analyzing log(by) rather than by, since the derivative with respect to log(hy) can easily be
computed. Then imposing a log-normal prior is just a Gaussian on the “log of the parameter".

15Tn [143], a flat prior with, for example, width [0.06eV, 0.9¢V] was used, which would slightly
ameliorate the results presented here.

SNote that the Fisher forecast predicts Y., m,, ~ Lognormal ((log mtet ) o (log mff’t')2>,

thus the upper and lower bounds of the 68% confidence interval can be easily computed from
the lognormal distribution. However, while the confidence interval bounds for the Gaussian
posterior of logm* are independent of the reference neutrino mass (to the extent that the
Fisher forecast is), the confidence interval for ) .m,, derived from the Gaussian of logm!°",

is in fact reference value dependent. To see this, note that the p-quantile for a Gaussian
is of the form (logmt)*" + & (logmt*)v/2 erf '(2p — 1) whereas for the lognormal it

v v

is of the form Y, mi*f x exp [o (log mtot) /2 erf 1 (2p — 1)]. Therefore, if we write confid-

ot
ence interval bounds in the Gaussian case, of the form ((log mf,‘)t')mf> , the error would be
g_

tot.
v

) is). In the lognormal case, i.e. errors of the form (sz

)V2 erf 1(2pL — 1), so the o4 are reference value indeg)endent (as long as
mf)ai we instead have

oy = >, m x (exp [o (logm!iot) V2 erf 1 (2py — 1)] —1). We emphasize, therefore, that the
upper and lower bounds of the confidence interval for the lognormal distribution scale linearly

with thg reference value. Therefore, when in Sec. 8.5, we present confidence intervals [a,b] for
>, mit = 0.1 eV, the confidence interval for Y-, m'* = 0.2 eV would be [2a, 2b].

or = o(logm

o (log mtt
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Alcock-Paczynski Effect Galaxy spectra are measured on celestial coordinates.
In order to transform to cartesian coordinates, a reference cosmology needs to be as-
sumed, that might not correspond to the true cosmology. This discrepancy between
the reference cosmology and the true cosmology introduces a geometric distortion
known as the Alcock-Paczynski (AP) effect [214]. In order to account for this effect

one has to evaluate the theory model on transformed wave numbers, given by

kref . 1 1/2 Mref . 1 —-1/2
= e ()| = e (o) s

qL
where
DA(Z)h Href(z)/href
W=Dt T THE) M /4L (8.28)

and D4 being the angular diameter distance.

Importantly, this transformation is invertible, and therefore, information pre-
serving. Therefore, the AP effect does not lead to any addition or loss of informa-
tion, when analyzing all (i.e. the full set of multipoles) information available from
a given galaxy statistic at a given order. With the exception of a small part of
Sec. 8.5.1, in Sec. 8.5 we will always analyze the full set of multipoles, where the AP
effect is, therefore, irrelevant, and therefore we do not include it. The only forecasts
where we do not analyze the full set of multipoles are in the beginning of Sec. 8.5.1,
and in Sec. 8.4. The relevance of the AP effect on the Fisher forecasts is thus limited
to these specific analyses and we, therefore, implement only approximate formulae.
The general structure of the correlators we analyze are sums of products of rational
functions in k£ and p, multiplying linear power spectra and loop integrals. For both
cases, we use that (% — 1) is very close to zero and we can Taylor expand it. For

the rational functions, we use

ki~ <Zj)n <1 + g(,ﬁf)? (% - 1)> : (8.29)
- () (i)

Instead, when evaluating loop integrals or linear powers spectra, we average the k

above over redshift space angles, and we, therefore, evaluate on

kref 1 1
Kove = 1+-(—=-1 i .
5= ( + 5 ( 72 )> (8.30)
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As we will see in Sec. 8.4, this approximation is enough to recover large parts of the

AP effect.

8.4 Pipeline Validation against BOSS Data Ana-
lysis

Ultimately, the constraints derived from the Fisher formalism are an approxim-
ation to a more complicated MCMC analysis. For one, an MCMC will in general
produce non-Gaussian posteriors (see Fig. 3 in [176] for an example). In addition,
there are several modeling effects that are considered in the data analyses that we
do not account for in our Fisher analysis. In this section, we quantify how much
these unaccounted-for effects contribute to the constraints, and thereby estimate the
level of precision we can have confidence in when performing Fisher forecasts.

We split this section into two parts. In Sec. 8.4.1, we focus on observational
effects. To isolate the impact of observational effects on the posterior, we fix the
covariance entering the Fisher matrix to the one obtained from the data analysis
(i.e. the measured covariance extracted from mocks as in Ch. 7). The remaining
difference is what we call observational effects, which we do not account for !”. Then
in Sec. 8.4.2 we validate the modeling of the covariance described in Sec. 8.3. In
particular, we study the extent to which the off-diagonal entries in the covariance
impact the Fisher forecast. Throughout this section, we consider the power spectrum
multipoles P, for £ = 0,2 and the bispectrum monopole By at 1-loop. We also focus
mainly on constraints of base cosmological parameters (h, In(101°4,) and €2,,). We
expect this to be sufficient to quantify the accuracy of the Fisher forecasts presented
in Sec. 8.5. As mentioned in Sec. 8.3.3, we here vary the leading order stochastic
parameters freely, since we compare to an MCMC that does not fix them either.
This is in contrast to what we will do in Sec. 8.5.

However, let us discuss here also the validation of our results for primordial
non-Gaussianity. While what we discuss in the next sections is also applicable to
non-Gaussianity, we highlight here additional validations specific to non-Gaussianity.
For example, while we use the best-fit of the data analysis from Ch. 7 as our ref-

ref

erence cosmology (see App. D.1 for details), for fy, we use fil = 0 ( !8). The

ITWe call them observational effects because the error comes from neglecting window functions
and only using an approximate version of the AP effect.

18We validated that non-zero background values for fnr,, such as the ones allowed by the BOSS
data analysis [176] or Planck [60], yield very similar constraints.
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observational effects that we discuss in Sec. 8.4.1 affect non-Gaussianity constraints
minimally. Furthermore, since almost all of the information about non-Gaussianity
(with the exception of fi&) lies in the bispectrum, the exclusion of the power spec-
trum bispectrum cross-correlation in the covariance is not as sizeable as for other
parameters. In conclusion, we are able to estimate that our forecast for fyy, is

accurate to roughly 10 — 25%), as we study in more detail in Sec. 8.4.2.

8.4.1 Fisher Prediction against full MCMC

Even when using the same covariance, the same perturbative model, and the
same reference cosmology, there are still several effects that lead to a difference
between data analysis constraints and Fisher constraints. The most important ob-
servational effects are the Alcock-Paczynski(AP) effect and the smoothing effect of
the window function convolution. To evaluate the significance of these effects, we
perform a Fisher forecast, using the same model, best-fit, priors, covariance, bins,
etc. as in Chs. 6 and 7. The sole difference is that in one case we get the posteriors
through the Fisher prediction (and only considering an approximate AP effect, and
not considering window functions), and in the other through an MCMC that takes
these effects into account . This in particular means, we avoid most of the discus-
sion from Sec. 8.3, since we are not estimating the covariance here and also do not
change any of the bias parameters nor the k... We highlight, that the AP effect
will eventually not affect the results of the forecasts, since we consider all multipoles
and the transformation in Eq. (8.27) is information preserving. We consider it here
only because the analysis we use as reference point have been done on a limited
number of multipoles. The results of the MCMC against the Fisher are shown in
Fig. 8.1.

We observe that the largest discrepancy in the o, at 27%, is found for €,,.
However, for the other cosmological parameters, the difference is only around 15%.
We expect a similar level of error, at approximately 15%, for the other parameters
that we analyze in the following sections and attribute the higher discrepancy on €2,,
to not fully modelling the AP effect, which most notably depends on 2,,. However,
as argued above this effect will not be relevant for us in later sections. We note that
if we remove the AP effect and window functions from the BOSS data analysis, the

difference to the forecast is less than 5% 2°.

19As a reference point, we take the same chain of the analysis in Ch. 7 (Fig. 7.1, P, + Bélo"p).

20Therefore, the non-Gaussian nature of the MCMC-posteriors and the Taylor expansion around
the best-fit that the Fisher relies on have minimal impact on the results.
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Figure 8.1: Triangle plots and errors comparing a Fisher forecast (blue) against the data
analysis from Ch. 7 (Fig. 7.1, P, + Bélmp ) (red) for base ACDM parameters. For the
Fisher forecast the full measured covariance is used including all cross-correlations. We
here analyze ¢ = 0,2 power spectrum multipoles and the bispectrum monopole, both at

one loop order. We implement the approximate AP effect as discussed in Sec. 8.3.4.

8.4.2 Fisher Prediction with Diagonal Covariance

For upcoming surveys, the fully measured covariance from mocks is not readily
available. Although it is possible to compute these covariances with high accuracy
using perturbation theory, the modeling of off-diagonal contributions can be very
complex. Therefore, as described in Sec. 8.3, we do not consider any off-diagonal

21

contributions here Explicitly this means we neglect cross-correlations between

the power spectrum and bispectrum and also we neglect cross-correlations between

2IHowever, whenever we analyze multipoles, we do consider multipole cross-correlations, which
in multipole space appear as off-diagonal entries. In particular, we consider the Py-P» cross-
correlation.
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k-bins (for the power spectrum and bispectrum respectively) 2.

By considering the diagonal elements of the measured covariance (actively put-
ting the off-diagonal elements to zero), we can study two effects. First, we can better
understand the contribution of off-diagonal elements to the covariance, without yet
relying on perturbation theory. Secondly, we can investigate the precision of the
analytical diagonal covariance as described in Sec. 8.3 by comparing them to the
diagonals of the measured covariance.

The most significant effect of using a diagonal covariance is an overestimation of
the bispectrum impact relative to the power spectrum. We find that the off-diagonal
elements in the power spectrum covariance have a negligible effect. However, for
the bispectrum, the impact is larger. This is expected, as neglecting the power
spectrum-bispectrum cross-correlation is equivalent to a scenario where the bispec-
trum is providing purely independent, new, information from the power spectrum.
At least on large enough scales, this is inaccurate as discussed in [236]. In that
sense, neglecting the cross-covariance is a double counting of large-scale informa-
tion. Keeping this in mind, we still want to emphasize that the relative impact of
the bispectrum grows rapidly with higher k..

In Fig. 8.2, we show the impact of these two isolated effects. First, by reducing
the full covariance to just the diagonals, we obtain about 25% — 30% tighter con-
straints. Second, if we compare the measured diagonal covariance to the modelled
one, the agreement is remarkably good with only a few percent difference 23. In fact,
this could be accounted for by loop order contributions that we did not consider in
our analytic modeling of the diagonal covariance which is roughly of the same order.

By comparing the MCMC data analysis in Fig. 8.1 to the Fisher forecast using
the analytical diagonal covariance shown in Fig. 8.2, we estimate our confidence in
the Fisher results to be about 40%.

Finally, we perform the same comparison for non-Gaussianity constraints. The
MCMC data analysis yields (o(f¥¢), o(fxr), o(f&™))= (35, 298, 75), while the
Fisher forecast with analytical diagonal covariance gives (o(f¥¢"), o(fx1), o(f&™)) =
(28, 275, 95). Thus for non-Gaussianity, we have a much closer agreement at around
10 — 25%.

22We also neglect any sky correlations since it is a comparably small effect.

23This strong agreement is present only when summing the different redshifts as described in
Eq. (8.17) and footnote ®. In contrast, the agreement is not as good if we summarize the survey
information to an effective redshift bin.
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Figure 8.2: Triangle plots comparing different Fisher forecasts for base ACDM parameters
using the £ = 0,2 power spectrum multipoles and the bispectrum monopole, all at one
loop order. The plots differ only in their covariances, where we compare the measured
covariance (grey) including all cross-covariances, the diagonal of the measured covariance
(red), and the analytical prediction for the diagonal covariance (blue). We implement the

approximate AP effect as discussed in Sec. 8.3.4.
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8.5 Results

Having validated the Fisher methodology with BOSS data analysis results in
Sec. 8.4, we now use it to predict the constraining power of DESI and MegaMapper,
as well as to provide some additional results for BOSS. As discussed in the previous
section, due to observational effects and covariance modeling, we expect the accuracy
of cosmological parameter constraints to be roughly 40%, and the non-Gaussianity
parameters to be accurate to 10 — 25%.

While BOSS has now been extensively analyzed, there are still some unexplored
questions, which we aim to address here. The full set of cosmological parameters we
study in various combinations is {h, In(10'°A), Q,,,, ns, O, log mtot floc fud forth-y
where we defined logmi*" := log(}_.my,/eV). We refer to any subset of the first
six parameters in this list (i.e. the list without the non-Gaussianity parameters) as
“base" parameters. Throughout this section, we use the power spectrum and bis-
pectrum of galaxies in redshift space at 1-loop order. For future surveys like DESI
and MegaMapper, we use the full set of multipoles ?*, and for BOSS we use either
the full set of multipoles or the monopole and quadrupole for the power spectrum

25 Furthermore, following the discussion in

and the monopole for the bispectrum
Sec. 8.3.3, we fix the leading stochastic terms to one, throughout this section. There-
fore, the results we will find for BOSS in this section are slightly tighter than what
we presented in Sec. 8.4. When quoting results for primordial non-Gaussianity, we
fix the cosmological parameters, as we will discuss more later this has almost always
a negligible effect on our results. Finally, we note that we use fixed relationships
from [176, 239] between the non-Gaussianity bias parameters beNL and galaxy bias

parameters b;, which we checked to be a negligible approximation with respect to

fNL,ref

; on b/ and then let it vary freely 26.

putting an order one prior centered on b

24 As we will see for the BOSS survey, using the full set of multipoles is roughly equivalent to
just using the monopole and quadrupole for both the power spectrum and bispectrum.

2>When analyzing a finite number of multipoles, we implement the approximate AP effect as
discussed in Sec. 8.3.4. However, when we use the complete set of multipoles, in particular for
DESI and MegaMapper, the AP effect is irrelevant

26Note that for fI{ﬁf = 0, which is what we use here, in the context of the Fisher forecast,
this is not even an approximation, but exact. However, even for non-zero reference values, the
change in the error-bar due to this approximation can be quite well understood. If we were only
to analyse the power spectrum, we would only constrain the joint parameter b{NL fxo rather than
the individual parameters. With the inclusion of the bispectrum this degeneracy is broken due to
the presence of ngL fnL 5 b1fnn, and fnp, on its own. The only relevant parameter in the context
of this discussion is fi¢%, since for Inp and Q- almost all information lies in the bispectrum,
and we also verified explicitly that the approximation is negligible. In contrast a large part of

the constraint on f}\?% comes from the power spectrum, where however, we can easily understand
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8.5.1 BOSS

Base cosmological results with the one-loop power spectrum for BOSS have been
presented in [7, 142, 143|, neutrinos have also been analyzed in [143] and dark
energy models in Ch. 10. The combination of the power spectrum and bispectrum
has led to the measurement of /, In(10'°A,) and ©,,, in Ch. 7, with the non-Gaussian
parameter fyi, being reported in [176] and at tree level in [177, 178]. In this section,
we present forecasts for the power spectrum and bispectrum with the inclusion of
the sum of neutrino masses ) |, m,,, spectral tilt n, and spatial curvature ;. We
also investigate the impact of shot noise and of the EF'T parameters and explore the
information contained in higher multipoles. The exact numerical values of the EFT
parameters, survey specification and reference cosmology that we use here and in
Sec. 8.6 are given in App. D.1. Following the binning scheme used in [9], we divide
the sample into two redshift bins. We use the same values of kyi, and b; for both
bins since the redshift difference of the bins is very small. The effective numbers we
use are summarized in Tab. 8.1.

This section is divided into two parts, based on the type of covariance used.
In the first part, we present results using the full measured covariance obtained in
Ch. 7, which includes all cross-correlations. This implies that we expect our results
to be accurate to about 15% (and 27% for Q,,,) as described in Sec. 8.4.1. In the
second part, we investigate the impacts of shot noise and higher multipoles using

a modelled covariance, as described in Sec. 8.4.2. This allows us to have better

the shift in error bar. Simple error propagation tells us that the error we obtain from the power
spectrum with fixed b{NL or with the order one prior on b{NL are related to each other by

loc.,ref
2 2 ( NL )
. ( 11\?1?@11) ~ o ( 11\§>]S~,appr0X~> +o (b{NL) Nt (8.31)

27
.ref
(b.lfNL, )

where we note that o (b{NL) is dominated by the prior width. Therefore these changes in the error

loc.,approx.
. loc. . . . . o
bar are relevant, if fy *P"" and b{NL have similar signal to noise ( S )

NL

f
~ U(blNL)
= INporef -
1

For

instance with quite large fll\?]f"mf both sides of this ratio can roughly be equal to one, as was found

in [176]. To be precise, using Planck constraints fi0$ = —0.9 £ 5.1 and a prior & (b{NL) =2, we

find the full change in error bar for fio¢- with inclusion of both power spectrum and bispectrum at

ll\?lf"ref = —0.9 to be 0.01%, 5%, 15% for BOSS, DESI and MegaMapper respectively, and even at
the Planck 1-o level fﬁf"ref = —6, we find changes of 0.5%, 47%, 54%. Given in particular that

what is important is a detection of non-vanishing f}{,’z7 and within order one the actual value of
ngL

1o is much less important, we conclude that our forecasts are robust even when the are free

EFT parameters.
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BOSS: | zart [meal (A Mpe V]| 0| (R, Rk, R [ Mpe ]| Nl | VA= NAF

Bin 1 |0.32 2.9x1073 1.9 (0.09, 0.20, 0.7) 18 9 62
Bin 2 [0.57 2.5x1073 1.9 (0.10, 0.22, 0.7) 21 17 | 150

Table 8.1: BOSS effective survey specifications, calculated according to the formulas in
Sec. 8.3 and Tab. D.2 in App. D.1. ny g is the background galaxy number density entering
the derivatives (not the covariance), Npips is the number of k-bins we consider for the power

spectrum and N is the number of triangles we consider for the bispectrum.

analytical control, for example in order to analyze the shot noise influence on the

results.

Additional Results: n,, > .m,, and Q; We present the BOSS forecasts using
the power spectrum monopole and quadrupole, as well as the bispectrum monopole,
both at one loop order, for parameters that have previously only been analyzed with
only the power spectrum (and in some cases with the tree-level bispectrum [7]). The

results are summarized in Fig. 8.3.

Impact of Shot Noise, Biases and Multipoles For BOSS, we checked that
adding the trispectrum at tree level and the 2-loop power spectrum %7 do not im-
prove on the measurements. This is mostly attributable to the large shot noise of
the survey. However, given the power of the Fisher formalism, we can investigate
the effects of certain limits and configurations on parameter constraints. Of course,
we here look at limiting cases, that are unrealistic in reality, but they show where
information is lost. In particular, we are interested in the impact of EFT para-
meters and of the survey shot noise. Throughout this section, we will be using the
analytical covariance, which gives us the most control but comes with the caveats
mentioned in Sec. 8.4. We investigate several effects on both base cosmological para-
meters including ns, and fyr. Just as in [176], unless mentioned otherwise, we fix
the cosmological parameters when quoting errors on fxr. We checked that while

¢ has a roughly 35% error bar reduction due to fixed cosmological parameters,

o and f are very independent of the other cosmological parameters and their

results would only change by roughly 5 — 10% if we would not fix the cosmological

2TWhile currently, we do not have the 2-loop power spectrum for galaxies in redshift space, we
can simply run a Fisher analysis on the one loop correlators, with the 2-loop kpax reach. This
then gives an upper bound estimate for the extra constraining power of the 2-loop correlators.
The results on BOSS do not improve even with this optimal estimate, and therefore we believe, a
2-loop analysis will not improve the results on BOSS.
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Figure 8.3: Triangle plots and errors from Fisher forecasts for BOSS including the

spectral tilt and spatial curvature (left), massive neutrinos (right), and primordial non-
Gaussianity (bottom). The power spectrum monopole and quadrupole, and the bispec-
trum monopole were used both at one loop order. In the table we also report the upper
and lower bounds of the 68% confidence interval for the sum of massive neutrinos, i.e.

P [(ZZ My, —

covariance with all cross-correlations. We implemented the approximate AP effect as dis-

> mf,‘ff) € (07,0%)] = 0.68. The covariance used here is the full, measured

cussed in Sec. 8.3.4.



8.5. Results

parameters.

First, we check the impact of using higher multipoles at one loop as opposed to
using only the power spectrum monopole and quadrupole and the bispectrum mono-
pole. While there is some improvement with the inclusion of additional multipoles
for the bispectrum, we checked that almost all of this improvement comes from the
bispectrum quadrupoles. Still, this improvement is very small, and so we do not
present the posteriors. The numerical values can be found in the table of Fig. 8.4.
We can conclude that using the monopole and quadrupole for both the power spec-
trum and bispectrum, one can extract almost the full redshift space information. As
was shown in Ch. 7, we can already analyze data with the monopole and quadrupole
for the power spectrum and bispectrum. Therefore, unless indicated otherwise we
analyze using all multipoles.

Next in Fig. 8.4, we show additional constraints in the continuous field limit
n, — 00, i.e. having no shot noise. We roughly halve the error bars for both the
base cosmological parameters and fyi,. This should serve as motivation to include
as many objects into our data sets even if they are faint or somewhat unresolved.
This will also become important in Sec. 8.5.3.

Lastly, the EFTofLSS, like any EFT, will need a larger number of parameters
when going to higher perturbative orders. This is in principle not a problem as
long as they are independent enough from the parameters of interest. It is inter-
esting to investigate how better knowledge of these parameters would impact the
results. We put the “galaxy-formation prior" mentioned in Sec. 8.3.4, where we put
stronger priors on all EFT parameters motivated by hopefully-realistic future know-
ledge on galaxy formation. We also take the limit in which these parameters are
fixed, in other words representing the scenario in which all “nuisance" parameters
are known and measured exactly with no error. This, in a sense, is the theoretical
upper bound for the EFTofLLSS at a given order. It is interesting to note from the
results presented in the table in Fig. 8.4 that the biases have varying impacts on
different cosmological parameters. Specifically, the biases overwhelmingly affect the
primordial parameters, Ag,n, and fyr. As we will see in Sec. 8.6, fnp-constraints
are more sensitive to the EFT parameters than A, and n,. This is not so surprising,
considering that the functional form of EFT counterterms resemble the functional

form induced by primordial non-Gaussianities.
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Figure 8.4: Triangle plots and errors from several different Fisher forecasts for BOSS
using the analytical covariance. We compare base results to results obtained without shot
noise (left) and with biases fixed or with a “galaxy-formation prior" (g.p.) (right). In the
table, we also show the impact of including higher multipoles on the power spectrum and

bispectrum and also see the impact on fyr,. For the constraints on fni,, we fix the other

cosmological parameters.
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8.5.2 DESI

We now turn to predict the performance of upcoming surveys, starting with the
imminent DESI survey. We base our results on the Emission Line Galaxies (ELGs)
sample, which is the largest of the DESI surveys [222]. We note that while we are
able to derive the value for the linear bias through specifications given in [222], we
do not have values for the other EFT parameters. We therefore shift all biases
according to the method described in Sec. 8.3.3, i.e. we shift them all according to
the change in the linear bias with respect to the BOSS best-fit. The final numerical
values we use for the DESI forecast are given in Tab. 8.2. For all the future surveys
we use ki, = 0.001h Mpc_1 for the power spectrum and k.;, = 0.02h Mpc_1 for
the bispectrum. We bin with Ak = 0.005h Mpc™! for the power spectrum and
Ak = 0.02h Mpc™! for the bispectrum. For binning consistency, we have checked
that using a smaller binning does not affect our results. To reduce binning effects,
ideally one would always average the observables over a k-bin. However, given
the numerical complexity of doing such a procedure for every bin, especially for
the bispectrum, we instead evaluate on a effective number k. to approximate this
averaging. This is analogous to the method used in Ch. 7, with the difference that
we also evaluate on k. the tree level contribution, rather than averaging it. The
effect is minimal. Throughout this section, we use the analytical covariance from
Egs. (8.16) and (8.17) with all the ingredients discussed in Sec. 8.3.3. We remind

that the validity of the covariance was discussed in Sec. 8.4.

DESL| ze [npen[(h Mpe™ 13| 03| (kXee KL “knp) [hMpe '] | NEE [ NAree | NAF
Bin 1]0.84] 8.0x107* 1.3 (0.08, 0.18, 0.9) 37 | 17 [115

Bin 2 1.23 3.2x1074 1.5 (0.09, 0.23, 1.3) 45 17 1191

Table 8.2: DESI effective survey specifications, calculated according to the formulas in
Sec. 8.3 and Tab. D.3 in App. D.1. ny g is the background galaxy number density entering
the derivatives (not the covariance), Npips is the number of k-bins we consider for the power

spectrum and N is the number of triangles we consider for the bispectrum.

Results We present results, including the spectral tilt, spatial curvature, neutrino
masses, and non-Gaussianity in Fig. 8.5, using all multipoles. The results for fyr,
were obtained with fixed cosmological parameters. Analyzing fyp in combination
with cosmological parameters changes the fyr, constraints by less than 8%. For

neutrino masses, with the caveats discussed in footnote 16, it seems likely that DESI
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Figure 8.5: Triangle plots and errors from Fisher forecasts for DESI including the spec-
tral tilt and spatial curvature (left) and massive neutrinos (right) and Non-Gaussianity
(bottom). In the table we also report the upper and lower bounds of the 68% confidence
interval for the sum of massive neutrinos, i.e. P[(3; my, — >, mif) € (67,0™)] = 0.68.
We use all power spectrum and bispectrum multipoles at one loop order for the above

results and use the analytical covariance without cross-correlations.

is already able to detect massive neutrinos at the 20 level.

Impact of Shot Noise and Biases Similar to Sec. 8.5.1, it is interesting to
investigate constraints with the “galaxy-formation prior" (g.p.) putting stronger
priors on EFT parameters, and look at the theoretical limits of fixed biases and
zero shot noise for DESI. As shown in Fig. 8.6, the g.p. mostly affects fyi and

b However, in both the zero shot noise 2

8 and fixed bias limits, we observe
improvements of roughly a factor of 2-3 in In(10'YA,), Q,, and n,, while i improves

less significantly in either of these limits. These results are consistent with those

28We note that due to still large shot noise, the 2-loop analysis for DESI does not much improve
the results, which we verified with the same method as mentioned in footnote 27.
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Figure 8.6: Triangle plots and errors from several different Fisher forecasts for DESI. We
compare base results to results obtained without shot noise (left) and with biases fixed or
with a “galaxy-formation prior" (g.p.) (right). In the table, we also show the impact of
including higher multipoles on the power spectrum and bispectrum and also see the impact

on fnr. For the constraints on fyi,, we fix the other cosmological parameters.

obtained for BOSS in Sec. 8.5.1 since, as we noted, the biases have larger degeneracies
with In(10'°A4y), ng, and non-Gaussianities. We find that the effect of shot noise
accounts for approximately 50% of the constraints on fyr,. Interestingly, fixing the
bias parameters has a striking effect on non-Gaussianities, particularly for fyi, for
which we would obtain a six-fold reduction in the error bars. In combination with
the results from the g.p., this strongly motivates the need for tighter priors and
therefore better measurements of biases when performing the analysis of DESI in
the near future. In order to further improve on this aspect, we present in Sec. 8.6

the fnr constraints forecasted with the EF T-motivated perturbativity prior.
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8.5.3 MegaMapper

For MegaMapper, we base our Fisher forecasts on the two scenarios mentioned
in [223] (there called “idealized" and “fiducial"), which we call the optimistic (MMo)
and pessimistic (MMp) scenarios. These two scenarios are in turn based on the spe-
cifications presented in Tab. 1 (MMo) and Tab. 2 (MMp) of [237]. It is important
to note that these specifications are preliminary and may differ from the final spe-
cifications. We caution that our results are based on these preliminary specifications
and may need to be revised as more information becomes available. We find that the
constraints predicted by the two scenarios differ by 30 — 40%. Given the similarity
of the results in these two situations, we present here the results in the optimistic
scenario, leaving the pessimistic scenario in App. D.2.1. Thus, the numerical values
that we will use in this section were derived from Tab. 1 of [237] and methods from
Sec. 8.3. They are given in Tab. 8.3.

MMo: | zefr | e[ (h Mpe™1)3] [ B[ (kTree kL " honp) [hMpe '] | NEE [ Naree | NAE

max’ "Vmax> bins

Binl |24 1.8x107° 3.1 (0.14, 0.36, 3.2) 73 62 | 696
Bin 2 [4.3 1.1x1074 6.3 (0.28, 0.76, 10.1) 153 | 294 |5491

Table 8.3: MegaMapper effective survey specifications, calculated according to the formu-
las in Sec. 8.3 and Tab. D.4 in App. D.1. nj g is the background galaxy number density
entering the derivatives (not the covariance), Ny is the number of k-bins we consider
for the power spectrum at 1-loop and Na is the number of triangles we consider for the

bispectrum at 1-loop.

As in the DESI forecast, we shift the rest of the biases parameters according to
the method described in Sec. 8.3.3. Furthermore, we again use kpi, = 0.001~2 Mpc™!
for the power spectrum and kyi, = 0.02h Mpc ™! for the bispectrum, as well as Ak =
0.005h Mpc™! for the power spectrum and Ak = 0.02h Mpc ™! for the bispectrum.
Again, to reduce binning effects, we evaluate on k.g. The results for fyr, were again
obtained with fixed cosmological parameters. Analyzing fyi in combination with
cosmological parameters changes the fy, constraints by less than 3%. Finally, just
like for the DESI forecasts, we use the analytical covariance from Eqs. (8.16) and

(8.17), following the discussion in Sec. 8.3.3 and its precision discussed in Sec. 8.4.

Results We present base results for MegaMapper in a similar format to the previ-
ous sections in Fig. 8.7. We see that the bispectrum contains significant constraining

power. As mentioned in Sec. 8.4.2, we expect that the constraints presented here
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Figure 8.7: Triangle plots and errors from Fisher forecasts for MegaMapper including the
spectral tilt and spatial curvature (left) and massive neutrinos (right) and non-Gaussianity
(bottom). In the table we also report the upper and lower bounds of the 68% confidence
interval for the sum of massive neutrinos, i.e. P[(3; my, — >, mit) € (67,07)] = 0.68.
We use all power spectrum and bispectrum multipoles for the above results and use the

analytical covariance without cross-correlations.

will be an overestimate as we are neglecting cross-correlations. Nevertheless, the
impact of the bispectrum at higher k.. becomes relatively more important, and
therefore continues to be a very important tool for future data analyses.

In particular, shown in in Fig. 8.7, the inclusion of the bispectrum allows for very
tight constraints on neutrino masses. Even with the caveats discussed in footnote 16,

neutrino mass detection with MegaMapper seems very likely.

Impact of Shot Noise and Biases Given the long timeline until results will
be available for MegaMapper, and target selection is yet to happen, we will discuss
some aspects that might improve results as was discussed for DESI in Sec. 8.5.2.

In particular, while the perturbative reach is far greater at higher redshifts, as can

229



230

Chapter 8: Forecasts: Peeking into the Next Decade in LSS Cosmology with its EFT

. P e
] [ )

N -

Pinp— e [
. P+B . P4B4g.p.
Bl P+B:np—o o B P: bias fixed

B P+B: bias fixed

~ 308 — o8f
ST 3.06 <T 3.06}
B RN S
O 3.04 O 3.041
% 3.02 \ ‘:’ 3.02+
" 300 ~ 300k
0.320 0.320
£0.318 ; £0.318}
G 0.316 - 0.316
0.314 0.3141
0.98 0.981
, 097 \ ., 097
0.96 \\ < 0.96
0.95 // H A\ 0.951 B e // J) W\
0.67 068 3.0l 3.04 3.07 0315 0.320 0.95 0.96 0.97 0.98 067 068 301 3.04 3.07 0315 0.320 0.96 0.97 0.98
h In(101%4;) Qm ns h In(10104;) [0} ns
o) h In(101°4,) Qm ns oo | [
P 0.0036 0.013 0.0012 0.005 - - -
P+gup.: 0.0034 0.011 0.0011 0.0043 - - -
P : bias fixed 0.0029 0.0074 0.00079 0.0024 - - -
P :ny — oo 0.0029 0.0074 0.00047 0.0029 - - -
P+B 0.0021 0.0047 0.00034 0.0017 0.27 18 4.6
P+ B+g.p.: 0.0020 0.0045 0.00033 0.016 0.26 13 3.6
P + B : bias fixed 0.0016 0.0034 0.00021 0.0010 0.17 3.6 1.7
P+ B:ny — oo 0.00019 0.00045 0.000029 0.00018 0.11 5.4 1.5

Figure 8.8: Triangle plots and errors from several different Fisher forecasts for MegaMap-
per. We compare base results to results obtained without shot noise (left) and with biases
fixed or with a “galaxy-formation prior" (g.p.) (right). In the table, we also show the
impact of including higher multipoles on the power spectrum and bispectrum and also see

the impact on fn1,. For the constraints on fyr,, we fix the other cosmological parameters.

be seen from Tab. 8.8, the shot noise, especially for the higher redshift bin, is ex-
tremely large 2°. We, therefore, present the limiting case of zero shot noise to better
understand the possible gain achievable by reducing the currently estimated shot
noise. Equally motivated by the long timeline of MegaMapper, we present results
with stronger bias priors, anticipating the better understanding of galaxy formation
until the data release. Along with the zero shot noise and “galaxy-formation prior"
results, we also present the impact of fixing biases in Fig. 8.8.

We see that stronger bias priors mostly have an effect on fi and fih. Going
further and fixing the biases we would again, roughly, reduce the error bar by a

factor 2, with again the exception of fy] where the dependence is much stronger.

29This also means that the 2-loop analysis for MegaMapper just marginally improves on this
results at < 20% error bar reduction, which we verified with the same method as mentioned in
footnote 27.



8.6. Further Constraining fnr with a Perturbativity Prior

This again motivates the perturbativity prior we discuss in Sec. 8.6. This is very
similar to the case of BOSS and DESI shown in Secs. 8.5.1 and 8.5.2. Thus, the
relative gain of putting the “galaxy-formation prior" or fixing the biases is very
similar among the three surveys we consider.

However, shot noise affects the three surveys very differently. In particular,
for MegaMapper, shot noise is quite significant for some cosmological parameters.
Especially for the base parameters, we can see from the table in Fig. 8.8, that
reduction of shot noise for MegaMapper can lead to a ~10-fold error bar reduction.
Instead for non-Gaussianity parameters, while shot noise still seems to be in an
important factor, it is comparably less significant. In particular, the effect of setting

shot noise to zero is similar to fixing the biases when analyzing fyr..

8.6 Further Constraining fnp, with a Perturbativity

Prior

As we saw in Sec. 8.5, in particular Figs. 8.4, 8.6 and 8.8, fixing the biases
leads to stronger constraints on the primordial parameters In(10'°A,) and n, and to
vast improvements on some fy;, parameters. We will see in this section that some
non-Gaussianity parameters are greatly affected by EFT parameter constraints. In
particular, small improvements on the constraints on the bias parameters can lead to
significant improvements on fxi and fgi™. We are thus motivated to place stronger
(and physically justifiable) priors on the nuisance parameters in order to further
constrain single-field inflation.

As mentioned in Sec. 8.3.3, we put independent priors on the EFT parameters,
restricting their individual size. This is motivated by the fact that the EFTofLLSS
predicts these parameters to be of order one. However, given that the MCMC
explores the full parameter space in a random walk, the final loop contribution can
be y/n larger than the truth, where n is the number of EFT parameters. We aim
to address the issue that such parameter configurations are unphysical yet can still
fit the data well. This happens because, at intermediate and low k’s, where each
term is not too small, even a too-large loop is comparably small with respect to the
data error that scales like k=%/2. Therefore, only at large k where the data error is
sufficiently small, would parameter configurations exhibiting /n enhancements to
the loop be ruled out. However, there exist parameter configurations exhibiting /n

larger contributions at lower k’s that cancel out at large k, making the loop appear
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Figure 8.9: Plot showing various two-loop monopole power spectra, P20L against the
CMASS data error, oqata,cMass (grey). As an example of a typical MCMC, the BOSS
CMASS P0 was estimated using the relation Py ~ PT[gC, and is shown in blue. The
expected P. L size is shown in red and an example of a PSL that would be favoured by the

perturbativity prior is shown in green.

to have the correct size at those scales. Therefore, a loop contribution that is too
large at low k can still fit the data well, but would go unnoticed, even though it
would clearly be unphysical. Through scaling relations, this then translates to an
overestimate of the expected higher loop contribution. This argument is shown for
the estimated 2-loop contribution in Fig. 8.9.

We, therefore, propose an additional prior, which we call “perturbativity prior",
on the size of the loop contributions, aimed at being effective in the intermediate and
low k regions where the y/n enhancements are not sufficiently restricted by the data
analysis. To formulate this “perturbativity prior”, we use the fact that, as we sample
the different bias configurations, the two-loop contribution can have a maximal size,
and therefore a maximal signal-to-noise. This maximal signal-to-noise was what
defined the kyax in Eq. (8.22). In this section, we show that by using appropriate
scaling relations between the two-loop and one-loop contributions, we can translate
this threshold for the two-loop contribution into a prior on the size of the one-loop

contribution.

8.6.1 Contribution to the Fisher Matrix

We impose a perturbativity prior for the power spectrum and bispectrum re-
spectively, and the procedure is the same in both cases. We therefore keep the

derivation generic, for the loop of some observable, X;r, where X € {P,B}. In a
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later step, we will derive an estimate for the correct size of the loop, denoted by X&
As mentioned in the previous section, this estimate will come from a threshold for
the signal-to-noise of two-loop contributions, through which we can infer properties
about the correct one-loop contributions. The quantity we want to constrain is X,
whereas X, we assume to be estimated before the data analysis. We then impose

that on average, X,y is close to X, therefore, we impose a Gaussian prior

Z/ /del;lfimgk ;”N(Ll), (8.32)

where k; € {k, (k1, ko, ks)}, i € {p,p1} and Nx € {Npins, Na} for the power

spectrum and bispectrum respectively. We here implement the real space part of

the perturbativity prior 3°. For the remainder of this section, we, therefore, always
refer to real space quantities, indicated by dropping the Z argument. The real space

prior we then impose is given by

NLX;% ~ N(1,1). (8.33)

One way to write the prior above is to impose the same, independent, prior for each

bin. That is, we impose
2
X (k) ~ N (X5 (Re), Nx (X (k))?) (8.34)

which implies Eq. (8.33).
In order to use this prior for the Fisher matrix, we assume once again that our

reference cosmology is accurate and we assume X' ~ X (31). Then, for fixed k;,

30We note that the real space perturbativity prior is on its own only restricting the size of the
real space correlators. However, given that the size of the full redshift space observables is highly
dependent on the real space EFT-parameter values, there is little room left for the full redshift
space contribution to be large, if the real space contribution is restricted enough. We therefore
expect that the full redshift space prior is highly correlated with the real space one, and, therefore,
only do the real space version here. Adding the redshift space part is straightforward.

31Given that the best-fit we currently have was not obtained with the use of the perturbativity
prior, this approximation is not guaranteed to be justified. However, as we will see in Fig. 8.10, the
perturbativity prior only mildly affects the errors of EFT parameters. Therefore, we assume that
the best-fit values are also only slightly modified, still making the reference values we use here, a
good approximation. This issue will disappear once a data analysis with this additional prior is
performed.
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similarly to Eq. (8.3), we can Taylor expand to get

1 2
—2logPrior = —— (X1.(0) — X&) +n 8.35
Nx(XfL)Q( (0) — Xiz) (8.35)
~ (9 o eref)TFX,pert.<0 . eref) + 7,
where Fg’pert‘ = — 285{91? 85(919 and 7 is a parameter-independent constant.
Nx(xG)" 9% 9%

Therefore, summing over all bins, the perturbativity prior that we finally implement

in the Fisher forecast is given by

! 1 OPi(k) 0Py (k)
Fpert. — 1L |
N Nbins Z P&(k)Z 802 80] (8 36)
Z OB (k1, ko, ks) OBip (ki k2, k3)
A g o ks Bfy k1,k2,k3) 00; 90

In order to be able to implement this prior, we need to derive the estimates for P
and BS;. We derive the threshold for the size of the 1-loop contributions from limit-
ing the 2-loop signal-to-noise ratio. This is similar to how we determined the k., in
Sec. 8.3.3. There, we demanded that the signal-to-noise of the 2-loop contribution
for any new survey does not exceed its signal-to-noise of BOSS CMASS, where we
know it is negligible. In particular, the maximal signal—to—noise that has previously

been chosen in the data analysis to determine the k. was g, which is also what we

k 2
max PQL(k) ) 1
——— | dk ~ —, 8.37
/0 <0P,data(k) 9 (8.37)

Boy (k1 ko, ks) )2 1
- dkydkodks ~ —,
/VB (UB,data(k17k2ak3) S

use here. Explicitly,

©

where G x qata here is defined as in Eq. (8.25), using that in the continuum limit we get
Ak — dk, and vp is the set of all triangles with maximal wavenumber smaller than

or equal to ky.c. We then get the estimates for the correct one-loop contributions,
C 2
through the approximate size relations between two-loop and one-loop, Py, ~ ]IjNS

Tree

and By, ~ % ( 33). Finally, in order to perform the integrals in Eq. (8.37), wi

2 We would not need to do this Taylor expansion in an actual data analysis.
33Note that here the numerators have the usual stochastic contributions, but PN< in the de-
nominators has no shot noise.
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(¢} .
assume scaling functions S¥(k;), defined by 2q kk )) = X)él(LkEkl)) (3%, that should
max 1L max
approximate the k dependencies of X, (k;). Plugging in the size relations and scaling

approximation into Eq. (8.37), we can solve for the X (k;) to get

—1/4

PC (k) = 57 (k) (9 /0 " (P%Y;i é/;’i )data(k,)> dk’) , (8.38)

—1/2

SB(K, KL kL) 1 ( PS(K)) ?
B = SB(ky. ko, k 9/ L2 78] on. )| dk! dk!dk!
S 3)< Gty (e ) dtastas)

Tree

where we dropped the k-dependence for B} to avoid clutter and in the bottom line
we symmetrize the Pﬁfe' Note that PG and B¢, do not depend on the overall size
of the scaling estimates S¥, as we are normahzlng it at kpax-

There are well established estimates for the behaviour of the power spectrum
loop [145] and bispectrum loop [240] in a scaling universe. For biased tracers we

adapt this to

k 3+n(k)
Sit(k) = Prec(k) <k_NL) , (8.39)
kl 3+n(k1)
Skt ko, ks) = Bryee(k1, ko, ks) </€_NL) +2p. |,

which is very similar to the one used in Eq. (8.23), but with Prye. and Bryee being the
(real space) biased tracers tree-level power spectrum and bispectrum. In order to
have both the right IR and UV behaviour of the loop contributions we also include

a loop counter term to the estimate. For the scaling of the counterterms, we use

2
ST(k) = —2018P(k) <ki) ) (8.40)
NL
2
SB(ky, ko, ks) = —2b28 <P11(k1)P11(k2) (:—3> +2p.),
NL

where we use the reference value fgoss = 1 and rescale with Eq. (8.19) for other
surveys 3°. Finally, given that ST and S? should be upper bounds on the scaling of

the loops, we want to avoid cancelations and ensure positivity. Therefore, the final

X
340ne could have normalized this scaling factor to make it unitless, i.e. S*(k;) — Si(,j’”))

without changing anything in the final formulas.

35The representative counter terms here correspond to the terms multiplied by ¢! and cf in
Ch. 6.
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scalings we implement are

SP(k) = max(| Sy (k)] [S5 (k)]), (8.41)
SB(kl,k'Q,k3) = maX(|SB (kl,kg,k3)|,’S(:B(kl,kg,kg)n.

int

8.6.2 Results

While the perturbativity prior further constrains both cosmological parameters
and bias parameters, the largest effect comes from further constraining particular
bias parameters. We present this improvement in Fig. 8.10. Indeed, there we can
see that small improvements on particular EFT parameters 2% lead to vast improve-
ments on fy7. In the tables of Fig. 8.10 we also show the effect on the other types of
non-Gaussianity we analyze. Each analysis was performed with fixed cosmological
parameters and each type of non-Gaussianity was analyzed separately. For com-
pleteness, and to stress the importance of the bispectrum loop, we also compare it
with bispectrum tree-level constraints. The survey specifications used for the tree-
level analysis are also in Tabs. 8.1, 8.2, and 8.3. In the following, we will present
results for each survey based on the plots in Fig. 8.10.

Finally, as we also discussed in Sec. 8.5, base cosmological parameters are less
affected by constraints on bias parameters. However, we find that the inclusion of
the perturbativity prior can have a relevant effect on them, which we discuss in
App. D.2.2. In particular, we find that DESI will constrain curvature to 0.012 and
MegaMapper to 0.0012.

BOSS As shown in the table of Fig. 8.10, the one-loop bispectrum already signi-
ficantly improves the constraints on non-Gaussianities by ~ 30 — 50% with respect
to the tree-level analysis. Additionally including the perturbativity prior to the one-

loop bispectrum yields a further ~ 24% reduction in o for fi&, and ~ 10% reduction

in o for fxi and fih. The “galaxy-formation prior" would further reduce the error
by ~ 20 —30% for fxi and fo™, and 14% for fi&&. The addition of the loop breaks
the degeneracy between ¢y and ¢, ( 37), greatly improving constraints on both para-
meters, which translates to stronger constraints on fyi. Furthermore, the inclusion

of the perturbativity prior further breaks this degeneracy and improves upon the

36We remind the reader that ¢s and ¢4 are the linear combinations of the second-order biases that
enter the tree-level bispectrum, alongside the linear bias b;. Explicitly they are ¢ = (by + b5)/ V2,
¢4 = (by — bs)/+/2. For more details see Eq. (6.132) and Ch. 7.

37The breaking of this degeneracy due to the loop bispectrum is already present in Ch. 7.
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constraints on by, which leads to additional improvements on the fy;, parameters.

DESI As it was seen in BOSS, the inclusion of the loop bispectrum and perturb-
ativity prior breaks the degeneracy between ¢, and ¢4 and tightens the constraints on
EFT parameters for DESI as well. However, the resulting effect on fyp, parameters
is different. Unlike BOSS, the inclusion of the one-loop bispectrum and perturb-
ativity prior to DESI does not uniformly tighten all fyi, errors. For one, most of the
information to constrain fi&& is contained in the power spectrum and the tree-level
bispectrum. In contrast, the one-loop bispectrum does improve the constraint of
Ixy and fh by 19% and 58% respectively. The perturbativity prior reduces these
errors further by 20% and 11% and the future galaxy formation prior by another

16% and 19%.

MegaMapper MegaMapper results are more similar to DESI than BOSS. fio¢ is
mostly constrained through the power spectrum and does not improve much with
the addition of the bispectrum loop or the perturbativity prior. Additionally, as
was seen for DESI, the inclusion of the bispectrum loop leads to a more significant
improvement in the constraint on f3™ compared to fyi, with 47% and 24% im-
provements respectively. To place these results into context, note that the tree level
results we obtain are in agreement with those obtained in [228] 3¥. Note, however,
the tree-level k... we estimate here is a bit lower, thus we predict slightly less op-
timistic constraints for the tree-level bispectrum, which makes the addition of the
loop more important. The loop again breaks the degeneracy between cy and ¢y,
and the perturbativity prior enhances the constraints on ¢, in particular, thereby
orth.

improving the constraints on fyi and fi™ by 9% and the “galaxy-formation prior"

further reduces the errors by 21% and 18% respectively.

38The results we present here would correspond to their MegaMapper - B results, with fixed
cosmological parameters and free bias parameters. The disagreement with our results is < 10%.
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Figure 8.10: Triangle plots and errors from Fisher forecasts for BOSS (top left), DESI

(top right), and MegaMapper (bottom left), for the equilateral type of non-Gaussianity,

and leading bias parameters. We also show errors on other non-Gaussianity parameters

in the tables. Each analysis was done with cosmological parameters fixed and each non-

Gaussianity parameter was analyzed separately. We always include the power spectrum at

one loop order with the addition of either the tree-level bispectrum the loop bispectrum

or the loop bispectrum with a perturbativity prior (p.p.) also in combination with the

“galaxy-formation prior" (g.p.). We use all power spectrum and bispectrum multipoles in

each case and use the analytical covariance without cross-correlations.
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The Late Universe

Dark Energy and the Formation Time of Galaxies






Direct Signatures of the Formation

Time of Galaxies

9.1 Summary

We show that it is possible to directly measure the formation time of galaxies
using large-scale structure. In particular, we show that the large-scale distribution
of galaxies is sensitive to whether galaxies form over a narrow period of time before
their observed times, or are formed over a time scale on the order of the age of the
Universe. Along the way, we derive simple recursion relations for the perturbative
terms of the most general bias expansion for the galaxy density, thus fully extending

the famous dark-matter recursion relations to generic tracers.
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9.2 Introduction and Conclusions

The establishment of the standard cosmological model, from the hot big bang at
early times to the cosmological constant and cold dark-matter dominated late-time
accelerated expansion, is one of the great triumphs of modern science. It gives a
depiction of a dynamical Universe that has evolved over billions of years from a
dense cosmic soup to a sparse sprinkling of stars, galaxies, and dark-matter halos.
This familiar picture was not always obvious, however.

For example, there was much debate in the second half of the twentieth century
about the so-called 1948 steady-state model of the Universe [11]. This model pro-
posed that properties of the Universe, including number and types of galaxies, did
not change over time. Empirical evidence, of course, eventually contradicted these
ideas. One such set of evidence was the observation that properties of galaxies,
including color and estimated ages, changed with their measured redshifts (see for
example [12, 13|), suggesting that the galaxies themselves evolved over time. This
confusion, though, is understandable. Indeed, we cannot watch objects in the Uni-
verse evolve for very long; we can only see static snapshots at various times in the
past, making it quite challenging to directly probe cosmic time scales.

A concept that is related to, but distinct from, the time scale of cosmic evolution
is what we call a cosmic response time, i.e. the temporal extent to which the past
influences galaxies at a given time. ! This in turn is related to the formation time
of galaxies, which is at least as long as the response time.

In this work, we provide, as far as we can tell, the first directly cosmologically ob-
servable signals that are sensitive to the formation time of galaxies (or galaxy clusters
and other gravitationally-bound objects in general). By studying the response time
of galaxies, we show that the static pictures that we take of the Universe (in galaxy
surveys, for example) can contain unique signatures that are only possible if galax-
ies have been forming over time periods on the order of the age of the Universe.
Even if we have an incredibly large amount of evidence that this must be the case,
the possibility of a direct cosmological observation is, to us, quite an extraordinary

prospect. 2

Mathematically, this is the time scale of support of the Green’s function describing the re-
sponse.

2We stress that in this work, we are not concerned with ages or generic evolution of structures
(for which there is abundant astrophysical evidence, some of which we mentioned above), but with
the response time of structures. Previous studies in this direction include numerical simulations
and the so-called assembly bias [241, 242], although it can be challenging to directly relate the
latter to galaxy formation time [243].
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Furthermore, since our reasoning is based on the Effective Field Theory of large-
scale structure (EFT of LSS, [30, 28]), which is the unique theory of gravity, cold
dark matter, baryons, and tracers on large scales, our conclusions do not depend on
specific modeling choices about stars or galaxies. Given the recent success of using
the EFT of LSS to analyze galaxy clustering data as in |7, 142, 143, 176] and Ch. 7,
we now have the intriguing opportunity to explore the Universe in this exciting new
way.

It has been known for some time (see e.g. [244, 245|) that on large scales, the
galaxy distribution can be expressed as a Taylor expansion in the fluctuations of the
underlying dark-matter distribution, an approach that goes by the general name of
the bias ezpansion (for a modern review, see [157]). This makes intuitive sense, since
galaxies tend to form in regions of space where the dark-matter density, and hence
the gravitational potential, is highest. In [136] it was argued that this dependence
should be on second spatial derivatives of the gravitational potential and gradients
of the dark-matter velocity, and a straightforward extension allows for a dependence
on spatial derivatives of these quantities. But is galaxy clustering only affected by
the nearby dark-matter distribution at the time that we measure it (local in time),
or does the configuration of the dark matter at earlier times, of order a Hubble time
earlier, have an impact (non-local in time)? Said another way, given two identical
localized dark-matter configurations at a given time, will the same galaxies always
form, or do we need to know the whole history of that configuration?

This question was conceptually answered in [129], which pointed out that the
most general dependence, based on the symmetries relevant to dark-matter and
baryon dynamics and galaxy formation on large scales, which are the equivalence
principle and diffeomorphism invariance (the non-relativistic limit of which is called
Galilean invariance), is on second spatial derivatives of the gravitational potential,
gradients of the matter velocity (and the relative velocity directly), and their spatial
gradients, integrated over all past times. This makes the EFT of LSS generally local
in space, but non-local in time. 3

However, until now, the most advanced perturbative calculations, as done in
Ch. 6, have shown that the non-local-in-time bias expansion up to fourth order is
mathematically equivalent to the local-in-time expansion. As we show in this work,
though, this is no longer true at fifth order, and thus it is possible to see distinctly
non-local-in-time effects in the galaxy-clustering signal. Measuring the size of these

effects would then give us a direct indication of the formation time scale of galaxies.

3See also [147, 246] for discussions of non-local-in-time effects in dark-matter clustering.
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As a side observation, this time scale would also give a direct (versus indirect) lower

bound on the age of the Universe.

Notes We work in the Newtonian approximation where ®(Z, t) is the gravitational
potential, a(t) is the scale factor of the Universe, the Hubble parameter is defined
by H(t) = a(t)/a(t), and the overdot ‘”’ stands for a derivative with respect to
t. The dark-matter fluid is described by the overdensity §(Z,t) and fluid velocity
U(Z,t). The growth factor D(t) is defined as the growing mode solution to the linear
equation of motion for 8, i.e. satisfies D + 2HD — 3Q, H?D/2 = 0, where Q,(t) is
the time-dependent matter fraction.

The building blocks of Galilean scalars are the dimensionless tensors

20,0;®
Tij = o o173
730,02 H?

D .
and bi; = —Eaﬂ)j . (91)

For brevity, we will always denote the traces §“r;; = § (which is true because of
the Poisson equation) and 6“p;; = 6 (which is our definition of ). Then, for other
contractions, we write the matrix products as simple multiplication, i.e. 7% = 7,7,
r’p = TiiTikPki, TDTP = TijPikTriDii, and so on (repeated indices are always summed
over). We work in the so-called Einstein-de Sitter approximation, where the time

dependence of perturbations is given by

&m@¢y=<g%%>5WMaw, mm@¢y=<g%%>9WMaﬁ. (9.2)

In this work, we focus on the lowest-derivative bias terms that are sufficient to estab-
lish our claims, and leave a discussion of higher-derivative bias (and counterterms)
for future work. Finally, we focus on the real space (as opposed to redshift space)
prediction, which in any case is the leading signal if one restricts observations to
directions near the line of sight. We leave extending our results to redshift space to

future work. A more detailed explanation of the notation used here, is in Ch. 6.

9.3 Complete Bias Expansion and Recursion

We start by constructing the most general bias expansion for the galaxy over-
density 6,(7,t) = (n(Z,t) — n(t))/n(t), where n(Z,t) is the galaxy number-density

field and n(t) is the average number density of galaxies, that is consistent with the
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equivalence principle, diffeomorphism invariance, and is non-local in time. * Up to

N-th order in perturbations, we have

N
n=1
where the expression at n-th order is given by the non-local-in-time integral over

the sum of all possible local-in-time functions O,, up to order n [129]
¢
IRIGHESY / dt'H(t o, (t,t)[On(Za(Z, t, 1), t)]™ | (9.4)
Om
evaluated along the fluid element

¢
Ta(Z,t, 1) = f—i—/t %U(fﬁ(f,t,t”>,t”) , (9.5)
and we use the square brackets and superscript notation []™ to mean that we
perturbatively expand the expression inside of the brackets and take the n-th order
piece. > Neglecting baryons, as they are a small effect [128, 31|, in Eq. (9.4), since
0y is a Galilean scalar, the equivalence principle implies that the set of functions
{O,.} is given by all possible rotationally invariant contractions of the dark-matter
fields r;; and p;;, and integrating the O,, along the fluid element is the most general
way to write a non-local-in-time expression for d,. All of the complicated details of
galaxy-formation physics is then encoded in the functions cp,,, which are a priori
unknown (from the EFT point of view) time-dependent kernels, which physically
can be thought of as the response of the galaxy overdensity to a given field at a
given time. The local-in-time expansion is given by setting co, (t,t') = co,, (t)dp(t —
t')/H(t). Notice that we do not include any time derivatives of r;; or p;; in the
set {O,,} because these operators are not present in the strictly local-in-time limit
(i.e. they would be suppressed with respect to other terms by H/wgory < 1 where
1/wshort 18 the time-scale of the relevant local-in-time physics) [129]. Thus, our
expansion covers all Hubble-scale non-local-in-time effects. From now on, in the list

of functions {O,,}, we identify the subscript m on O,, to denote that the function

4From an EFT perspective the galaxy overdensity 04 and the halo overdensity d;, from Ch. 6
can be viewed as interchangable.

SThere was an interesting discussion [247] as to whether intrinsic alignments (see [248] for
an EFT description) of galaxies are most affected by the gravitational field at late or early times
[249, 250, 251]. Our non-local-in-time bias expansion Eq. (9.4) takes both possibilities into account.
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starts at order m, i.e. m = 3 for 620,63, r%p, . ...

In this way, the bias expansion at order n is reduced to an algorithmic procedure.
To create the list of seed functions {O,,}, we list all contractions up to n factors of
r;; and p;;. We then iteratively Taylor expand O, (Zqa(Z,t,t'),t') around & using the
recursive definition Eq. (9.5), and take the n-th order piece. After performing this
expansion, we end up with an expression that can be cast into similar notation as
Eq. (6.127)

On(Ea(® 4 = 3 (ll))%f))) o @y (96)

The resulting bias functions Cgﬂwa, which we say are in the fluid expansion of the
seed function O,,, are defined by the expansion in Eq. (9.6), whose form is guaran-
teed by assuming the scaling time dependence of the dark-matter fields Eq. (9.2),

as well as the implied relation
D(t) \"
Conal®1) = (0@/)) Co,al @) - (9.7)

Plugging Eq. (9.6) into Eq. (9.4), and defining the expansion coefficients

co alt) = / ' H()co, (1) (g%;)a o (9.8)

we finally have the most general expansion of the overdensity at order n in terms of

fields at the same time

n—m-+1
ST =D D o) CE L (T1) . (9.9)
Om a=1

There is in fact a much simpler way to obtain the bias functions Cg?ma, using
recursion relations, which is an additional key technical result of this work. While
the procedure described above is conceptually straightforward, it can be practically
quite cumbersome. The recursion relations come in two parts. The first is the

equal-time completeness relation

n—m-+1
oMz = > C§ (@1, (9.10)
a=1
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Figure 9.1: Diagrammatic representation of one way of using the recursion relations
Egs. (9.10) and (9.11) to determine the full set of bias functions (Cgi?“a in the fluid expansion
of a seed function O,,. The red arrows indicate the use of the fluid recursion Eq. (9.11),
while the blue arrows indicate the use of the completeness relation Eq. (9.10). Thus, the
terms in the red shading (o < n —m + 1) are determined by the fluid recursion Eq. (9.11)
and the terms in the blue shading (o« = n —m + 1) are determined by the completeness
relation Eq. (9.10).

which is trivially obtained by setting ¢ = ¢’ in Eq. (9.6), and where O is the stand-
ard expansion of O,, at n-th order in perturbations. The second, which captures

the consequences of expanding 7 in Eq. (9.6), is the fluid recursion

—1
n g 82 P
CEQT)”’O‘(%t) - n—a—m—i—l Z ’t)ﬁe( @), (9.11)
J’_

which is valid for n — o —m + 1 > 0. We explicitly derive Eq. (9.11) at the end
of this section. This recursion is reminiscent of the famous dark-matter recursion
relations [150], and provides, for the first time, a full generalization to generic biased
tracers. We give a diagrammatic representation of this recursion relation in Fig. 9.1.

It is worth stressing that, unlike other treatments of biased tracers (such as
[252, 253] and subsequent works), we do not assume an instantaneous formation
time of galaxies, nor do we assume a continuity equation for galaxies. Indeed,
Eq. (9.11) is a consequence of Galilean invariance (i.e. expanding Zg), not of the
conservation of galaxies.

Since we have formally done the integral over ¢’ in Eq. (9.8), one might wonder

where in Eq. (9.9) the non-local-in-time effect has gone. Comparing Eq. (9.9) to the
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local-in-time expression
g loc Z COm O(n) ) ’ (912>

we see that the difference is in the basis functions of the expansion (which as we
will discuss below control the possible functional forms of the clustering signals),

since Eq. (9.9) is equivalent to Eq. (9.12) under the restriction that, for all «,
Com,a (t) = Com (t)

Proof of Fluid Recursion To derive Eq. (9.11), we will want to take d/dt of
Eq. (9.6), which means that we will need to know 0,23(Z,t,t'). To find that, we

notice that by definition the fluid element satisfies the composition rule
Ty (Ta(T, tin, 1), 6, 1)) = Ta(T, tin, ') . (9.13)

Since the right-hand side is independent of ¢, this implies

d
4 (F0(@ tn, ), 1.8) = 0. (9.14)

Using the chain rule, and
—Za(Z, tin, t) = —U(Za(Z, tin, t), ) , (9.15)

which follows immediately from the definition of Z5 Eq. (9.5), this implies

v'(F,t) 0

0
2 g, L) ~0. 9.16
|:8txﬂ(y7 ) ) + a(t) ay (y7 ) =T (@ td) ( )
Since the initial ¢;, is arbitrary, we can take t;, = t, which gives
o  viTt) 0N ., .,
—+ ——— t,t")=0. 9.17
(at + a(t) 0$1> Ta(Z,1,1) (9.17)

This equation simply says that the convective derivative of the fluid element is zero,
which makes intuitive sense since the convective derivative is defined to be along
the fluid flow. Now we take d/dt of both sides of Eq. (9.6). The right-hand side is
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simple, and we have (defining D% (t',t) = (D(t')/D(t))*™™ ! to reduce clutter)

D(t) d n—m-+1 ( )
— Dt HC (Z.t) = 1
D(t) dt az:l m( ’ )Com,a(x’ ) (9 8)
n—m-+1
S oDt t)(n—a—m+1)CY (T,1),
a=1

where we have used Eq. (9.7) for the time dependence of (Cgl T)n o On the left-hand
side, we have

B d (n)

E[Om(fﬁ(f,t,t’),t’)]m = %Om(fﬁ(f,t,t’),t’)] (9.19)

where we have used Eq. (9.17) to go from the second to third line, the chain rule to
go from the third to fourth line, and the definition of 6 from Eq. (9.1) in the fifth
line. Now, we use Eq. (9.6) to replace [O,,(#a(7, ¢, t/),t/)](@ to get

)_n

f—m—+1

D (=D(7,£)9,C%) (.1) (9.20)

D(t) d L, —
%%[Om(a:ﬂ(x,t,t)

~

3

a=1

n—1
0; . L
Dt ) Y ﬁe)(n—f) (#,1)0,C) (1)

f=m+a—1

3
3

I
—

[0}

where we have simply changed the order of the sums between the second and third
lines. Equating the coefficients of each power of D(') in Egs. (9.18) and (9.20) then

gives our recursion relation Eq. (9.11).
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9.4 Non-Local-in-Time Bias in LSS

We can now return to the main question posed by this work: s it possible to
directly measure the effects of mnon-locality in time on galaxy clustering? In our
perturbative description, this is equivalent to the following mathematical question:
does the basis for the non-local-in-time expansion Eq. (9.9) span a larger space than
the basis for the local-in-time expansion Eq. (9.12)¢ The answer, as we will show
below, is yes.

As shown in Ch. 6, the non-local-in-time and local-in-time expansions are in-
deed equivalent up to fourth order in perturbations. ¢ However, from the findings
of this work, this seems to simply be a consequence of expanding to low orders in
perturbation theory where there are too few independent spatially local and Ga-
lilean invariant functional forms available, since non-locality-in-time is generically
expected in the bias expansion [129].

So, to discover a non-local-in-time effect, we look to fifth order. In particular,
we will now find the non-local-in-time basis for the expansion in Eq. (9.9). To find
the fifth-order functions Cg?n’a, we form the set {O,,} by finding all rotationally
invariant contractions of r;; and p;; up to fifth order. Writing the first few terms,
we have {O,,} = {6,0,6%,60,0% r* rp,p?, ...}, and overall there are 63 contractions
with up to five factors. © We then find the functions ngm for n <5 either by ex-
panding g as in Eq. (9.6), or, equivalently, using the recursion relations Eqgs. (9.10)
and (9.11). After this, there are 151 bias functions for n = 5. However, as described
in App. E.1, not all of these functions are independent. In particular, we find a set
of 122 degeneracy equations for n = 5, which means that there are 29 independent
functions that form the basis of the non-local-in-time expansion Eq. (9.9). 8 We
provide all of the Fourier-space kernels relevant for the fifth-order expansion, and
confirm all degeneracy equations, in an associated auxiliary file.

Next, we consider the basis of bias functions for the local-in-time expression
Eq. (9.12). At fifth order, this expansion starts with 63 terms, however, as before, not

all of them are linearly independent. We find 37 independent degeneracy equations,

SFocusing on up to fourth order, [130, 157] discussed how it is possible to map non-local-in-time
terms into very special non-local-in-space terms. The bases discussed there are degenerate with a
local-in-time and local-in-space one from Ch. 6, though.

"Here and in the rest of this work, since we work up to fifth order, we have already taken into
account degeneracies that come from the fact that rz(jl ) = pg;) in terms that start at fifth order. If
we do not do this, there are 130 contractions with up to five factors.

8Using the Lagrangian basis expansion, [254, 255 derived the number of independent fifth-order
biases as 29, which is in agreement with our findings.
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and hence 26 independent functions for the local-in-time bias expansion at fifth
order. Indeed, this is three less than the non-local-in-time expansion, and hence the
galaxy-clustering signal at fifth order is sensitive to whether or not galaxies form on
time scales of order Hubble.

We are now in a position to explicitly give the fifth-order basis derived for this
work. To be more concrete, we can write the fifth-order galaxy expansion in a basis
with 26 elements that are local in time, and three that are non-local in time. In this

starting-from-time-locality (STL) basis, we explicitly write

0@, t) = b (LY (@) . (9.21)

j=1

We choose the basis such that the elements with 7 = 1,...,26 are a basis of the
local expansion Eq. (9.12). Explicitly, we take ]Lf) = 0% with the corresponding

O, given by
{0,0,00,6%, 7%, rp, p?, 0%, 7°p,rp?, p°, %0, 1pf, p*0, 1’ (0.22)
rprp, rp*d, r36%, 6%, r30, rp*0, rpdl, 20, rpb?, 6%, 6*} .
for j =1,...,26. Thus, the non-locality in time is contained in the final three basis
elements, which we take to be
5 5 5 5 5 5

Non-zero bo7, bog, and byg can only come from non-local-in-time physics, so we call

9 We connect this basis to the so-called

them non-local-in-time bias parameters.
basis of descendants and show how fourth- and lower-order biases automatically
consistently appear in Eq. (9.21) in App. E.2.

To see more quantitatively how the non-local-in-time bias parameters measure
the time scale of galaxy formation, consider the expression Eq. (9.8) for the bias
parameters. Assuming that the kernel co, (¢,t') has support over a time scale of

order 1/w and expanding around the local-in-time limit, we have

COm,a(t> ~ C(')m(t) <1 —+ g(')m’a(t)g =+ .. ) s (924)

9Here we reference the size of the physical bias parameters, which are generally made up of a
combination of bare and counterterm contributions.
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where the ... represents terms higher order in H/w, and go,, o(t) ~ O(1). Since
the non-local-in-time bias parameters 527, 1328 and 529 all vanish in the local-in-time
limit, they are proportional to (at least) H/w. The size of the deviation from the
first term, which is the local-in-time piece, is controlled by H/w: if there is a sizable
deviation from the local-in-time limit, then w ~ H, and thus the time scale of the
kernel co,, (t,t') is of the order 1/H. ' In our case, this happens if bar, bag, OT bag are
order unity. This in turn would mean that the formation of the observed population
of galaxies has been affected by the state of the Universe up to a Hubble time ago,
and thus that it has formed on a time scale on the order of the age of the Universe.

It can be illuminating to momentarily consider a system that is truly local in
time. In this case, as we have discussed above, the bias parameters are expected to
scale like H/wgort < 1. However, in the EFT, higher-order loops will generically
contribute to the lower-order bias parameters. Importantly, for a system that is
truly local in time, those loops are expected to shift the bias parameters also by
an amount that scales like H/wgpor. Given, though, that the cold dark-matter fluid
is itself non-local in time [147, 246|, we expect that higher-order dark-matter loops
will generically contribute ~ O(1) to the galaxy bias parameters. We remind the
reader that by galaxies in this work, we mean gravitationally-bound structures that

form around the non-linear scale at a given Hubble time.

9.5 Observable Signatures

Until now, we have focused on the perturbative galaxy overdensity field itself.
In large-scale structure analyses, we typically compare to data using correlation
functions (or n-point functions if they contain n fields) of the overdensity fields of
various tracers. Thus, one way to measure the non-local-in-time effect that we have
discovered in this work is in correlation functions. Since we found that this effect
arises at fifth order in perturbations, the lowest order observables sensitive to it are
the two-loop two-point function through

(00 (@) () (9.25)

g1 92

100f course, the measurement of a smaller deviation from the local-in-time limit means that the
formation time scale could be correspondingly smaller. It could also mean that the theory is fine
tuned in the sense that higher-order loop contributions accidentally largely cancel the lower-order
biases. On the other hand, it could also be that for a quasi-local-in-time theory, the coefficients
of some non-local-in-time operators are accidentally large, which we refer to as being anomalous.
These accidents become more and more unlikely as one measures more parameters.



9.5. Observable Signatures

the two-loop three-point function through

(05, (#1052 (2)3,) (75)) (9.26)

91 g2

the one-loop four-point function through

(60 (21)0W1 ()W ()01 (7)) (9.27)

g1 g2 g3

the one-loop five-point function through

(O (1) 02 ()60 (%5) 050 (#4) 05 (i55)) (9.28)

51 g2 g3 94

and the tree-level six-point function through

(60 (71)85,) (T2)05,) (73)05) (74)85,) (T5) 3, (7)) (9.29)
where we have used the subscript g; to denote possibly different tracer samples (each
of which can have a different set of bias parameters), and we have taken all fields to
be at the same time ¢ and dropped that argument to remove clutter.

As two explicit examples, consider the contributions to the two-loop two-point
function Eq. (9.25) and the tree-level six-point function Eq. (9.28) for ¢g; = ¢ for
i=1,...,6. Using the STL basis Eq. (9.21), we have the explicit non-local-in-time

contributions
29 ~
ST 0L (7)0 (7)) (9.30)
j=27
29
D7 b (LS ()60 (22) 61 (25) 08 (2401 (355)01 (F))
j=27

to the two-point and six-point functions respectively. As we have seen, these would
not be present in the galaxy correlation functions if galaxies formed in a local-in-
time way. This makes them concrete, direct, observable signatures of the formation

time of galaxies.
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10

Limits on Clustering and Smooth
Quintessence from the EFTofLLSS

10.1 Summary

We apply the Effective Field Theory of Large-Scale Structure (EFTofLSS) to
analyze cosmological models with clustering quintessence, which allows us to con-
sistently describe the parameter region in which the quintessence equation of state
w < —1. First, we extend the description of biased tracers in redshift space to the
presence of clustering quintessence, and compute the one-loop power spectrum. We
solve the EFTofLLSS equations using the exact time dependence, which is relevant to
obtain unbiased constraints. Then, fitting the full shape of BOSS pre-reconstructed
power spectrum measurements, the BOSS post-reconstruction BAO measurements,
BAO measurements from 6DF/MGS and eBOSS, the Supernovae from Pantheon,

and a prior from BBN, we bound the clustering quintessence equation of state para-

meter w = —1.01170933 at 68% C.L.. Further combining with Planck, we obtain
w = —1.028"5050 at 68% C.L.. We also obtain constraints on smooth quintessence,

in the physical regime w > —1: combining all datasets, we get —1 < w < —0.979 at

68% C.L.. These results strongly support a cosmological constant.
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10.2 Introduction and Summary

Introduction The analysis of the Full Shape (FS) of the BOSS galaxy power
spectrum with the Effective Field Theory of Large-scale Structure (EFTofLSS) at
one loop has provided us with a measurement of all parameters in ACDM with just
a Big Bang Nucleosynthesis (BBN) prior |7, 142, 143] (see also [256| for other prior
choices and [7] for a joint analysis with the BOSS bispectrum using the tree-level
prediction). The combination with BOSS reconstructed measurements and baryon
acoustic oscillations (BAO) from eBOSS, as well as with supernovae redshift-distance
or cosmic microwave background (CMB) measurements, has further allowed us to
bound the total neutrino mass, and put limits on the effective number of relativistic
species, on smooth dark energy, or on curvature |7, 143, 257, 168, 169, 258]. In
particular, the F'S analysis can help constrain models invented to address the Hubble
tension as it provides measurements independent on the CMB or local distance
ladders [172, 173, 174, 175].

In this chapter, we analyze the BOSS FS power spectrum using the EFTofLLSS
at one loop in the context of clustering quintessence [51, 48, 259| and smooth quint-
essence. In clustering quintessence, dark energy is made of a scalar field (the quint-
essence field) whose fluctuations have effectively zero speed of sound, c,, and there-
fore ‘cluster’, as they can fall into gravitational potentials. It is a particularly
appealing model since the dark energy equation of state parameter w can cross the
so-called phantom divide, w = —1 and consistently describe the regime w < —1.
This is allowed thanks to the presence of higher-derivative operators in the Lag-
rangian that stabilize gradient instabilities, but this can only happen if ¢ — 0 such
that they remain not parametrically suppressed. Clustering quintessence has been
considered within the context of structure formation in [260, 261, 262, 263] and in
the EFTOfLSS in [264] (see also [265, 266, 267| for embeddings of other dark energy
theories in the EFTofLLSS). In this work, we extend the description to biased tracers
in redshift space with exact-time dependence in order to apply it to data from galaxy
surveys. We remark that we find it quantitatively important to solve the EFTofLLSS
equations with the exact time dependence, rather than with the approximate, so-
called ‘EdS’, approximation. As for smooth quintessence, which has already been
analyzed in light of the BOSS FS and LSS data in [169], we will perform here the
analysis by imposing a physical flat prior —1 < w on the smooth quintessence equa-
tion of state parameter. By wCDM, we refer to a Universe that includes a smooth

dark energy component, i.e. a scalar quintessence field with ¢ — 1, whose perturb-
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ations can be neglected since the sound horizon is of the size of the cosmological
horizon. In this picture, w < —1 is an unphysical region where the vacuum is un-
stable, therefore we should analyze wCDM excluding this region (see discussions in
e.g. [268, 51]).

This chapter is organized as follows. We compute the power spectrum at one loop
in redshift space for biased tracers with exact time dependence for the clustering
quintessence model in Sec. 10.3. Further details concerning this derivation are given
in the appendices. In Sec. 10.4, we apply our framework to LSS data, and in
App. F.4 we show the full posteriors including nuisance parameters. Our results are

summarized at the end of this Introduction.

Data Sets We analyze the FS of BOSS DR12 pre-reconstructed power spec-
trum measurements [196], baryon acoustic oscillations (BAO) of BOSS DR12 post-

reconstructed power spectrum measurements [269], 6DF [270] and SDSS DR7 MGS [271],

as well as high redshift Lyman-« forest auto-correlation and cross-correlation with
quasars from eBOSS DR14 measurements [272, 273]. We also consider combin-
ations with Supernovae (SN) measurements from the Pantheon sample [274] and
with Planck2018 TT,TE,EE+lowE+lensing [275].

Methodology We analyze the BOSS FS using the galaxy power spectrum in
redshift space at one loop in the EFTofLL.SS [133| following the methodology de-
scribed in |7, 143]. The description of the likelihood, including the covariances and
priors used, can be found in [7]. The theory of biased tracers in redshift space
with exact time dependence in clustering quintessence cosmology at one loop is
derived in Sec. 10.3 (see also |276] which has already derived the same expres-
sions, but just in real space, with a different approach), and the scale cut up to
which the FS is analyzed is discussed in Sec. 10.4.1. The power spectrum is IR-
resummed [137, 139, 140, 169], and includes corrections to observational systematics:
the Alcock-Paczynski effect [214], window functions [201], and fiber collisions [277].

We sample over the following cosmological parameters: the abundance of baryons
wp, the abundance of cold dark matter weqm, the Hubble constant H,, the amplitude
of the primordial fluctuations In(10'°A,), the tilt of the primordial power spectrum
ns, and the quintessence equation of state parameter w. We impose no prior on
the cosmological parameters but a BBN prior on wy: a Gaussian prior centered on
0.02235 with oggn = 0.0005, obtained by adding up the theory and statistical errors

of [278]. We use the Planck prescription of one single massive neutrino with mass
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Figure 10.1: 1D and 2D posteriors of w, Hy and €2, in clustering quintessence from
various analyses performed in this work. When not analyzed in combination with Planck,

we use a BBN prior.

0.06 €V as done in [275]. Allowing the EFT parameters to vary only within physical
ranges, we impose priors on them as in [169].

The BAO measurements from the post-reconstructed BOSS power spectrum are
correlated with BOSS pre-reconstructed (F'S) measurements. The joint analysis is
described in [169] (see also [168]). When adding BAO from 6DF/MGS or eBOSS,
SN from Pantheon, or Planck data, we simply add the log-likelihoods as these meas-
urements are uncorrelated among each other. We neglect the small cross-correlation
between LSS data with Planck weak lensing and the integrated Sachs-Wolfe (ISW)
effect.

Main Results Our main results are best represented by Fig. 10.1. Fitting BOSS
FS + BOSS reconstructed BAO with a BBN prior on clustering quintessence, we
are able to measure all cosmological parameters. In particular, we determine the
quintessence equation of state parameter w, the present matter fraction €2,,, and
the Hubble constant Hj, to 18%,8.2%, and 4.6% precision, respectively, at 68%
confidence level (C.L.), finding w = —0.8677011 Q,, = 0.34567003., and Hy =
67.5872 1. We also determine In(10"°A4,) = 2.64751% and n, = 0.888470072 at 68%
C.L.. Upon addition of the BAO measurements from 6DF/MGS and eBOSS, and
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SN measurements from Pantheon, we get w = —1.01170033 Q,, = 0.3099100:%,
and Hy = 68.72"]¢, which amounts to error bar reductions of 68%,60%, and 52%),
respectively. We also find In(10'°A,) = 2.8067)1% and n, = 0.93357393* at 68% C.L..
Adding Planck data (Tab. 10.3), we finally constrain w, Q,,, and Hy to 3.3%, 2.4%,
and 1.2% precision, respectively, obtaining w = —1.02870050, Q,, = 0.3055109972,
and Hy = 68.3870%% | and also obtain In(10'°A,) = 3.04673917 and n, = 0.9665 "5 0042
at 68% C.L..

All analyses performed here show that our Universe is consistent with ACDM.
First, clustering quintessence in the limit w = —1 reduces to ACDM, and we find
that w is consistent with —1 at < 68% C.L. Second, the values obtained for the other
cosmological parameters in clustering quintessence are consistent within 68% C.L.
with the ACDM ones obtained by fitting BOSS FS with the EFTofLSS [7, 142, 143],
in combination with other probes [257, 168, 169], or fitting Planck alone [275] 1.

A similar observation applies when fitting wCDM with a flat prior on the dark
energy equation of state parameter of w > —1 (Tab. 10.4). Fitting BOSS data
with a BBN prior, we find in this case €, = 0.33775:557 and Hy = 68.6 + 1.8, and
we bound —1 < w < —0.91 at 68% C.L. (-1 < w < —0.81 at 95% C.L.). We
also get In(10'°A,) = 2.77 £ 0.19 and n, = 0.88575 0 at 68% C.L.. Adding BAO
measurements, Pantheon SN and Planck data we obtain the very stringent constraint
—1 <w < —=0.979 at 68% C.L. (-1 < w < —0.956 at 95% C.L.). Thus, allowing
wCDM only within the physical region gives tight posteriors that are also consistent
with the ones obtained on ACDM fitting BOSS or Planck. This is illustrated in
Fig. 10.2.

We end this summary of the main results with a note of warning. It should be
emphasized that in performing this analysis, as well as the preceding ones using the
EFTofLSS by our group |7, 143, 169, 172|, we have assumed that the observational
data are not affected by any unknown systematic error, such as, for example, line
of sight selection effects or undetected foregrounds. In other words, we have simply
analyzed the publicly available data for what they were declared to be: the power
spectrum of the galaxy density in redshift space. Given the additional cosmological
information that the theoretical modeling of the EFTofLLSS allows us to exploit in
BOSS data, it might be worthwhile to investigate if potential undetected systematic
errors might affect our results. We leave an investigation of these issues to future

work.

'With an exception on In(10'°A,) which is consistent at ~ 2o with Planck.
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Figure 10.2: 1D and 2D posteriors of w, Hy and §2,, obtained by fitting clustering
quintessence, wCDM or ACDM to BOSS with a BBN prior. For wCDM, i.e. smooth
quintessence, we restrict to the physical region w > —1. For comparison, we show the
contours of Planck obtained in ACDM in the presence of massive neutrinos. The neutrinos
introduce additional degeneracies in the €, — Hg plane in the CMB analysis. On the
contrary, fixing the neutrinos when analyzing BOSS does not significantly change the
constraints on the shown cosmological parameters, see e.g. Table 2 in [143]. This plot
illustrates the consistency of the datasets as well as the consistency of the present analyses

with a cosmological constant.

Public Code The redshift-space one-loop galaxy power spectra in the EF TofLL.SS
are evaluated using PyBird: Python code for Biased tracers in ReDshift space [169] 2.
The exact time dependence and the clustering quintessence modifications are pub-
licly available in PyBird. The linear power spectra are evaluated with the CLASS
Boltzmann code [279] 3. The posteriors are sampled using the MontePython cosmo-
logical parameter inference code [218, 280] 4. The triangle plots are obtained using
the GetDist package [220].

https://github.com /pierrexyz/pybird
3http://class-code.net
4https://github.com /brinckmann /montepython public


https://github.com/pierrexyz/pybird
http://class-code.net
https://github.com/brinckmann/montepython_public
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10.3 Biased Tracers with Exact Time Dependence

in Clustering Quintessence

In this section, we extend the study of biased tracers in redshift space with exact

time dependence, first studied in [135, 276], to clustering quintessence.

10.3.1 Review of the EFTofLLSS with Clustering Quintessence

We start by reviewing the underlying equations of motion for dark matter and
the dark energy component. For a more detailed discussion, we refer the reader
to [264]. In the EFT of dark energy, previously studied in [51, 47, 48, 49|, the dark
energy degree of freedom is assumed to be the Goldstone boson arising from the
spontaneous breaking of time diffeomorphisms. To write the most general theory,
we work in unitary gauge where the scalar degree of freedom appears in the metric.
The gravitational action will contain operators that break time diffeomorphisms,
while remaining invariant under time-dependent spatial diffeomorphisms. Up to
second order in perturbations, and at leading order in the derivatives, the action
reads
M;(t)

5 (6g%°)% — 159005K (10.1)

u

saz/dw—[ Mo A1) = eft)g® +
_ﬁ 2_@ sl
LK — TR0 K 0K

where we use the 'u’ subscript, to emphasize that the metric in the action above
is in unitary gauge. Here ¢ = —1 + §¢g% is the 00 component of the (inverse)
metric, and A(t), c(t), Ma(t), mi(t), mq(t), ma(t) are coefficients which depend on
the background evolution. Then JK;; is the perturbation of the extrinsic curvature
tensor, and § K is its trace. For simplicity, in the following we work with m; = 0, but
it can be checked [51, 48] that this operator describes a clustering quintessence at
cosmological scales. The operators proportional to m; are negligible on large scales
as they scale as ~ k%, but are necessary to guarantee the stability of perturbations,
as discussed below. To Sg, we add the action for matter Sy;, which we take to be
fully diffeomorphism invariant. This guarantees that, once we explicitly reintroduce
the Goldstone mode m, there will be no direct couplings of 7 to matter.

The background equations we obtain from Sg + Sy, are the familiar Friedmann
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equations:

3H*M3, = pm + pp (10.2)
—2HMB, = pm + pp + P , (10.3)

where we set the cold dark matter pressure p,, = 0, and define the background dark

energy density, pp, and pressure, pp, by

—_

C(t) = = (ﬁD +]§D) , (10.4)

— DN

A(t) = 5 (pp — Pp) - (10.5)

\)

From the Friedmann equations we obtain the background solutions for the dark

matter and dark energy densities:

P = Pmoa >, pp = ppoa 0T (10.6)

where the sub index ( stands for the present day value, and we use the equation of
state parameter for dark energy w = pp/pp. In the following, we will often use the
present day fractional densities €2, o = mpﬁi—’gm, with x € {m, D}.

Starting from the action in unitary gauge, it is useful to explicitly reintroduce the
Goldstone mode doing the Stueckelberg trick. We perform the time diffeomorphism
2% — 204+£9(Z,t) and 2° — 2%, and then substitute £°(x) — —n(z). The replacement

rules for the coeflicients and the metric are (for details see for example [264])

1
c(t) — c(t +m) = c(t) + c(t)m + 5&(15)7# +., (10.7)
g0 — g% + 26”0, + g" 07O, . (10.8)

Gravitational perturbations will be described by the spatially flat perturbed FLRW

metric in Newtonian gauge:
ds® = — (14 2®)dt* + a(t)*(1 — 2V)da?, (10.9)

where ® and ¥ are the gravitational potentials, and we ignore tensor fluctuations.
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We then obtain the action for the Goldstone boson 7 up to second order:

. 1. 1
/d4x\/—g {]5,3 + ppT + éﬁDﬂ'Q — é(ﬁp + pp) (QCID — 2 + 4P7 — 72 4 a_2(87r)2)

—(pp + Pp)(® — )7 + 2ME(t) (P — 7%)2] : (10.10)

At short distances, one can focus on the action of the Goldstone boson. We can see

that the kinetic part is given by

1 . 1, _ N
Skin. = /d“x\/—g {5 (P +Pp +4M;(1)) #* = 5 (pp + Pp) @ 20%} , (10.11)
and thus the speed of sound is

2 _ Pp + Pp
° pp+Dp + AMI(t)

c (10.12)
The theory must be free of ghosts, which implies that the denominator has to be
positive. Therefore the speed of sound needs to have the same sign as 1 + w. In
particular, w < —1 implies ¢? < 0, which would produce gradient instabilities. One
can circumvent this instability by including the higher derivative terms proportional
to 711 o, which scale as k* and give a stable dispersion relation at small scales [51, 48].
In order for the higher derivative terms not to be highly suppressed (which would
make them irrelevant on cosmological scales), we need the speed of sound to be
bound by |c?| < 1073°, which means it is practically zero. These considerations hold
also when a careful analysis including the mixing with gravity is performed. Similar
considerations are obtained by including the higher derivative operator proportional
to my [51, 48]. In conclusion, it is possible to have viable theories with w < —1,
but they need to have ¢ — 0, which are called clustering dark energy or clustering
quintessence. We notice furthermore that in order to have a stable theory, we need
to have w 2 —2 if we use the operators in my 9, or > —1.17 if we use the operator
in my [51, 48] °.

The name ‘“clustering quintessence” stems from the fact that the dark energy
can cluster with the dark matter, and they jointly contribute to the gravitational
potential. Hence the adiabatic mode (i.e. the perturbations of the total energy

density, which source the gravitational potential) depends on both the dark matter

5These lower limits will play essentially no role in our analysis, as the data constrain w to be
far from this boundary.
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and dark energy perturbations. As a result, dark energy perturbations leave an
imprint on biased tracers such as galaxies, which are the main interest in this work.
Therefore, next we wish to give a quick overview of how we derive the equations of
motion for the adiabatic mode in the presence of clustering quintessence.

Before analyzing the equations for 7, it is useful to write down the EFT equations

for dark matter, which couples to dark energy through gravity [264]:

Om + —0((1 4 m)vy,) =0, (10.13)
i i 1 i o Loy 1 1 ij
&vm -+ H(?va -+ —8i(vﬁ,18jvm) -+ —8 b = ——& _—8j7 J 3 (1014)
a a a Pm
where §,, and v,, are the dark matter overdensity and velocity, = d/dt and 7% is

the effective stress tensor.

Let us start analyzing the linear equations, and we will study the non-linear
equations subsequently. The linear equation for 7 [264, 48, 259|, which we get from
Eq. (10.10), reads:

1 1 d 2 0Pr

3 40 - _ S
Saga MO =T

(10.15)

This shows that, in the limit ¢, — 0, the RHS can be neglected. We can, therefore,
write © — ® o< (a®*M;)~!, which is a decaying mode, assuming the speed of sound
to be approximately constant. In particular, we have 0;7 — 9;® = 0, and, using the
linear-level Euler equation Eq. (10.14), we get that < [av!, + '] = 0. This means
that on the growing adiabatic mode we have

o'r = —av’,, (10.16)
which implies that the two species are comoving. This will eventually allow us
to write a closed set of differential equations for the adiabatic mode, defined by
04 = 2M}a=20*V /py,. The Poisson equation is [48, 259, 49

4M3}

202, _Pm .
a2 = T (5m+ et @)) . (10.17)

Using the definition of the adiabatic mode, we find

3774 0
A0y gy =5, 4 LD s gy (10.18)

514 = 6m + 3 —
pm,O Cs pm,O
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We can now take the derivative of the above equation and plug in the equation of
motion for m, Eq. (10.15), the solution for pp, Eq. (10.6), and substitute the dark
matter velocity for the spatial derivatives of 7, Eq. (10.16). We then get

b4 = Om —1(1+ )pDO vy, (10.19)
Pm,0

— _—C(a)
aC’(a) s

where we have introduced the dark matter velocity divergence 6,, = d;v¢ and we
have defined

0
Cla) =14+ (14 w) QD D0 s (10.20)
m,0

We now move on to the full non-linear equations of motion for the adiabatic
mode, which is somewhat more technical. We will just mention the main results
and refer to [264] (see also [281]) for more details. First, we can easily see that the
two species remain comoving at the non-linear level. Using the equations of motion,
one can show that dg%° o ¢? also at non-linear level. Taking a spatial derivative,
0;69%° = 0 in the limit ¢ — 0, yields

1
0=20; (7% — - 5a—Q((i97r)2’> (10.21)
d ) 7.0; ~20,m0;0; 10.22
dt(m} + ;) + vl 0500, — a”20;md;0,m (10.22)
This is satisfied by simply using Eq. (10.16), thus the two species are comoving also
at non-linear level. The full non-relativistic equation of motion for the dark energy
field 7 is given by
2 374 5,00 , ¢ Or —202 7 rd
— =0, (a’M; 0gy°) = M, e 2a20*t My g2 (10.23)
a
where we used that 9;6g2° = 0. The full Poisson equation introduces non-linearities

in the definition of the adiabatic mode, which reads

1
54— G — | ;;2 >2DZ R (10.24)

Now we can take a time derivative and obtain a non-linear continuity equation
for the adiabatic mode. The only difference is that we have to include the non-linear

terms for 4,, and we have an additional term in the equations of motion for 7 on
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the right-hand side of Eq. (10.23). We then get

. N 4
Sa = 0@ — 0u(br,) — P2 50 (10.25)
a a Pm,0
= 0@ — 106 ) + 00 (5 — 60)
= a a)tm, p i m/Um a m\Ym A
1 1 i
= _ac(a>‘9m - aﬁi(éz“vm)u

where in the second line we use Eq. (10.24), and in the last line we use 0;0,, = 0;04.

Since the two species are comoving, #4 = 6,, and the Euler equation for the adia-
batic mode is simply obtained by using the definition of the adiabatic mode in terms
of the gravitational potential in Eq. (10.14). We finally get the governing equations

for the clustering quintessence - dark matter system (without counterterms):

. 1 1 .

oA+ aC(a)em = _5@' (6400,) (10.26)
: 3QnoH?2 1 o
Qm + H@m + 5 02 0 6,4 = —a i (vfnﬁjvm) s (1027)

where p,,/(2M3,) = 3QmoHzao/(2a®). As explained in [264], since clustering quint-
essence is comoving with dark matter, there is no isocurvature mode, and the coun-
terterms are the same as for standard dark matter. To solve the equations above

perturbatively we transform into Fourier space, where they read (still neglecting the

counterterms):
/ (2m)*fy Pq Py O
ady — f+0r = C(a) /(2%)3(27r)35D(k_Q1_92)04(91"12)9615@: (10.28)

e il ;_;(6’3 o) = (10.29)
— (27T)3f+ d3q1 d3q2 - . o
~ Cfa) / (2m)3 (2@3517(]{ — ¢ — @)B(q1, ¢2)04,04, ,

and we drop the indices m and A from now on since we will only talk about the adia-

batic mode. We define d = §4 and 6 = — fi =0;v" for the rescaled velocity divergence

such that ) = (1 Furthermore, we use the scale factor as time variable such that

"= d/da and defined the growth rates fi = dclﬁfai in terms of the growth factors,

further discussed in App. F.1. 5. We will not use the commonly applied Einstein-

6We here explicitly keep track of the growing and decaying growth factors and growth rates
Dy and f1 as opposed to Egs. (6.23) and (6.26) in Ch. 6 as they are key to getting the greens
functions. In Ch. 6 we simply dropped the ;-subscript.
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de Sitter (EAS) approximation, where one approximates the time dependence of a

5 D)6 (ay),

for some intital time a;. Instead, we will use the exact time dependence solution

perturbation by powers of the growth factor, for instance 5](;n)(a)

discussed below. As we will see later, the EAS approximation significantly biases
the determination of the cosmological parameters in the presence of clustering quint-
essence.

Egs. (10.28) - (10.30) are slightly different from the dark matter equations in
the presence of smooth dark energy with ¢? = 1, i.e. wCDM. In fact, in the limit
(1+w) — 0, with Qp ¢ =const, we recover, at large distances where we can neglect
the higher derivative terms, the equations of motion for the matter overdensity in
ACDM. This difference in the equations of motion between the two models results
in a modified definition of the time functions that appear in the exact time solutions
for 0 and 0. Exact solutions for the adiabatic mode ¢ in the presence of clustering
quintessence have been previously studied in [264, 260, 281|. The time-dependent

integral kernel solutions in Fourier space are given by [264]

KM (Ga) = 1, (10.30)
K)(\2)((71’(727a) = ag(@ﬁ,(jg)gi\(@)+ﬁ(q_)1,q_’2>g2)\(a), (1031)
KNG, @ @oa) = (G, o @)U (a) + (10.32)

+Bg(q_i7 JQ? J{;)V;\Q(a) + fyo(q_»lv (727 %)V21<a) )

where repeated o € {1,2} are summed over and A € {§,6}. The explicit time
functions are defined in App. F.1, and the momentum functions in App. F.2. The
kernels in Egs. (10.30) - (10.32), and in the following sections are defined by

R dSq d3qn R . .
XO(F q) = / (27r)13...(27r)3(27r)35p(/{: = =) % (10.33)

X KW@y ooy @y a) 89(a)...00 (a)

-Oq,

where X may for instance stand for ¢ or #. In the next section, we will see how the
solution with exact time dependence for clustering quintessence leaves an imprint

in the bias expansion of biased tracers such as galaxies.

10.3.2 Perturbative Expansions of ¢, and 6,

To find the bias expansion for the galaxy overdensity 9, following the exact time

dependence solution of the adiabatic mode, we can follow a procedure similar to
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[135]. Recently, in [276], the same result has also been derived using a different
approach. Here equations will change with respect to [135], as a consequence of the
modified equations of motion for d4, relative to the equations for the dark matter
solutions in wCDM. As has been previously studied in [129], the bias expansion for
0y, is given by

ada/

50 (7, 0) ~ / “ festaa') < 6(7n,) (10.34)

tege(a,a’) : 6(2g,a)? : Hepe(a,a) @ 8% (T, d) :

tegs(a,a’) 2 6(2n,ad)? : +ese(a,a) 1 0(Tq, a')s* (T, a)) :

+epla,a) (Zg,d) : +eqla,d’) @ st(Zg,ad) : +cg(a,d) @ s*(Fq, d)
2
+ce(a,d’) e(Zq,a’) + coz5(a, a’) k—gcf‘zé(fﬁ, a)+... |,

where we include all possible operators 7 allowed by the equivalence principle, in-
cluding stochastic contributions and higher derivative terms ®. Their definitions are
found in App. F.2. As for the dark matter equations, since clustering quintessence is
comoving with dark matter, there is no isocurvature mode, and the bias expansion
depends on the same fields as for the dark-matter-only universe [264]. The time-
kernels, such as cs(a,a’), that account for the time non-locality, can be formally
integrated over o’ after the perturbative solutions are substituted in. All operators

(which are explicitly given in App. F.2) are evaluated along the fluid line-element:

o B a da" . o
(7, a,ad) =7 — /a/ mv(a", Za(Z, a,a")). (10.35)

This results in Taylor expansions in the fields around Z given by

§(Za(a,a’),a") = 6(&,a") — 9;0(x, a’)/ da

o a”zH(a”)
a d a//

1 o a da" o
+§8i8j5(x,a/) // —a”?H(a”) v'(Z,a") // —a’”QH(a’”) v (Z,a")

a da// . a da/// .
!/ (7 2 = "
+ai5($’a)/a, 2 (@) (& )/a,, a2 H (a") cLRa

v'(T, a") (10.36)

"The notation : O : means that the operator @ is subtracted of its vacuum expectation value,
ie. : O:=0 —(0). We do this explicitly in Ch. 6 as well under Eq. (6.112).

8The notation of the operators here is different to Ch. 6, and the difference is for historical
reasons. However, if one were to use the EdS approximation here, the space spanned by the
operators is the same as in Eq. (B.78), i.e. Ch. 6, to third order. As one can see from the
definitions in Egs. (B.76) and (F.29), we have for example s;; = r;; — £6;;6.

270



10.3. Biased Tracers with Ezact Time Dependence in Clustering Quintessence

It turns out that even in the presence of clustering quintessence, once we perturb-
atively expand the overdensity and velocity, the time integrals in Eq. (B.79) can
be done analytically and the solutions are given in terms of the time functions and
kernels that appear in Egs. (10.30) - (10.32). This is explicitly derived in App. F.3.
Then, as mentioned before, after perturbatively expanding the fields, the time in-
tegrals in Eq. (10.34) are formally done, and result in the definition of coefficients

such as

csa1(a) :/ CiTac(;(a a)?):—_((i’))) cs21(a) :/ Cfl—a052(a a)%,

(10.37)
For a complete list see App. F.2. After this procedure, the resulting halo overdensity

can then be written as a sum of functions of time multiplied by functions of mo-
mentum. As was shown in [135], some of the momentum functions are degenerate
and can all be expressed in terms of the basis {I, «, 8, ay, aw, 1, B2, 71, Y2}, which
are the kernels that appear in Eqgs. (10.30) - (10.32). This is true in wCDM as well
as the clustering quintessence case, because the momentum functions are the same

in both cases, and only the time functions change. We can therefore write

Ky (Gi.a) = csa(a), (10.38)
EP(@@a) = c@(a) + ca@(@ald, ) + cso)(a) 8@ &) .
Kg?(@h 527 (ZS? G) = Ca(,,(g)(a)a"(cfl, q2, Q3) + 65(,,(3)(a)ﬁ"(cj'1, (72, (73)

v

+C3,.3)(@)V (@1, 2y §3) + Cas) (@)@, 32)
+c5,3)(a)B(G1, @) + e 3)(a)

where in the last expression a sum is implied over ¢ € {1,2}. The main reason that
the time coefficients ¢; change, relative to wCDM, is because the integrals from the
flow terms that stem from the Taylor expansion of Eq. (B.79) now have an additional
dependence on C'(a) (for a comparison see App. F.3). The coefficients in Eq. (10.38)
are explicitly defined in App. F.2. For more details on the derivation of the halo
overdensity kernels, see [135].

From here we can proceed in a very similar fashion to [135]. We reduce the
number of coefficients by looking for degeneracies in the time coefficients. Luckily
all the identities from [135] still hold in a slightly more general form. The main
difference here is that we define the calculable function G = G +G3, with G? defined
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wCDM

in App. F.1, which for wCDM is G 1. The identities then read

a(2) a2 = 9 Car,s (10.39)

Ca,3) T €3 _QQCJI
2

CﬂQ,(?)) + g Ca,(2) - Cal,(S) = 7@5,1 ,

Cay,(3) T Caz,(3) = Cy1,(3) T Cra,(3)
2

CB1,(3) T CB2,(3) T Cy1,(3) T Cra(3) = 706,1 )
3
6717(3) + CB17(3) = (14 + Y( )) C(S,l 9

where in the limit G “2" 1 we recover the identities from [135]. Y(a) is defined by

3

Y(a) = 1

+ V2 (a) + Viy(a). (10.40)

However, it is useful to define

¥(a) = —G()” + Viy(a) + Viy(a), (10.41)

wCDM EdS

so that, taking limits, we have Y (a) Y(a) = 0. We can then write the final

halo overdensity (see also [276]):

6u(k,a) = qu@f% @) + G(a)CP (R, a) + G(a)*)CP (k,a) + ¥ (a)CF (F, 0))

(a <(C @) G(a)CE)(k, a)> (10.42)
(c @ (%, a) +26(a)CP(F, a))

(F,
%mx>6< @) + ¢ 3 (a) C (K, a)
a3y (@) CP (E, a) + c1(3(a)CV (K, a),

+ o+ o+ o+

where we can see that no new C; operators have to be included compared to the
exact wCDM case or EdS approximated case. The C; are defined in the same way
as in [135] and are explicitly given in App. F.2. Similarly to what happens when
we use the exact time dependence for smooth dark energy and ACDM, we see that
there are additional calculable time dependencies in the final bias expansion for
the galaxy overdensity. However, there are no new bias coefficients. We can take

two interesting limits to see how the above expansion generalizes previous models.
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In the G — 1 limit, we obtain the galaxy overdensity in wCDM with exact time
dependence. Furthermore, in the limit where we use the EdS approximation, the
time functions in Egs. (10.30) - (10.32) become independent of a and with a value so
that G > 1 and Y — 0. Eq. (10.42) can then simply be linearly transformed into
the BoD basis from [131], therefore the space spanned by the kernels in Eq. (10.42)
is the same as the one spanned by the BoD basis from [131] (for a transformation
see [135]). For illustration, we plot in Fig. 10.3 the values of Y and G as functions
of the redshift 2 = 1/(1 + a) and w.'°

0.0020 T 0.0020
— clust. w= —0.95 —— clust. z=0.57
A\ —— clust. w= —1.05 clust. z=0.32
0.0015 . e wCDM w = —0.95 0.00151 ... wCDM z=0.57
....... wCDM w = —1.05 wCDM z=0.32

- ACDM
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Figure 10.3: Y and G as a function of redshift z and quintessence equation of state
parameter w. We show ACDM and wCDM cases for comparison. Notice that, as we
argued earlier, for w < —1 we need ¢2 — 0 and thus for ¢ = 1, i.e. wCDM, w < —1 is not

allowed in the EFT of dark energy. We, nevertheless, plot it here for illustration.

In a last step, we write the expansion for ,, which appears in the redshift
space expansion. For the velocity divergence, there is no bias [133], up to higher

derivative terms. We can thus model the velocity divergence as a species of biased

9Note that in the presence of clustering quintessence the EdS approximation does not only
rely on Q,,,/f3 ~ 1 but also on C(a) ~ 1 which is needed to cancel the time dependence in the
continuity Eq. (10.28). Therefore, from Eq. (F.26) one can see that in the EdS approximation one
takes the limit G — 1.

10As discussed in [260], the function 1 — G(z), as shown in Fig. 10.3 describes the relative time
evolution of the linear dark energy perturbation in clustering quintessence (in [260] the notation

e =1—G is used). Specifically, 1 —G(a) = 6pg)(k,a)/6p541)(k‘, a), where 6pp = pp 152 (7 — @) as in

[264]. Since the k dependence of both perturbations is the same [48], 1 — G quantiﬁses the relative
size of the linear dark energy perturbations and hence of the dark energy linear power spectrum.
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tracer. Specifically, we obtain the velocity divergence by plugging in the following
choice of functions into Eq. (10.42):

gi(a) = 1 (10.43)
C]?,(Q)(a) = 0119,(3)(0) = Ci,(g)(a) =0
CZ,@) (a) = f(a)
(@) = Vi(a)
072,(3)(a> = Vgl(a)'

The counterterms will take the exact same form as for wCDM [264, 135]. We will

now transform into redshift space and compute the power spectrum.

10.3.3 Galaxy Power Spectrum in Redshift Space

As the next step, we wish to compute the full galaxy power spectrum in redshift
space, which we will later use to fit the data. As shown in [135], the EdS approxim-
ation has no influence on the transformation into redshift space '*. This means we
can proceed in the same way as described in [133]|. The galaxy overdensity kernels in
redshift space in terms of the real space quantities d;, and 6, are given by (without

counterterms)

Kéi?r(cjlv ) - K(l)(q17 ) + f+ K D(Qla ) - bl + f+ N% (1044)
K(gi)r((jla(j%,u?a) = K(gh)(qlaq%a) + f+ lu12 éh)(q17(727a>
M2 5
+ f+u { qZKéh)(qz a)Ké,ll,)r(ql,a)ererm},
K9 (7.0 :K()~~~ 2 @) o o
Snr Q1>q27q37,u7a) (q17QQ7Q37a) + f+ Hi23 O (Q17q2>q37a>

M3 R
+ 3 f /’LQ|:q K(l)(Q?)u )K(gi)r<QI7QQ7/'L123)a’)
+523K(2)(QQ,Q3, )K( (@, )+Cyc.],

where 0y, is the halo overdensity in redshift space. Using 2 as the line of sight unit
vector, we have defined = ¢-2/q, with ¢ = @1+ - -+q, and w4y 5, = Gy "2/ Gy
Gy iy = Gy ++ -+ G, As we mentioned previously, the counterterms and stochastic

terms that come from real and redshift space (see [133, 135| for a discussion) do not

1 Of course since the halo overdensity in redshift space depends on ), and 6}, the exact time
dependence has an impact, just not on the transformation itself.
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change in the presence of clustering quintessence. Therefore, the final expression for

the galaxy power spectrum in redshift space, including the counterterms, reads

P,(k, p,a) = Ky ()" Pra(k, a) (10.45)

d’q N -
#2 [ ot K@ E - Tn 0Pl - dl0) (e,
(1) Pq . L
+ 6K§;L,,. (/”[’7 CL)P11<I€, (l) (27_(_)3 K(Shm (q7 —q, k:7 22 a)Pll(Q7 a’)

() k? 2 K2 K2
+ 2K§hm (/‘1’7 a)P11<k7 a) CCtk_2 + Cr,l,u k'_2 —+ 67-72/,6 k_Q

1 + L + ceaf L
— | Ce Ce Ce )
= 0 1 12 20+ 1 kﬁ

M

where Py (k, a) is the time-dependent linear power spectrum for the adiabatic mode,
kv < kg is the comoving wavenumber which controls the bias derivative expansion,
and 71 is the background galaxy number density 2. In the first line, we have the
linear power spectrum in redshift space. In the second and third line, we have the
P53 and P,y contributions of the loop and in the fourth and fifth line we have the
counterterms and stochastic terms, respectively.

Finally, the power spectrum is IR-resummed following [137, 139, 140, 169|. Since
quintessence is comoving with dark matter, the equations for the IR-resummation
only change by a shift Pj;(k,a) — G(a)?Py1(k,a) 3. We then apply corrections to
take into account the Alcock-Pacszynski effect [214], window functions [201], and
fiber collisions [277].

In Fig. 10.4, we show the difference between the one-loop galaxy power spec-
trum multipoles ¢ = 0,2 evaluated in different cosmologies: ACDM, wCDM and
clustering quintessence, for w = —0.95 and w = —1.05. We also show the differ-
ence between the evaluation with and without the EdS approximation for clustering
quintessence. It is apparent that the difference between wCDM and clustering quint-

essence is important with respect to the BOSS error bars. The difference between

12These are the same response and stochastic terms as in Ch. 6 in Egs. (6.153) and (6.156), just
with a renaming of coefficients for simplicity.

13The additional factors of G come from the integral over the velocity, when expressing the
displacement field in terms of the overdensity

S(l)j(a):/a da’ oM (g, (10.46)
a?H (a')

This integral, which is explicitly computed for the flow terms in Eq. (F.46), results in sMi(a) =
-G (a)g—ié(l).
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Figure 10.4: One-loop galaxy power spectrum multipole ratio of wCDM or clustering
quintessence, with w = —0.95 and w = —1.05, to ACDM, at z = 0.57. We show for
clustering quintessence the evaluation with and without the EdS approximation. The
evaluation in ACDM and wCDM are with exact time dependence. The EFT parameters
are the same for all evaluations, with values as the best fit of BOSS on ACDM. The BOSS
CMASS error bars are depicted for comparison. Notice that, as we argued earlier, for
w < —1 we need ¢2 — 0 and thus for ¢ = 1, i.e. wCDM, w < —1 is not allowed in the

EFT of dark energy. We, nevertheless, plot it here for illustration.

the evaluation with and without the EdS approximation for clustering quintessence
is clearly important, especially in the monopole. Given how large the differences in
the power spectrum are, we expect to see differences at the level of the posteriors of

the cosmological and EFT parameters'4.

10.4 LSS Data Analysis

In this section, after calibrating the scale cut of the theory against simulations,
we present the results from fitting clustering and smooth quintessence to the BOSS
FS, and its combinations with BAO, SN and CMB measurements.

Likelihood and Priors The theory prediction is given by the galaxy power spec-
trum in redshift space at one-loop order in the EFTofL.SS, Eq. (10.45). Its evaluation
is performed using PyBird [169], and we sample from a Gaussian likelihood. The
kernels chi,)w K é:?r, Kéf?r depend on 4 biases: by, by, b3, b4. In our analysis, we use the

monopole and quadrupole of the galaxy power spectrum. We vary the cosmological

parameters wegm, b, In(101°A,), ny, w, on which we impose no priors, and w; with

14\We note that the w = —0.95 clustering quintessence curve seems to exactly agree the w = —1
monopole as k — 0. This is, however, an artefact of the particular best fit. Indeed, while for the
real space power spectrum, the ratio would be dictated by the growth factors, for the monopole,
the growth rate fy, and the linear bias b; from the best fit contribute as well, leading to more
complex relationships more dependent on the best fit.



10.4. LSS Data Analysis

a Gaussian prior motivated from Big Bang Nucleosynthesis (BBN) with standard
deviation o, gy = 0.00036 [216]. For the simulations, we will center the prior on
the truth, while on BOSS data, we will use w, ggn = 0.02233 [216]. When analyzing
BOSS data [9] (alone and in combination with other datasets) we fix the neutrinos
to minimal mass, 0.06 eV, as done in the Planck analysis [24]. As for the EFT para-
meters, we define the linear combinations ¢y = (by + b4)/v/2, ¢4 = (by — by)/v/2, and
we set ¢4 = 0 since by, by are almost completely anticorrelated. Then, we define the
two combinations ¢ mono = Ce1 + fCe2/3, Cequad = 2f¢e2/3. We put a Gaussian prior
of mean 0 and standard deviation 2, NV (0,2), on bs, Ccty Ceo, Cemonos Cequad, and a
Gaussian prior of mean 0 and standard deviation 8, N'(0,8), on the redshift-space
counterterm ¢, ;. We fix ¢,» = 0 since it is exactly degenerate with ¢,; when only
analyzing the monopole and quadrupole. As explained in |7, 169], we analytically
marginalize over b3, Cct, Cc0, Cemonos Cequad, Cr,1 @s they appear linearly in the power
spectrum and therefore quadratically in the likelihood. Finally, the linear bias by
has a flat prior [0,4], and ¢y has a flat prior [—4, 4], which play no role.

10.4.1 Tests against Simulations

To assess the theory-systematic error of the F'S analysis, we fit the power spec-
trum multipoles measured from large-volume N-body simulations on clustering quint-
essence with a BBN prior. We consider two independent realizations of the BOSS
‘lettered’ challenge simulations, which are boxes of side length 2.5 Gpc/h, described
in e.g. |7]. The first realization is made of four boxes, labelled A, B, F, and G, pop-
ulated by four different Halo Occupation Distribution (HOD) models, of which we
analyze the snapshot at z = 0.56. The second realization, labelled D, is populated
by another HOD model, of which we analyze the snapshot at z = 0.5. Using one
box, we can measure for each cosmological parameter the theory-systematic error
as the distance in the 1D posterior of the 1o region to the truth of the simulation.
Therefore, the theory-systematic error is zero if the truth lies within the 1o region.
For A, B, F, and G, which are correlated, we average the posteriors for the cosmolo-
gical parameters, that we label ABFG. Moreover, we can combine ABFG with D, as
they are independent realizations, allowing us to measure the theory error using a
volume about 14 times the one of BOSS data. To do so, we combine for each cosmo-
logical parameter the 1D posterior of the shift of the mean with respect to the truth,
as the product of two Gaussian distributions. The distance of the 1o region to zero

in each resulting 1D posterior gives a measure of the theory-systematic error for the
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combination ABFG+D. For each cosmological parameter, the error bar obtained on
ABFG+D represents the smallest theory-systematic error which we can measure,
which is between 0.3 - 0qata and 0.5 - 0gata, Where ogata is the error bar obtained by
fitting BOSS data.

Wedm h ln(loloAs) N w Qo
Ostat | Osys Ostat ‘ Osys Ostat | Osys Ostat | Osys Ostat | Osys Ostat ‘ Osys
ABFG 0.007|0.000 | 0.027]0.000 | 0.11]0.04 | 0.044]0.000 | 0.139]0.000 | 0.021]0.000
D 0.006/0.000 | 0.018|0.000 | 0.11]0.04 | 0.039]0.000 | 0.093]|0.000 | 0.014]0.000
ABFG+D | 0.005/0.000 | 0.015/0.000 | 0.08]|0.07 | 0.029|0.000 | 0.077]0.000 | 0.012|0.000

Table 10.1: 68%-confidence intervals ogac and theory-systematic errors ogys obtained

fitting clustering quintessence to the lettered challenge simulations with a BBN prior.
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Figure 10.5: Triangle plots obtained by fitting clustering quintessence to the lettered
challenge simulations with a BBN prior. The dashed lines represent the truth of the

simulations.

In Fig. 10.5 and Tab. 10.1, we show the results obtained by fitting the lettered
challenge simulations at scale cut k.. = 0.23h Mpc~t. We find for all cosmological
parameters zero theory-systematic error, with the exception of In(10'°A,), where
we find a marginal theory-systematic error of 0.07, which is ~ 0.4 - 0gaa °. These

results show that we can confidently fit the data up to kmax = 0.232 Mpc ™! on our

15Given the number of cosmological parameters, we find the likelihood of such a large value of
one cosmological parameter to be sufficiently high, so that we do not include this in the systematic
error budget.
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BOSS BOSS+6DF/MGS+eBOSS[[BOSS +6DF /MGS +eBOSS+SN

best-fit| meanto best-fit meanto best-fit meanto
Wedm 0.1271 [ 0.134670 515 || 0.1188 |  0.12275-05%3 0.1196 0.123470 5%
Hy 66.75 | 67.5873% | 66.99 67.3575 5 67.97 68.727175
In(10104,) | 2.733 | 2.64151% 2.837 2.797015 2.848 2.806101%
ng 0.9103 | 0.88840572 || 0.9406 | 0.941670-0%3 0.972 0.93351093¢
w —0.878—0.866679-171| —0.9212| —0.9358701L |1—-0.9928 ~1.01179:0%3
Qrm 0.337 | 0.34567903 [/ 0.3166 | 0.319773017 0.3083 0.309970-017
os 0.684 | 0.6675 001 || 0.7043 |  0.703470-0%7 0.7371 0.7285%00%%

Table 10.2: Results obtained by fitting clustering quintessence to BOSS in combination
with other late-time probes with a BBN prior.

high redshift (zex = 0.57) sample CMASS. For LOWZ sample at z.s = 0.32, we

rescale the scale cut as in [7] and fit up to kmax = 0.2 Mpc ™.

10.4.2 LSS Constraints

In Fig. 10.6 and Tab. 10.2, we show the results obtained by fitting BOSS FS+BAO,
and in combination with BAO measurements from 6DF/MGS and eBOSS, and with
Pantheon SN, on clustering quintessence with a BBN prior. We see that all cosmo-
logical parameters can be measured (we do not quote wj since it is dominated by

the BBN prior we impose). For all analyses performed, w is consistent with —1 at
< lo.

Physical Considerations We now discuss why all cosmological parameters can
be measured by analyzing the FS using the EFTofLSS, and how the addition of
the SN measurements helps to obtain better constraints. Let us start with the
contribution from the BAO information. The two angles corresponding to the BAO

components perpendicular and parallel to the line of sight are given by:

ra(zcmB) Olas ~ ra(zcmB)
Td\~CMB) Las| ™ ,
D 4(z1s8) 3 czrss/H (z1ss)

HLSS,L ~ (1047)
Here r4(zcump) is the sound horizon at the end of the baryon-drag epoch zoyp, and
D 4(z1ss) and H(zpgs) are the angular diameter distance and the Hubble parameter
at the effective redshift of the survey zpss. As discussed in e.g. |7, 169], these angles

carry information about h, €2, and w. The dependence on parameters is the same
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Figure 10.6: Triangle plots obtained by fitting clustering quintessence to BOSS in com-

bination with other late-time probes with a BBN prior.

as in wCDM, as the angles only depend on the background geometry [169]:

~ Qg)r.L17h0.42|w|—0.117 QLSS, L(ZLya)
~ Q0020|702 Orgs 1 (2omass)
o QOTOROB2 020 g (o)~ 0605012

Orss.v(zaias) ~ QO BRVT |09 (10.48)

~ Q%Olh0’48|w|_0‘19 7

OLss, || (2Lya)

QLSS, ! (zCMASS) ~ Q;IO.IZ h0.53 |w|—0.17

Y

Orss, || (zLowz)

QLSS, v (ZGdF) ~ Q;O.l9h0.55 ‘w ‘ —0.07’

where ZLya = 235, ZCMASS — 057, ZLOWZ — 0.32 and 26dF/MGS — 0.106. ‘gLSS,V is

a combination of frgs | and frgs | (see e.g. [169]). The dependences on the cos-

mological parameters above and in the rest of this section are obtained expanding

around a fiducial cosmology (€2, = 0.3, h = 0.7, w = —1). Furthermore, the rel-

ative amplitude of the BAO wiggles with respect to the smooth part instead gives

a measurement of ~ ,,h? (though the amplitude is not part of the standard BAO

analysis). Clearly, at least in principle, this information allows for a determination of

w, (o,

and h. Notice however that the measurements for w and §2,,, are strongly de-
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generate when using solely the BAO information from CMASS and LOWZ, and the
breaking of the degeneracy by measuring both fiss 1 and fpgg | is mild, insufficient
to get strong constraints [169]. Of course, the situation is greatly ameliorated by the
addition of the information from 6dF/MGS and eBOSS, but it is also ameliorated
by the inclusion of the F'S analysis.

In fact, the FS contains information not only through the BAO signal, but also
by its shape and amplitude [7]. The shape depends on the equality scale, and
therefore on ,,h%. The amplitude and the anisotropy of the FS can be roughly
summarized by the fact that the monopole and quadrupole mainly depend on the
combinations by (2)2D, (2)2A%™) and by (2) f (2) D (2)2 A% Here A% is the
amplitude of the linearly evolved power spectrum at the maximum wavenumber of
our analysis, A% ~ (k/ko)™ ™" (koq/kmax)” As, With keq being the wavenumber
that re-enters the horizon at equality and kq the pivot scale. Dy and f, are re-
spectively the growth factor and growth rate of the growing adiabatic mode. k.«
is the maximum wavenumber of our analysis, which is where the signal to noise is
dominated. Given that there are two redshifts in BOSS, this clearly offers a way to
measure both A and ng, together with by (zcmass) and by (zLowz). In this way, all
cosmological parameters are, at least in principle, measured. However, we should
keep in mind that the F'S offers an independent measurement for each wavenumber,
therefore, by combining the information from several k’s, further information on w
and €2, is obtained. In fact, just by looking at the dependence at linear level of

the monopole and quadrupole at zcyass and zpowz, one can see that on top of by

f(zcmass)D(zomass) which, around the
f(zLowz)D(zLowz) clust.’ ’

fiducial cosmology, goes as ~ Q. 012|w|%4. This can be seen by using the fitting

and A, one can measure the combination

functions for D, and f, as a function of €, and w given in [260], which read:

b +&(a) - gﬂm(a) x (10.49)

X {Qm(a)‘lﬁ + ng(a) + (% — HTw> Qp(a) (1 + QmT@)} _t
fila) = C(a) [Qm(ay*/? + (% — HTw) Qp(a) (1 + Q”;(a))] :

where C'(a) = 1+ (1+w)Qp(a)/Qy,(a). This is to be contrasted with the same ratio
for the case of a smooth dark energy component, namely wCDM, around the same

f(zemass)D(zcmass) ~ Q012]4|0-006 e can see that the change
f(zrowz)D(zLowz) |,cpMm m

in the dependence on w going from LOWZ to CMASS is stronger in the case of

cosmology:
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clustering quintessence compared to wCDM, physically originating from the fact that
clustering quintessence contributes to the clustering. The mild degeneracy present
for wCDM between (2, and w is thus less pronounced in clustering quintessence
when jointly fitting LOWZ and CMASS. Furthermore, these measurements give
different correlations between 2,,, and w with respect to the ones in ;gs, thus further
breaking the degeneracies. This can be seen in Fig. 10.7, where we compare the
posteriors obtained fitting BOSS FS+BAO on clustering quintessence and wCDM.
To summarize, €2,,, h, w, Ay, ny and b; can be measured from the BAO angles in
combination with the broadband signal.

By looking at the same Fig. 10.7, one can also see that in wCDM there is a
large degeneracy in lowering w and lowering A,. This can be explained by the fact
that, in wCDM with w < —1 (which, we remind, is physically inconsistent at the
quantum level but can still be analyzed as a model), matter domination lasts longer,
so that structures grow more and therefore the power spectrum is left unchanged by
lowering A,. In clustering quintessence, this degeneracy is broken by the fact that
the adiabatic mode receives a contribution from clustering quintessence proportional
to 1 +w. This can be see from solving the linear equations, which, at early times,
give (see e.g. [264], Eq. (4.15)):

—3w
5 (csty) = <1+ e () >5m<aeaﬂy> , (10.50)

1—3w Qm,O Qo

with ag the present epoch and @eay a time early on during matter domination.
This effect acts in a direction contrary to the extra growth that one gets from the
extension of the epoch of matter domination for 1 + w < 0, in practice bounding
the degeneracy between w and Aj.

Note that this discussion gives only rough estimates of the parameter depend-
ence of the FS. In practice, there is no separation between the broadband and the
other sources of information within the F'S analysis as all the signal is analyzed up
to the chosen scale cut. In particular, the loop provides additional information.
For example, the growth function enters as Di in the loop, providing yet another
parametric dependence on w. In Fig. 10.7, we also show the posteriors obtained on
clustering quintessence with the EdS approximation 9. The difference with the pos-
teriors obtained with exact time dependence is clearly visible: most notably, about

0.2 0 for Hy and €,,,, and 0.3 ¢ for w. At the level of the power spectrum in Fig. 10.4,

16In App. F.4 we show the full posterior including the nuisance parameters
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Figure 10.7: Triangle plots obtained by fitting clustering quintessence to BOSS with a
BBN prior, with or without the EdS approximation. For comparison, we show wCDM fit
to BOSS with a BBN prior, with and without physical prior w > 1.

the difference is somewhat larger in terms of error bars, but we should remember
that in that figure the EFT parameters are fixed. In particular, the large deviation
that can be seen in the monopole of Fig. 10.4 can be partially absorbed below the
error bars with a small offset in the shot noise c.o/n of ~ 0.1. The difference we
see between the EdS evaluation and the exact-time one can be traced to the time
functions, as for example G2, in some loop terms when evaluated with exact time
dependence: G(zrowz)? ~ |w|®* and G(zcmass)? ~ |w|%?". Because of this, the EAS
approximation leads to noticeable shifts in the posteriors for clustering quintessence.
The shifts are of the same order as the theory-systematic error we find in Sec. 7.6.4,
so it may look like we can neglect them. However, we would then introduce an ad-
ditional systematic error on the parameters. Contrary to the uncertainty from next
orders in perturbation theory, the exact time dependence can be easily computed,
with the same computational cost and without adding new nuisance parameters.

Therefore, we prefer to use the exact time dependence.
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Finally, the distance-redshift relation of SN data from Pantheon brings evidently
more constraints. Approximately, the line degeneracy of the luminosity distance
Dy = (14 2)?Da is Dr(z = 0.25) = Q,%%|w|"!] which further helps break the
degeneracy between (2, and w when fitting jointly with the FS and BAO.

10.4.3 CMB-+LSS Constraints

In Fig. 10.8 and Tab. 10.3, we show the results obtained fitting clustering quint-
essence with Planck data in combination with BOSS FS+BAO, BAO measurements
from 6DF/MGS and eBOSS and with Pantheon SN.

Planck + BOSS BOSS+6DF /MGS+eBOSS [[BOSS+6DF /MGS+eBOSS+SN
best-fit| meanto best-fit mean+to best-fit meanto

100 wy, 2.247 [2.236 £0.050 || 2.275 | 2.233 £0.050 2.247 2.246 £ 0.013

Wedm 0.141 | 0.13570012 |l 0.1211 |  0.119810:0050  |/0.11849|  0.11896 + 0.00094

Hy 70.25 | 68.6+ 1.8 || 68.45 68.0 + 1.2 67.98 67371047

In(10°4,) | 2.703 | 2.774£0.19 || 2.84 2.88+0.16 3.045 3.05070:012

ns 0.8754 | 0.88570-05% || 0.95 0.953 4 0.047 0.97 0.9681 + 0.0037

w -0.9955 | < —0.808(20) || —1.000| < —0.927(20) || —0.998 < —0.956(20)

Qn 0.3325 | 0.33770:055 [/ 0.3084 | 0.309 +0.011 0.3065 0.313170 5058

os 0.7345 | 0.728 £ 0.047 || 0.733 0.74019:020 0.8065 0.8054 + 0.0072

Table 10.3: Results obtained by fitting clustering quintessence to Planck and BOSS in

combination with other late-time probes.

As expected and apparent from the posteriors, we can see that Planck gives
precise measurements on wy, Wegm, In(10° A,) and n,, while constraints on Hy or €,,
are obtained by the combination with late-time probes, that break the degeneracy in
the Hy — €, plane present in the CMB. As discussed in the previous subsection, w
is mainly measured thanks to low-redshift measurements. However, the constraints
on w are better when adding Planck since the precise measurements of the other

cosmological parameters by Planck helps to further break the degeneracies.

10.4.4 wCDM with w > —1

From an Effective Field Theory point of view, there is no known theory, at least
to us, that can realize w < —1 with ¢ — 1. As discussed in previous sections,
such theory has a negative kinetic term. For a theory with no Lorentz-violating UV
cutoff, the scalar perturbations are unstable, and the vacuum decays into gravitons
at an infinite rate [268]. Therefore, w < —1 would either need some other, physical,

motivation or one can posit that w is not allowed to be smaller than —1 in wCDM.
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Figure 10.8: Triangle plots obtained by fitting clustering quintessence to Planck and

BOSS in combination with other late-time probes.

By doing so, we get the results in Fig. 10.7 obtained by fitting BOSS data on wCDM
with a BBN prior and a flat prior w > —1. We see that the results differ substantially
from the ones obtained without a prior on w. In particular, the degeneracy line
w — Hy, open when allowing w to vary below —1, can not be exploited to lift Hy to
higher values than the one found in ACDM analyzing CMB or LSS data.

In Fig. 10.9 and Tab. 10.4, we show the results obtained fitting BOSS, and in
combination with BAO measurements from 6DF/MGS and eBOSS, with Pantheon
SN, and with Planck data, on wCDM with a BBN prior and a prior w > —1. BOSS
data alone gives a mild constraint —1 < w < —0.91 at 68% C.L. (-1 < w < —0.81
at 95% C.L.). Adding BAO information and Pantheon SN, the constraints on Hy
and especially €, improve, giving the much stronger constraint —1 < w < —0.96
at 68% C.L. (-1 < w < —0.93 at 95% C.L.). Finally, Planck improves this to
-1 <w< —=0.979 at 68% C.L. (—1 < w < —0.956 at 95% C.L.), which means our

Universe is consistent with a cosmological constant at 4% precision.
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BOSS BOSS+6DF/MGS+eBOSS+SN||Planck+BOSS+6DF /MGS+eBOSS+SN
best-fit| meanto ||best-fit mean+to best-fit mean+to
100 wp 2.247 [2.236 £0.050(| 2.172 [ 2.233 £ 0.050 2.243 2.246 +0.013
Wedm 0.141 | 0.13575:012 || 0.106 |  0.1198T790%  110.18965]  0.11896 4 0.00094
Hy 70.25 | 68.6+1.8 || 65.0 68.0 + 1.2 67.32 67.377057
In(10°4,)| 2.703 | 2.77£0.19 || 3.15 2.88+0.16 3.044 3.05070 018
ns 0.8754 | 0.88515:05% || 1.026 |  0.953 £0.047 || 0.9728 0.9681 + 0.0037
w -0.9955/< —0.808(20)||—-0.936| < —0.927(20) || —0.976 < —0.956(20)
Qm 0.3325] 0.33770055 |/ 0.304 | 0.309 £0.011 || 0.3123 0.3131750508
os 0.7345[0.728 & 0.047/| 0.799 0.74019525 0.8004 0.8054 + 0.0072

Table 10.4: Results obtained by fitting smooth quintessence to BOSS in combination

with other late-time probes, and to Planck, with a prior w > —1. When not fitting with

Planck, we use a BBN prior. For w, we quote the 95% confidence bound instead of the

68% confidence interval.
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Figure 10.9: Triangle plots obtained by fitting smooth quintessence to BOSS in combin-

ation with other late-time probes, and to Planck, with a prior w > —1. When not fitting

with Planck, we use a BBN prior.
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A

Appendix: The In-Out Formalism for

In-In Correlators

A.1 In-In Equals In-Out: the Exchange Diagram

for General Masses

After having established that for conformally coupled and massless scalars the
in-in and in-out formalisms give the same result for an exchange diagram, we here
establish this result for general masses. The derivation for the rr, rl and [r cases,
hold for general masses, since they only rely on the equivalence for the contact
diagram case, as shown in Sec. 5.3.3. Therefore, the only remaining part is the ([
case, which we discuss in the following. We start with the definitions of the in-
in and in-out correlators for the exchange from Sec. 5.3.3, where we set couplings

A Ay = —1 for simplicity. We have

dn dn’
B, = / / T (A1)
(1+i¢€) (1+ie) 77 n
n n+m
xF Fy |Gr(n,n'ss) [ [ Gitnmaska) 1] Guln, 77b>kb)] ,
a=1 b=n+1

Bll

oo(1—ie) (1—1¢) dn dr’
in-out — / / 77 77 X

n n—+m
Gp(n,n’;S)HGF(mna;ka) 11 GF(U’,m;kb)] :

a=1 b=n-+1

XF1F2

Let us first do some simplification on BY . . Note that from the contact diagram

in-in*

case, we know [ 11+;E) D By (1, Gi(1's ey ka)] — 0. Therefore, for any intermedi-
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ary 17 we have

/ n
—oo(14ie)

Let us expand the Feynman propagator in Bffl ins
We then have

d
nFl

+o0(1—1€) d
HGZU nma]— / nFl
n

(A2)

HGZ 77 naa a

and then apply the identity above.

0 /
d d
B, - o & (A3)
—oo(14ie) T —oo(14ie) T
n n—+m
< Fy |Gi(n oy s) [T Gi(nomas ko) T Gi s kb)] :
a=1 b=n-+1
/O dn/ d77
+ By
—oco(1+ie) T oo(1+41€) 77
n n+m
X F1Fy Gl(nan/;‘S)HGl(nana;ka) H Gl(n/7nb;kb)] >
a=1 b=n+1
0 d"7 oo(1—ie) dn/
= / vy 7S
—oo(1+ie) T n
n n+m
< Fy |Gi(n' oy s) [ Gi(namas ko) T Gio' s kb)] ;
a=1 b=n+1
0 oco(1—ie)
dn/ d
_ / a ar
—oo(1+ie€) U n
n n+m
XFlFQ Gl(nan/;S)HGl(nana;ka) H Gl(n/7nb;kb)] :
a=1 b=n+1
Now we can also expand B _ . and subtract B from it, to see that they combine
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in a similar way as in the contact diagram case

oo(1—1€) d oo(1—1€) dn’
Bl —Bhw= [ S [T (A1)
—oo(1+ie) ™ Jn n
n n+m
XL Fy |Gitnn's9) [ [ Gulnymas ka) [ Gilo', 77b>kb)] :
a=1 b=n+1

oo(1—1€) (1—1¢) d
St
(1+ie)

n n+m
Gl<n7 77,7 S) H Gl(Th Nas ka) H Gl (77,7 Ty, kb)] .

a=1 b=n+1

XF1F2

In the following, we will show that these terms vanish separately, and the deriv-
ation is the same for both terms. For concreteness, we focus on the second term.
Furthermore, let us for now restrict F; and F, only to contain spatial derivatives.
This simply leads to an overall factor, which we can drop. Furthermore, since we

assume the integral is IR-finite, we simply need to show that the class of integrals

oo(1—ie€) oo(1—ie) nim
AB / i / dnP ™ fu(n ka ) T fuln), (A5)
—oo(1+ie) n b=n+1

with py, pe > 0, vanishes, where we dropped the overall factor of the external mode
functions.

Let us first focus on the inner integral over 1. We note that n' always has a
small negative imaginary part, and therefore this integral is always in the lower half
complex plane where fi(n) is analytic, and convergent at infinity. This means we
can draw a contour along the n' = const axis, up to —ioo, and close the contour at
infinity, to get a different representation of this integral. We show the contour in
Fig. A.1. The contribution at infinity is zero, given the exponential convergence of

HY in the lower half complex plane, and the inner integral can be written as

/

/ i kaa =i / dn(n' = i) f(n = in) [ ] fr. (0 = im).
K a=1

' —jo0

where we substituted n — 1’ — in.
Now let us get back to the main integral, where we can now change the order

of integration. Furthermore, expanding out the factor (' — in)P*, the integral again
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Im(n)

Re(n)

S

Figure A.1: Choice of contour in the n plane

falls into the classes of integrals

(1—1€) ntm
— —z/ dn/ dn'nPsn™® fo(n' —in) fs(n ka n —in) H Si, (1)

(1+i¢) b=n-+1

(A.6)

for some ps,py > 0. Now note that since n > 0 and since 1’ has a small negative
imaginary part, the mode functions are always evaluated in the lower half complex
plane. Therefore, the integrand in 7’ is analytical over the whole region of integra-
tion. We, therefore, simply need to show that on the arc at negative infinity in the
lower half complex plane, the integral vanishes.

Let us label Y ."*" k, = kr , then in the limit 7 — —ioco we have

n-+m

™ f (' = in) fi(n ka W —in) 1] fo(n) = oo tgpette b emtream,
b=n+1

(A7)

where we see that the integral over 1’ goes to zero, and that the integral over 7
is finite. Therefore we conclude that the integral Eq. (A.6) vanishes. Finally, we
note a couple of generalisations. The derivation for the term that comes from the
Feynman propagator with n <> n/, is the same, simply with the consistent exchange
n <> 1n'. Furthermore, in the presence of temporal derivatives, the derivation fol-
lows analogously, since time derivatives of the Hankel functions is a sum of Hankel
functions with shifted mass. Therefore, since the formulas above only depend on

the asymptotic behaviour and the analyticity of the mode functions, the resulting
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integrals fall under the same class of integrals as in Eq. (A.5), which vanishes.

A.2 Diagrammatic Cutting Rules for Three Ver-

tices

In this appendix, we give details for the derivation of propagator identities for
three-vertex diagrams. We do not show how to use hermitian analyticity to turn
these relations into cutting rules for correlators with flipped energies. While our
rules generalize to any number of external legs and loops, we focus on diagrams at
tree level where all the external lines attached to a single vertex have been combined
into a single one (this can always be done in Minkowksi and for conformally coupled
scalars in de Sitter).

For three vertices we get multiple propagator identities, depending on the choice
of operators. For the cases we study here, we always take two of the three external
vertices to form together one of the operators in the largest time equation. Then
we consider a double exchange tree-level diagram with the following contractions:

where n1+ns+n3 = n. Then we also consider a one-loop diagram with three vertices
O1 = ¢(to)™ Oy = ¢(to)"™ O3 = é(to)"™

Oi=Hy)(t) & Os=HJ(t) & O5=H({t")
and the same contractions of operators as above with the addition of a contraction
connecting O, and Og to make a loop. The presence of a loop will make a difference
in the end result. Let us now proceed to derive the cutting rules simultaneously for
both cases.
As mentioned above, we get several different rules, depending on our choice of
operators. We start by combining the left two vertices and take O = ¢(tg)™ "2

and the rest remains as is. To not have to go over the same parity argument as in
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the one and two vertex case again, we directly only write half the terms. We have

Tl (to)"Hiy) (t) H () HE) ()]
(o) 2T (to)"™ HEY (¢)HLZ (

¢ tO nl+n2‘[—]1nt (t ] [

) (A.8)
() H (¢
)T o(
é ni+nz (1) t)H(Q)(t )H(3
VHE(

VHD (")
to)" H2) (') Hioy ("))

1 int

(to)
(to) e (O HE () HE) (1] 6(t0)™)

B (to)™ " HL) (1) L) (#)] T (6 (o)™ Hisy (1))
O (to)™ " HL) (1) T (o)™ Hyy) () HL) (8)],)

{
(o
+ (11
+ (11
(T
(T

1nt
¢

Again the ~ 0 indicates that the identity is valid only after integrating over the time
insertion of the Hamiltonian interactions Note that for the double exchange the

last term is zero, because g4

it ) does not have a time ordering relative to ty. Finally

Eq. (A.8) results in the following rules in terms of diagrams

P / \

0= - AR /1 N -
// / N\
(A.9)
and for the box-Loop
. e/’ 4 . \\ . .
0= - + + - +
/ \ A
' (A.10)

On a diagrammatic level, if we change n; <> ng we simply get the same cutting
rules, just mirrored along the middle axis. There are separate double-cutting rules if
we consider the change ny <+ ngz, which can be derived as well, but we omit writing

them here explicitly.

A.3 Relating Cut Diagrams to Diagrams with Flipped

Energies

In this appendix, we derive the relation of a cut diagram to a correlator with
shifted kinematics. These are Egs. (5.132), (5.133) and (5.134). We largely focus on

conformally coupled and massless fields in de Sitter and in the end we comment on
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general masses in flat space. Notice that the derivations are largely the same. To
streamline our notation we set the coupling constant A and H to one since they can

be easily reinstated.

Conformally Coupled and Massless Scalars in dS The key ingredient to this

derivation is that the mode functions enjoy the nice property

fe(n) = fe(=n)", (A.11)

which in particular also translates to all time derivatives

a(n)" 0, fr(n) = (a(=n)"0~, fr(=n))". (A.12)

Because time derivatives enjoy the same property as the mode function, henceforth
we focus on interactions without time derivatives. As in the main text, we assume
that all interactions are IR-finite. Using Eq. (A.11) we find that the propagators
obey

G+(_77a _77/7 k) = G+(77> 77/7 k)*a and GF(_nv _77/7 k:) = GF(nv 77/7 k) (Al?))

Finally, we note that our cutting rules are valid to leading order in 7y — 0, where 7,
is the time when operators are inserted. The order in 7y in which we are interested
is even for diagrams that are even under spatial parity, and odd for odd diagrams.

Let us start with deriving the result in Eq. (5.132). We consider a general scale

invariant Hamiltonian interaction of the form !

1
Hy = | ————— F(9;)n"¢" 2L, A.14
where ny is the number of spatial derivatives. In the following, we shorten the
notation for F(0;), simply to F', since in Fourier space it is just a multiplicative
factor. Now let us write out the cut diagram from Eq. (5.132), where we leave the

integrals over the loop momenta implicit:

/_ h f?_z F (H(ﬁ(m,n, ki)> ( [T Grlmo.n. ki)) (H GF(n,n,yi))-(A-w)

o0 i= i=m+1 i=1

In order for the interaction Hamiltonian to be IR-finite, we eventually need additional factors
of n?", coming from time derivatives. Crucially, however, this factor is invariant under n — —n.
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Next, we transform n — —n. For brevity of notation, we will not write out
the loop propagators because, being invariant under time reversal, they are just

spectators in the derivation. We have

/_ inFnd (HG Mo, =1, k )(H Gr(no, —n, )) (A.16)

i=m-+1
d
:/ 77 F nd HG+ 7707777 i H GF —MNo, N, )
—00 77 1=m+1
d
:/ nn and <H G+ 77077], > ( H GF 7]07777 >7
—0o0 i=m-+1

where from the first to the second line we used the propagator identities under time
reversal, and from the second to the last line we used that at the order in 7y we are
interested in, the correlator is even (odd) in 7y exactly when we have an even (odd)
number of spatial derivatives. We have therefore shown that to leading order we
can use G or (G1)* for the cut legs interchangeably. If we now average these two

contributions, we can write the cut diagram as

§/Oof,nFnd (HG 10,1, k +HG+ (0,1, k > H G r (10,7, k) (A.17)

i=m-+1
:5/00?777]7 nd (HGF Mo 1, k +HGF Mo, N, k. )ZI;IHGF Mo, M, k

m

1 /R
=§/mend<gGF(no,n,kz)+
mHGF Mo, N, — ) H GF 7]07777

= 2 [Bafh ) + (U Bo (k. (R )]

where from the first to the second line we used the propagator identity that G* +
(GT)* = G + G%, which generalises to products, and from the third to the fourth
line we used the Hermitian analyticity property. This concludes the derivation for
the contact diagram case Eq. (5.126). Next, we can do a very similar derivation for
the exchange diagram.

Again, we do not explicitly write out any temporal derivatives, since any time
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derivative will not alter the time-reversal properties of the mode functions. We

therefore consider the two Hamiltonian interactions

1
(n—m+L+1)!

Fy(8;)n 2" AL,

1
Hin — S al ng, im+L+1
¢ /x(m—l—L—i—l)! O™ ¢ *

(A.18)

The spatial derivatives again only act as an external factor and we can omit writing
them out explicitly. Next, we want to write the cut exchange diagram in Eq. (5.127)
in terms of propagators. Similarly to the contact case, we leave the loop integrals

implicit, the cut diagram reads

L+1
dndn e m
/ g FFndln’dQHG Moy, k H Gr(no. ' k) [] Grlnn ).
-0 i=1 i=m+1 i=1

Now let us flip both 7 and n" and directly apply the propagator identities,

dn d o

/ ?777 n7/74 Py Fy(—1)" "z gy /e HG+(—770,?7, ki) X (A.19)

L+1

X H GF 7]0,77 k’ HGF 7, 77 Zh)
i=m+1 =1
dn d77 L+1
:/ 77 77 F]_F nndln/ndg HG+ no’/r/7 H GF ’]70777 k: H GF 77 77 yz)
00 i=m-+1

where again we used that the exchange diagram at leading order in 7 is even (odd)
if the total number of derivatives is even (odd). Therefore using the same procedure

of averaging the G* and (GT)* terms, using propagator identities and Hermitian
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analyticity we get

d d m - *
=/ A (HG+ 105 1, -)+HG+(770,77, ki) ) x  (A.20)

oo Mt
L+1
X H Gr(no, ' ki) [ Gr(n v w:)
i=m-+1 =1
dndy ’” .
= [y P HGF 0, 7, -)+HGF(770777=’%) X
L+1
X H Gr(no, ' ki) [ Gr(n v w:)
1=m-+1 =1
dn dn/
:/ nnn Fy Fon iy ™ (HGF 0,7, k HGF Mo, 1, — )
L+1
X H Gr(no,n' k) [ [ Grnn' vi)
1=m-+1 =1

= 5 (B R + ()" B (R, (k)]

where these last steps work in the same way as for the contact diagram.

Finally let us come to the last remaining identity, namely the internal cut,
Eq. (5.134). We again consider the interactions in Eq. (A.18). We note here that
even if we have an interaction that involved different fields, the only propagator
identity we will need is that for the mode functions f* and f7 associated with the

fields o; and o; we can write

Fa@) fy (o) fy(no) £ )" G (o, 0, 9)* G (0,1, y)

+ "y) = = A.
Gualm-v) Fy(10)* fy(10) P(y, o) a2
where P(y,n) is the power spectrum of ¢, and
G, y) = (oi(n)o;(n)) G (n.n',y) = (oi(m)d(n)) - (A.22)

Let us return to the case where o; = ¢, since the derivation is the same. The diagram

with L cut loops reads

L+1
dn dif
/ nn 7;7 Fy Fyn™ ™2 HGF mo, 7, k H Gr(no ' k) [ GT(n.n' wi) (A.23)
—0o0 i=1 i=m+1 =1
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Now using Eq. (A.21) and putting it back into the cut diagram, we see that the integ-
ral over 1 and 7’ are now independent. Omitting an overall factor of [Hfﬂ P (yz)]

we get

L+1

d
/ nnFm”dl HGF (n0, 7, k HG (n0,m,y)" (A.24)

L+1

dny
></ 7777 Foynme H Gr(no,n' ki) [ [ GF (o, s)

i=m-+1 =1
L+1

0o d m
- (_1)m+L+1 / n_ZFlnndl H GF(UO; n, _kz) H G+<7707 n, _yz) X

1=1
L+1

dnf
></ nn Fon/™e H Gr(no,n', ki HG+ (o, 7', yi)

i=m+1

= 5 (B (LM ) ()7 B (R}, L))

1 c n+m c
X 5 [Bn—m+L+1({ki Z'=+m+17{yl L+1) ( 1)L+1Bn m+L+1({k }’L m—l—l’{ Yi L+1)i|

where we have used Eq. (5.136) to flip signs in the contact diagram. Finally, if we
define

By (B ey Avitiny) = (A.25)

= 2 [Bo (B () + (-1 By (B, v )]

and reintroduce the power spectrum factors, we can write Eq. (5.134) as

:MCEEH({E }z lv{yl L+1) ;CL::LL—H({E }z m+1’{y2 L+1)

T2 Py ’

(A.26)

t . . ) . t
Here B,/ | refers of to one interaction Hamiltonian and B} ; | to the other.

Minkowski The proof for the same relations in flat space is roughly the same. We
notice that the mode functions for any mass in flat space enjoy the same identity as

in the dS case, namely

fe(t) = = fe(t) = fe(=1)". (A.27)
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This means, that if we do not consider temporal derivatives the proofs from above
follow through immediately after we set ty = 0 without loss of generality.

Finally, when considering time derivatives in Minkowski, the rules derived above
also hold. While derivatives of the mode functions do not satisfy Eq. (A.27) any
longer, pairs of derivatives do. Since in flat space, diagrams with an odd number of

time derivatives vanish, the results are true for any Hamiltonian.



Appendix: The One-Loop
Bispectrum - Theory

B.1 Details for Dark Matter

B.1.1 EdS Green’s Function

In this section we give some details about the growing-mode EAS Green’s function

for the overdensity. The equation of motion for § can be written as

“;":) ad'(k,a) — ng(a)é(E, a) = Ss(k,a),  (B.1)

a?8"(k,a) + (2 +

where SC;(E, a) is the non-linear source term. For the n-th order perturbation, we
take 0™ (k,a) = D(a)"6(™ (k), where D(a) is the linear growth factor, which solves
Eq. (6.23). Plugging this (K, a) into Eq. (B.1) and using Eq. (6.23) to replace
D"(a), we obtain

a’D'(a)? -

%m —1)D(a)" <3Qm(a) +2n ) 0 (k) = S™M (K, a) . (B.2)

Now we use that in SPT we have two different time dependences for the source

terms, which we write as S é?(lZ) and S g;)(l;), giving

Sy (F.a) = D(a)" (Qm<a> 53 (F) + (1?(())) Séj?(fc’)) . (B3

which can be seen from Eq. (6.20). We see that all terms in Egs. (B.2) and (B.3)

have the same time dependence, proportional to D", if we assume the standard
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EdS condition Eq. (6.28), after which we obtain

2
(n—1)(3+2n)

5™ (F) = <5§j;>(1;’) +5§j;>(12)) . (B.4)
The numerical factor 2/(n — 1)(3 4+ 2n) comes from the EdAS approximation of the
Green’s function.

We can see how this relates to the actual Green’s function of the linear equations
in the EdS universe, where Q,, = 1 and aH'/H = —1/2. In that case, the linear
equation of motion is

3 3
CLZ(SH + 5@(5/ - 5(5 =0 s (B5)

which has two solutions, §(a) = a and 6(a) = a~*/2. These can be combined to form

the Green’s function G(a, a;) satisfying the boundary conditions G(aq,a;) = 0 and
0uG(a,a1)]amay = a7
5 ap \ ap a1_3/2

a a3?
Gla,a1) = —— (- - —> On(a—ay) | (B.6)

where 0y is the Heaviside step function. The connection with Eq. (B.4) is that

applying the above to a source term o a”, we have

a 2 n
/ dayG(a,ay)al = a

0 (n—1)(3+2n)’ (B-7)

which gives exactly the same factor that we found.

B.1.2 Counterterm Expressions in Real Space

The response terms are proportional only to powers of the linear field, and spe-

cifically we can write

k
M =B, and = [ G, B

q1,32

where definitions of the tilde fields are given in Eq. (6.43). We group all of the terms
that are only proportional to the stochastic fields in 521)(15, a) and terms that contain

one stochastic field and one long-wavelength field (semi-stochastic) in 5£2)(E, a).
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The response counterterms enter in

Pyy(k) = 2Ff (k) P (k)
Bz(ﬁl(klv ]{?2, k’g) = 2P11(]€1)P11(k’2)F20t(—E1, _EQ) + 2 perms. , (B9)
Béé{%d(k’l, ]{52, ]{,’3) = 2P11(k’1)P11(k’g)Fft(l;l)FQ(—El, —EQ) + 5 perms. ,

so that the combinations

Pyg(k) + Pi3(k)
Bui(k1, k2, k) + Biy, (ki ko, ks) (B.10)
B (K, kay ks) + B (k, ko, k)

are renormalized. Furthermore, for the stochastic fields, we define

(B.11)
so that the combinations

Poy(k) + Py (k)
Bogo (ki ka2, ks) + Bsog(k1, ka2, k3) (B.12)
B (ky, ko, k) + B3y (1, ko, k)

are renormalized.

B.1.3 Response Terms

Here we show some details for the results given in Sec. 6.4.1 for the response
terms. First we write the response stress tensor 77 as a sum of first- and second-

order terms

7.1 (a) = Qu(a) <7A—cig,(1)(a) + 7225,(2)(@) ) (B.13)
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where, in order to cancel the UV terms coming from the SPT loop expansion, the

time dependence must be

a’H(a)*p(a)D(a)* ;;
2 Tet (1)

~’L]
2 Tet,(2)

(B.14)

where 77 (1) and 7 (2) are time independent (the factor of ,,(a) can be seen from

J

and TZ

Ag(n( a) = £,(2) (a) =

kNL

App. B.1.1). We suppress spatial dependence of all fields in this section to remove
clutter.

Being careful to keep track of the time dependence D(a)™ and the EAS Green’s
functions (which are simply numerical factors coming from the linear equations and

the time dependence D(a)", see App. B.1.1), we have

8(0) = 00,7 (0)  wh(a) =~ L0078 (@) (B.15)

9a2H?p " et )
i —2f ; f 0i0;0 .
7Tv,ct,(1)(a) = 7aH %9, ath(1)< a), and 7Tct,(1)(a) = T3.H 02 chtk(l)(a)

where, as in Sec. 6.4.1, we assume that 810]0;6%; = 020, Tzi - Note that in the
above, and in all instances, we solve for mg and 7Tv directly through the equations
of motion Eq. (6.19), and then we form 7 using the definition Eq. (6.18). !

The second-order expressions are

2 2 _
05 (a) = 33a2H2‘aa @+ maﬁj AMpa 2(82-@(1)(@)8]-(1)2)(@)
1 (1) (1) 2 ; J
_§5ij (@c‘b (a)Ok P,y (a)) + 5”(1)(a)7rct,(1)(a) )
() = —4apH 63 (a) | (B.17)

(@) = goprpe” % le%a‘z (020 (@212 (0) + 98 (@05 ()

(7?1)(0)7Tit,(1)(a) + ﬂ—ft,(l)(a)ﬂél)(a')) + Tc]fel,(z)(a)] ;

' A useful manipulation to remember is that for any vector V? satisfying V? = eij"”'(“)jalAkl, we
have

zyk 67 Vk aajak

5 S A = 0 A (B.16)
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and some extra terms that we need to plug in to the above are

0:00(a) = SOma®H* 5300 (a) . wy(a) = —aHpfo36"(a),  (B.18)
Oy, 0;0;0k .
02 (@) = G2 =55 Tarn(@) -

We then factorize the time dependence by defining ﬁgit, ﬁgit, ﬁ&ct’ (1) and ﬁ&ct’ @)

in the same way as 7, ) and 7, ) in Eq. (6.45), which leads to the linear solutions
e -
,(Szt == 3 8 a Ct (1) and TrV,Ct,(l) = 0 3 (Blg)

along with 5(1) and 7, (1y given in Eq. (6.47). The second order expressions are
gct = 45d and

000 00,0s . 00D 0D
T2 o2 g Tet,() T o2 gz et ) T 2T |

(B.20)

with 5(t) and 7, ) given in Eqs. (6.48) and (6.49) respectively.

B.1.4 Stochastic Terms

Here we show some details for the results given in Sec. 6.4.1 for the stochastic
terms. First we write the stochastic stress tensor 77 as a sum of first- and second-

order terms
7 (0) = Q@) (74 (@) + 705, (@)) (B.21)
where, in order to cancel the UV terms coming from the SPT loop expansion the

time dependence must be

2 ~6”(1)a and 7”(2)(@) =

() = 2 o)
(B.22)
where %;j(l) and %:f@) are time independent. We suppress spatial dependence of all
fields in this section to remove clutter.
Being careful to keep track of the time dependence D(a)™ and the EAS Green’s

functions (which are simply numerical factors coming from the linear equations and
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the time dependence D(a)", see App. B.1.1), we have

2 v 4f i
00) = =005y (@) msl(a) = 2007l (@)

i —2f .
T (a) = =€ 0,07 () (B.23)
; f 4@8-8 g 2 (0:0;0k ..
7Te,(l)(a) T TuH |7 8]2 kTe],](Cn(a) 5 8]2 kTeJ,](Cn(a) - 8j7-e,](1)(a) :

The second-order expressions are

1 i 1 -
20) = 52 00 + 7000 [4Mp1a (000 @000
L 0 0 2 j
305 (%W (@02 (@) ) + Sy (@) (@) |
) (a) = —3apH f6(a) , (B.24)

. 9
Tye2)(a) = 7aHf€”k3jaz [2M§1G_2 (0,2 ()0, @M (a) + 0,2 (a) 0,2 (a))

+ (W?n(a)ﬁi,(l)(a) + Wf,a)(a)ﬁén(a)) + Tekfl(z)(a)] :

=

Some extra terms that we need to plug in to the above are given in Eq. (B.18) and

30 0,00k .
-5 = it (a) (B.25)

: . (1) ~(2) =i i .
We then factorize the time dependence by defining 7g ., 7g_, TV (1) and Ty (2) I

the same way as 7" (1) and 7! (2) In Eq. (6.45), which leads to the linear solutions

2

kNL

ﬁgl) 887’” , and 7?%}767(1):

= Th > e"ﬂfajaﬁjél) , (B.26)
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along with 0" and 7?2’(1) given in Eq. (6.50). The second order are 7?5922 =302 and

o = 7 =€ 2z et g g e Tiew| (B-27)

L iy [0 (00000 o i
€jkajal{ ( 52 Te) T amTl(l))

0" [ 0Oy o
+— ( e Ty — On, (1))]

with 6 and 7?27(2) given in Egs. (6.51) and (6.52) respectively.

[aka ODn0n ., 00 OuOOn | i

B.1.5 Stochastic Flow Terms

Here we derive the expression given in Eq. (6.55) for the stochastic counterterms.
The only subtlety is in the way that the flow term enters, and here we sharpen and

clarify the expressions in [129, 131]. Let us start with two stochastic fields €% (Z, a)

z]k’l(

and ef" (7, a) and write the general non-local in time expression

73 (#,a) = / - ("q(a a)e (Fa(7, 0, 0'), a') (B.28)

a/

o ) 0k0,0(Za(7, a, d'), a’))

+rs(a,a’)es"™ (Za(Z, a,d’), a 52

for some non-local kernels k; and k3. Next, we expand this expression up to second

order to get

0 [ (st [ )+ 2o 5. (1 5 )

7 N ) a 85(1) f? a/
+/€1(a,a')61{(2)($,a/) +/‘€3(aaa)63j?l)(x a) == 82( ) '

(B.29)
This expression for 79 (Z, a) is a Galilean scalar as long as both ¥ (Z, a) and €™ (Z, a)
are Galilean scalars, which at the order that we work, means
ij (= i = nOk0W(F d) ijkl 000" (Z, ')
e ) () = ke ) () - + et (7.0 )—82 : (B.30)
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for some new field e f'l The first term above is fixed by the assumption that €% is

a Galilean scalar, while the second term is the most general second-order term that
can be included. We assume that ezf; ) contains all of the purely stochastic terms, so
we do not include any of those in the second-order expression. Plugging Eq. (B.30)
into Eq. (B.29), we get

g da’ . 9.0
(T, a) %/ acf (/ﬁ(& a’) {e’ﬁ(l)(f, a)+ %Eﬁ (@, a)} (B.31)
; OO0 (2, a'
+ [ra(a,a)elf)) (7, 0') + kala, @)l (7 )| +> ,

where there is now crucially only one flow term, with 9,6()/9? evaluated at the

external time a. > We finally get the form Eq. (6.55) by setting

P(@) = v “d_a’ﬁ a,a)e (%, d

0 (7) Qm(a)H(a)2ﬁ(a)D(a)2/ o 1(a,a) 1,(1)( ,a') (B.32)
ijkl 7) — k’NLZ ad_CL/D(CL/) o eijkl )
G Qm(a)H(@)zp(a)D(a)Q/ a' D(a) { 1(a, d)ey (T, d) (B.33)

where above, to match Eq. (6.55), we have assumed EdS time dependence. So we

ijkl ijkl

see how the final €™ is made up of contributions from the originally included e;

zyk:l

and the second order piece e, 7y, both integrated over past times. Since they are

both unknown non-linear stochastlc fields, we combine them into the single field
eIt * - As always, these integrals can be formally done to define the final coefficients

used in Sec. 6.4.2.

B.1.6 UV Matching in Real Space

The UV limits of the loops that are renormalized by response terms are

61

Pra(k) = 53072

K2Py (k) / dg Piq) (B.34)

2As a piece of intuition, one could take the quadratic bias 6% and inspect the resulting flow
terms. One sees that there is only one free coefficient for the flow terms. The second flow term
that would naively come from integration over time has a fixed coefficient that cancels the IR limit
of the third order expression of §2. This matches what we find here because one can think of a
stochastic term as arising from the limit of §(Z)? where each 6(Z) is taken to be as short wavelength
as possible.
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}ﬁl(k1>}ﬁl(k2)
1358280 72k2 k2

+k3(—44518k] + T6684k1k; — 44518k;)

B (k1, ko, k) — — 12409KS + 20085k; (kT + k3) (B.35)

+12024(k3 — k3)* (ki + k3) / dq Pi1(¢) + 2 perms. ,

and

—61k2 Py (k
33;)(]‘?1,]52,%) - P11(k2)F2(k1,k52) (Wﬁ/ dq Pll(Q)) + 5 perms. .

(B.36)

An explicit solution for the EFT coefficients that absorbs the UV contributions

above is

61kn2 12409kx1.2
Cc3 = — NL /quH(q) , €4 = ——NL/ qun(Q) s

2 2
6194;77;@ 2 é;igz 2 (B.37)
NL NL
_ O [ _ 2INL [ p
“ 686072 / aPula) 1= "gons / aPula)

with all of the other coefficients zero (they are degenerate for these observables).

The UV limits of the loops that are renormalized by stochastic terms are

9 4 P11(9)2
Pa(h) = J562" / g (B.38)

Fﬁl(kl)

Sgl(kl, ko, k3) — [1060kf — 2337k (k3 + k3) — 217(k3 — k2)*(k3 + k2)

35280722
+ 2k3(TATES + 512K2K2 + 747k:§‘;)] / qu 1;(2‘])2 + 2 cyclic perms. .
(B.39)
and
Bona(, ko, ki) — —ﬁ [k;? R R) 4 (R — 2202+ K2 (B.AO)

k2/€2
e (k§ il +k4)

P, 3
/dq 11q(4Q)
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If we write the final forms of the stochastic counterterms as

CSDtMl K
Piy(k) = —ﬁm,a Tl (B.41)
€ Pk
By (ky, ko, k) = _11—(1)4 (B.42)
npm kNt
o —TRS — 14(k2 — k2)2(k2 + k2) + K2(21k3 — 2K2k2 + 21k2)
“DM.1 7202

+Bpa(kt — ko — ks)(ky — ko + k3) (k1 + ko — k3) (k1 + k2 + k3) + Dy skaks
st —2k7 (k3 — k3)? + (ki 4 (k3 — k35)?) (k3 + k3)

+Coma 12 + CSDtM,E)(k% — k3 — k3)?
R R R
and
Bioo (k1 ko, ki3) = (B.43)

1
T R2 o 6 < D213/[21k2k2k3 + 1321%/122(]‘56 + S 4+ S — (K1k2 + k2ky + 2 perms.)))
Npn FNL

then an explicit solution to the UV matching is

St ~ 9npum fent,* Pri(q)? st 6837npum fent,* Pi1(q)?
19672 @ : 7056072 ¢
St 389 npy fent,* / Pi1(q)? St 293 npum kent! / Pi1(q)?
DM5 = T 1764072 g ~ ‘DMg 2352072 g
(B.44)
and

2 6 3 9 6 3
(222) _ Mpmkne Pri(g) (222) _ 19npykae Pii(q)
‘DM T 7480972 /d TR “DM2 = 940142 d e (B.45)

with other coefficients zero (they are degenerate for these observables).
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B.1.7 Counterterm Expressions in Redshift Space

The response terms are proportional only to powers of the linear field, and spe-

cifically we can write

—

k
F2) = o E il and 00 = [ BTG AR . (B46)
-,

1,42

5(1)

r,ct

where definitions of the tilde fields are given in Eq. (6.88). We group all of the
terms that are only proportional to the stochastic fields in 5§}2(E, Z,a) and terms
that contain one stochastic field and one long-wavelength field (semi-stochastic) in

57(,,22(12, Z,a). The response counterterms enter in

Pk k-2) = 2F7(k; 2)Fr™(=k; 2) P (k) | (B.47)
BZ’flt = 2Py (k1) Pri(ks)F (k;l, )FT(EQ;Q)FTCt( /{;1, Eg;é) + 2 perms. ,
Bg’Q(IH)’Ct = 2Py (k1) Pii(ko)F) Ct(kl, )Ff(%z, 2)Fy (—kl, —/;2; Z)+ 5 perms. ,

(we have suppressed the argument (ki ko, ks, ky -2, ks Z) of the bispectra terms to

remove clutter) so that the combinations

~

Ply(k, k- 2) + Pt (k,k - 2)
By (kyy ko, kg, by - 2, kg - 2) + Byt (ky, ko ks, ey - 2, ks - 2) (B.48)
Bt (ky, kg kg, oy - 2,k - 2) + Bty ey Kegy kg, ey - 2, kg - 2)

are renormalized. Furthermore, for the stochastic fields, we define

(000 (k, )00 (K, 2)) = (2m)°0p (k + k') Poy (k. k- 2) (B.49)
(00 (1, 2)0 (Fa, )01 (3, 2)) = (2m)°0p (ky + ka + Fis) Bysy (k, ko, s, iy - 2,z - 2),
(B By, 0 (B, 2 (s, 2) + 5 perms. =

= (27’(’)35D(E1 + EQ + Eg)B:Q(l) (k‘l, k)g, k)g, k’l Z ]{?2 Z)

so that the combinations

Pyy(k k- 2) + Py (k- 2)
Bioy (kv ko, ks, ki - 2, ks - 2) + Bl (k, ko, kg o - 2,k - 2) (B.50)

~

B;Q(l])(kla k?a k37 ]%1 . 27 ]%2 2) + 3321 (klv k?a k-?)a kl 7k2 . 2) )

are renormalized.
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The basis elements e/ used to define Fy** in Eq. (6.101) are related to the
functions that we use for biased tracers in App. B.4.2 by

1 8 19 16 1

m_ 1K e 19k, o _ Lok B.51

=94 Tge% T Go3® T g3 33 (B.51)
2 K2 KQ 7 KQ 2 KQ 8 K2

Fy 10 K2 4 K2 ﬁ Ko

=931 T3t Tagpan s

1 9 9 1 9

Fg K2

“ 332+2313 2314+33 +96
2 A Tt 2 g

B 2 e 16 e

€a” = 33% @14,
efr = el for n=5,...,11.

As discussed in more detail in Sec. 6.5.4, we note that the new non-locally-contributing
counterterm comes from the function e£?, and so enters the expression for el? and
652 above. This means that in the basis that we have chosen, c3 and c¢5 contribute
the non-locally-contributing counterterm.

Next, we give the UV matching. The values for the dark-matter parameters cs,

¢4, ¢5, and ¢7 are given in Eq. (B.37), and the rest are

. 46 + 35 f ) knr.? . 11+ 15f)kny?
CDMI ( 21071'2) - /quH(q) ) CDMQ ( ) al /dqpll(q> ’

15072
63\/13 %ﬁ:j/ dq Pri(q) , Cgfvu %/ dq Pii(q)
CDus = _QE%I;T;/ dq Pii(q) ,  cDug = (4626;5;27;7?{)]{;1\11“2 / dq Py (q) ,
M7 = _%k:;/ dg Pri(q) - (B.52)

B.2 Bispectrum Loop Integrals in Redshift Space

In this appendix, we give some information on how to evaluate the one-loop
bispectrum integrals in redshift space in Eq. (6.123). The most straightforward way
to evaluate the one-loop bispectrum integrals is by choosing a coordinate system

and integrating numerically. Because of rotation invariance, a generic bispectrum
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one-loop term B is given by

B(k17k27k37ul>ﬂ2) = [K(klak27k37ul>ﬂ27qa ]%1 : qAa ];'2 : qAacj : 2) ) (B53)

q

where we have used momentum conservation ks = —k; — ko, and as always p; = k;- 2.

One choice of coordinate system is
El =k (0,0, 1) R
E22k2 (07 1_y27y> )
7=q (coS(ﬁ)vl — 22, sin(f)V1 — 22, x) 7 (B.54)

¢ = (costoy/1 = i sin(o)y/1 = st )

(k?% - k% - k%)/(lekQ)a T € [_171]7 M1 € [_171]7 ¢ < [07271-)7 and

B € [0,2m). In this coordinate system the measure is simply

é:/éqﬂzz /11 dx/o%dﬁ. (B.55)

Next we move to a tensor reduction method that is better suited for analytic

where y

integration. For this, we write a generic bispectrum one-loop term B as
B(kb k27 k37 Hi, MQ) = Z fa(kla k27 k37 M1, :U’Q) /’CQ<Q7 |El +q_17 |E2 _q_17 (jZAj) ) (B56)
a q

where the functions f, do not depend on the loop momentum ¢ and the kernels
K. depend on the scalar combinations ¢, |k, + l, |k2 — ] because of momentum
conservation, and on the projection along Z of the integrated momentum, ¢ - Z. For
reasons that we will comment on later, we choose to parameterize ky - q and kg - q
by |k1 4+ q and |ky — q] respectively. The specific form in Eq. (B.56) is possible
because the dependence on p; and o is polynomial, and we choose to include any
k; dependence that does not come through |ky + ] or |k» — ] in the functions f, to
reduce the number of terms in the sum. Note that both f, and K, can depend on
the linear power spectrum P;;. If there were no dependence on ¢ - Z, the integrals
over K, could be done using analytic techniques, see for example [282, 206|. Luckily,
the dependence on §- Z is very simple: the K, are polynomials in ¢- 2 (which simply

comes from the redshift space expression Eq. (6.113)), of order up to six for Baos,
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up to four for Bi,,, and up to two for B, and Byj;. Thus, each K, can be written

as
Ka(g, [Fr+ @l 1k = @G- 2) = Y Tam(a, k1 + 3, ks —q)(G-2)",  (BST)

where the sum over n is over a finite number of terms as stated above.
We would now like to write Eq. (B.57) in such a way that allows us to express
the integral over ¢ as a sum over integrals of functions of (g, |k1 + ql, |k2 — q]), which

is a form conducive to analytic integration. To do that, we first define

B k) = [TowalFo df - -an, B9
g
and from Eq. (B.57), we are interested in computing g ] ZAl“'i”(lgf'l, ks). Now,

because of rotation invariance, the function /' “ (k:l, kg) can be generally written

as
N7L

Lt (R k) =) cayalbn, ko ko - ka) T, (ks b, 83) (B.59)

a=1
where the functions ¢, ()~ depend on scalar products of El and EQ, and the functions
T 51('7‘1‘;”@ are all of the N,, symmetric tensors with indices #; . . .7, made up of products
of /2;1, 1%2, and 6;;. To see how this has helped us, we go back to the expression that

we are interested in, which now becomes

éil R Z%n]é}(n;n (];:1, EQ) = Z Ca,(n) a(kla k’Q, ]{?1 ]{32) ([,61, Mg) s <B60>

«

where we have defined to () o(pt1, p2) = 2. ””Tgl(nlna(kl,kg,%) This is now
exactly the form that we wanted: all of the loop integrals are contained in the
Ca,(n),a functions, which is over functions of (g, |l¥1 + q, ]122 —q)), and all of the 2
dependence has been transferred to the external momenta in the ¢, ¢, o functions.
Let us now determine the c, ) functions exphc1tly To do that we contract

Eq. (B.59) with the N,, symmetric tensors " o )B’ giving

[%,(n) (Qa ‘El + ﬂa |E2 ﬁl) T;l(nln (klv k27 51]) e qun (B61)
q
Nn . . . .
= campalkn, by, by - o) T (ke ko, 63 Tl (e, s, 35)
a=1
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which is a system of N,, equations that can be used to solve for the N, functions

Ca,(n),a; ON the left-hand side, using

~

’ (|El—i—cﬂ2—kf—q2) and §-ko
1

(B +¢ -1k - ) . (B62)
2q 2

we have our desired form of loop integrals over ¢ of functions of (g, |k1 + ql, |k2 — q1),
while on the right-hand side, we have the ¢, ), functions multiplied by scalar

products between ki and ky. In particular, defining the matrix

M0 (k- k) = T (ky, ko, 0i3) Tk (i, e, 035) (B.63)
we have
Ca,(n),a (K1, K2, ky - ko) = (B.64)
Np
Z[M;,(ln)]aﬁ(kl - k) /;71-1,(71)((]7 kv + 1, [k2 — q1) T35 (ks 2, 63)@" - ™
=1 q

Thus, this solution for the ¢, (n) functions, plugged into Eq. (B.60), gives our final
result.

The above manipulations can also be presented in a slightly different way. Again,
we are interested in computing the right-hand side of Eq. (B.58) contracted with
zi ... 2 which, using Egs. (B.58) and (B.59), is given by

[ Tai) (@, [Br+1, k2= 1) (G-2)" =D camyalky, ko, ki - k2)ta,my.a(p, p2) - (B.65)
q @
Now, given the solution Eq. (B.64) for the ¢, n),o functions, we can rewrite this as
[ Teta o+ a1~ a2 /T (.- dl i —a)x  (B66)
q

X Z Z k2) TZl Zn (kla k27 51]) o innta,(n),a(,ula ,UQ) ;

a=1 =1

which implies that, under the integrals that we are interested in, we can simply

replace

(q-2)" — Z Z[Mc;(ln)]aﬁ(lzh k) Tél(n§"ﬁ(/f1, k2, 00)@™ -+ 4" o (ny.a (1, p2) » (B.6T)
a=1 4
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which again, using Eq. (B.62), is in the form that we want.

At this point, a number of comments are in order. First, the above form of the
loop integrals is well suited for situations where integrals over functions of (g, \Igl +
ql,|k2 — ) can be done analytically, see for example [282, 206]. If this is not the
case, one can simply use an explicit coordinate system to perform the integrals, as
described above. Second, it turns out that for the bispectrum, it can be quite slow
to invert the matrix M;‘fn) for values of n greater than four (which is relevant in
particular for the By diagram).

Thus, in practice, it is sometimes easier to use the following more straightforward
way to arrive at the above result, again with an eye towards analytic integration.
We start with the form of the loop in Eq. (B.56), and using the above definitions,

we recall that we need to evaluate terms of the form
[ Totoy (a5 1B+ 01, 1o — 1) (G- 2)" (B.68)
q

so we would like to find a replacement for (G- 2)" in terms of ¢, |k1 + ql, and |ks — .
For this, we can simply use the coordinate system Eq. (B.54). Without loss of
generality we can take the first component of Z to be positive, and use o = ko - 2

to get

z =

2 2,2 2 1 _
\/ B — My — Y=+ 2papey + 1 o — iy (B.69)

1_y2 7\/1_7y27:u1

To see why the sign of the first component of Z does not matter, consider Eq. (B.68)
and send Z; — —2Z1, where the subscript ; denotes the first component. This can be
compensated by sending ¢; — —¢;, and since none of g, |E1 +ql, or ]IZQ — ¢] depend
on ¢ for the parameterization Eq. (B.54), the integral is invariant. Dotting this
with ¢ from Eq. (B.54), we get

~

q .

Q>

2 2 2 2 1
_ COS(B) /1 _ .Z'Z\/ 241 25) 13/ +2 a2y + (B?O)
-y

+Sin(ﬁ)v1 — 22 (g — 1Y)

1—y?

+ iz .

Now, we raise this to the n-th power, and plug it into Eq. (B.68). The resulting
expression can be simplified by noting the following. First, ]/Zl + ¢ does not depend
on 3, and ‘Eg — @] only depends on sin(f8). Thus, in terms of 5 dependence, the
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integral in Eq. (B.68) is equal to a sum over terms of the form

A%wﬁ@mw»mamm (B.71)

for some functions f and integer powers m. This integral is clearly zero when m is
odd, since in that case cos(3)™ is an odd function around 8 = 7/2 and sin(3) is an
even function around 5 = 7/2, and both are periodic with periods 27. Thus, we
see that when we expand out (- 2)", we can immediately set to zero any terms with
an odd power of cos(f), and any time that we encounter an even power of cos(f3)
we can replace it with cos(8)” = 1 — sin(3)?, so our result only depends on sin(f).
It now remains to express « and sin(3) in terms of the desired (g, |k1+ql, |k2—q)).
This is straightforward using Eq. (B.54), and we find
I L I

= B.72
- =t (B.72)

and ~
—2k2q13y+k'§— |k2—(ﬂ2+q2

2kaqy/1 — 224/1 — 42

Taking into account that only even powers of cos(/3) contribute, and defining

sin(8) =

(B.73)

v=+v1-—2a%sin(f) , (B.74)

this means that we can replace (¢ - 2)" in Eq. (B.68) with (using the multinomial

theorem)

. v n! ()’ ' —1(j+2k)
@2 2 T e el (=)
i4jtak=n NS (B.75)

< (1= a2 = 1) (=1 — 4 — v + 2prpiay +1)]"

which, using Eqs. (B.72) and (B.73), again puts the loop integral in Eq. (B.68) in
the desired form (notice that since Eq. (B.75) depends on sin(/3) only through v, the
possible non-analytic dependence v/1 — 22 cancels and does not appear in the final
answer). One can check that the right-hand sides of the expressions in Egs. (B.67)
and (B.75) are equal.
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B.3 Details for Biased Tracers to Fourth Order

In this appendix, we give the explicit calculation to obtain Eq. (6.130). We do
this in three steps. First, we expand the bias expansion in terms of all operat-
ors allowed by the equivalence principle. This gives the list of operators that we
schematically wrote in Eq. (6.126). Next we do the explicit Taylor expansion of
the operators evaluated at 7y around 7, and define the explicit Cg)z that are in
Eq. (6.127). In a last step we put them together, and remove degeneracies, to ob-
tain Eq. (6.130). In this whole appendix, we focus on the fourth order calculation
and refer to [129, 131, 132| for the calculation up to third order. The dark-matter
kernels, in real space and redshift space, can be obtained from the expressions in

this appendix by setting by = by = b3 =by =1 and bs,...,b15 = 0.

B.3.1 Bias Expansion

As mentioned in Sec. 6.6.2, the tracer overdensity can only depend on second
derivatives of the gravitational potential, and first derivatives of the velocity field
(and higher spatial derivatives of these). To look at all possible operators, we define
the building blocks

2 1 ,
= W&@fb s and pij = —fa—H@v] s (B?G)

/rij

so that 6“r;; = 6 and 6Yp;; = 6, with = —9;v"/(faH). ® For notational conveni-

ence, we further define

2 2 3
7 =TT D = TiDij P° = DpijPij Y= TyTar (B.77)

2 2 3 4
rp = TyTiaPu TP = TPl P = DPijPqPil =TTk ki -

We can now write down the full expansion for the tracer overdensity up to fourth

order, which we only schematically gave in Eq. (6.126). To determine the operators,

3Notice that p;; is symmetric for a velocity with vanishing vorticity. For the biases that we
discuss in this section, this is true.
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we write down all contractions of r;; and p;; up to fourth order, and obtain

Sn(Z,t) = /t dt' H(t') [es(t, t')0(Za, t')+ca(t, t')0(Ta, 1) (B.78)
T, t')+coo(t, t)00(Za, ') +coo (2, )0 (Ta, t')
e (t, )rp(Ta, ) +cpe (t, 1) p* (T, )

1020(Zn, ') +cs92 (t, )60 (g, t') +Fcgs (¢, )03 (Za, ')
+Cpzp (b, )P (T, ) A-Crpe (8, ) D (Ta, )+ (¢, ) (T, t)
T, t') +Crps(t, )rpd (Ta, ') +cp2s(t, t)p?S (Ta, )
T, t) Crpp(t, )rp0(Ta, ') +cp20(t, ) p?0(Ta, )
dega (b, )6 (T, t') Fespn (t, 1) 013 (Tg, 1) +cgope (t, 1) 671 (Fg, )
gy (tt) (%) (Ta, )+ (8, ) (Fa, 1) |

fﬂ :"Eﬂ (f’tzt/) )

Since we only go up to fourth order in perturbations, terms that explicitly start at
fourth order above are evaluated on the linear fields, and for those terms we have
used ) = ).

B.3.2 Expansion in Fluid Element

The operators in Eq. (B.78) are all evaluated at Zy, where &y is given implicitly
in Eq. (10.35). In this section, we Taylor expand all the fields evaluated at Zy

around #. Going up to products of four fields, for a generic operator O we have
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(following [129])

O(Zy(Z,t,1),t) = O, 1) + ,;0(z, 1) /t ' a‘(iz) V(T 1) (B.79)
%@-ajow, ¢) /t ' aﬁi) G (F 1) /t ' aC(ZZ) VI (7, 1)
+O.0(E, ) /t ' % 0,0 (7, 1)) /t ' % I (E )
+éaiajak0(f, t') /t ' % V(T ) /t ' % 01 (Z,ts) /t ' % oM (E ts)
+%6i(9(:i*‘, t') /t ' % 9,000 (T, 1) /t ' GC(ZZ) (T, 1) /t ! ac(lZ) oF (T, t3)
+0,0(7,1) /t ' % 0,0 (7, 1) /t ! Jfﬁ; O (7, 12) /t § aczi) oH(F, 1)
+0,0,0(2, ) /t ' a‘é’:) V(7 1) /t ' a‘(l:) O (7, 1) /t ’ &‘Zz) (1)
We now perturbatively expand and rewrite the velocity in terms of the divergence
only
vy (7,1) = —“(tg('i, ;tl) l;((’“;)): %em (#.1) . (B.80)

With the EdS approximation as done above (and potentially also without it [135]),
it is always possible to solve the time integrals in Eq. (B.79) analytically, since all

integrals can be reduced to

/tt’ i D(tll))l?t()t;)"‘l _ % [D(t’)” - 1} | _—
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This then gives the expression for a Taylor expanded operator at fourth order in

perturbations
D(t')* 9,0 [1 D) 1D(t)*

@ (2 (Z. 1.4 ) = OD o0 - -
OW(@(F.1.1).¢) = OV 50 + 0,00 {3 02 s
Lo OO 9:0® [1D(')>  1D(t') 900 8.0 [D(')* D)

YT [2D@)? 2Dt Y "¢ | D®)® D)
0000200002 [1DW) 1DW)? 1D()* 1D

o 02 92 |2D() 2D(@)? 2D@t)? 2 D(t)*
000000 00 [LDW? D) 1D(t)!

i 2 2 |[2D()? DEP ' 2D@)*
50000 9,09 T1DE) 1DE)?  1D()!

Z 2 92 |[3D() 2D{)? ' 6D(t)
Lo ow000® 0,0 TID()  1D()*  1D(t)"

: 2 92 |6D(t) 2D()3 ' 3D()

8:0,00 9,60 [1 D)2  D{')® 1D()

O J - _ -

I S P ]

L.0,9.00 000 000 900 [1D() 1D 1D 1D()"
" #2 92 9 |6D{t) 2D({)?  2D({#)? 6 D)
Lo O(l)aiajakml) 9,0 8V 1 D) 1D()* 1DE)* 1D()*
! 02 02 92 |6D(t) 2Dt 2D#)3 6 D(t)!
v O(l)aiaﬂ(l) oM W D) 1D)*  1DE)* 1 D(t')4]
' BE 9”2 92 |6D(t) 2D(t)?  2D(t)3 6 D(t)
N 8»8'(’)(1)&'9(1) 3j3k9(1) 0,0 lD(t/) B §D(t’)2 . §D(t’)3 1 D(#)*
o 02 092 92 [2D() 2D@®)? 2D(@)3 2D@)*]’

where all fields O™ and ™ are evaluated at (Z,t), and we refer the reader to
[131, 132] for expressions up to third order.

From the above expansion, we can now define the Cp ; operators that appear in
Eq. (6.127) and later in Eq. (6.130). Note that for an operator O,, that starts at
order m, such as a product operator of m fields, O =0 for n < m. Finally, for
an operator O,, starting at order m, we collect the terms that multiply the same

power of D(t")/D(t), which gives the n-th order terms in the expansion

n—m+1 D(t/) a+m—1 (n)
O (Fa(,t, 1), 1) = Z <D(t)) Co, o(7:1) (B.83)
a=1

which allows us to read off the Cp; from Eq. (B.82). Summing up all the orders

323



324

Chapter B: Appendix: The One-Loop Bispectrum - Theory

gives Eq. (6.127).

After also performing the time integrals and defining coefficients following Eq. (6.128),

we obtain the Taylor expanded and time integrated version of Eq. (B.78) at fourth

order,

0 (z 1) = cmcgf+c5Qc<4>+C53<c§3+c54<c54+c91cg4{+c9 2Cl a4 3CYY
~+cy 4(C9 4—1-052 1@ s 2@62 ates, 3<C52 3+Cs0, 1((359 1Fcso, 2@59 5 (B.84)
+Cs0 3@69 37 Coz, 1((:92 1o, 2C92 o tco2, 3((:92 3 e, 1(C7,2 e, Q(CT2 9
4,2 3C 2 3+crp1(C 1+ch72(C 2—|—ch 3(C 3—|—c 2 1(C +cp2’2(Cp2’2
5230 s 1 Cl 1+053,2(C53’2+093,1(C93’1+ce372C9372+0529,1C((é)971
+Cs520 26529 5T Cs62, 1(:592 1 HCs02, 2@2?2 2, 1C,(§)1+Cr3 QC%) +Cp37l(c(§)1
+Cp8, 2(C 5 2—|—cr pJC 42 pyg(C +cp25 1C(2251

+C7”p2 1@ +Crp2 QC

r2p 1 r2p 2 rp2 1 rp2 2

+Cr26,2(cr25,2 +C7"P571(C7‘p5,1 +C7"p5:2(c7“p5,2 +Cp26,1(cp25,1 +Cp2572(cp25,2+CT29»1CT29,1
4) (4) (4) (4) (4)

+Cr29 2Cr29 2 +Crp9 lcrp971 +Crpc9,2(crp972 +Cp29,1 Cp29,1 +Cp29,2(cp2972

+Cg4 1654 1+C6r3 1C5r3 1+C§2r2,1(cfézn2,1 +C(7~2)2’1CE2)2 1+Cr4,lcfﬁ)’1 )

where all of the cp; functions are evaluated at ¢, and all of the (Cgl’)i functions are
evaluated at (7,t). As mentioned in the main text, the expansion above is not yet
irreducible, for instance Cg)g = %CgQ — —C 521 Therefore by a redefinition of coef-
ficients, we can reduce the number of coefficients needed. A full list of degeneracies

is given in Eq. (B.86) in the next section.

B.3.3 Degeneracies and Local Basis

We find that at fourth order, the number of independent operators is fifteen, and

we choose the basis

4 4 4 4 ~4) 4)
{Cm: 627(:&,:3)7(255,2’(:((52),17652 2 Coz, 37(Cr2 27Cr2 37((:53 1vC53 27((:5"3 2’Cr252’ 54 ne 'r3 1}
(B.85)
We give these fifteen functions explicitly in App. B.3.4. The other operators are

given in terms of these by the following relationships

(C(4) Z(C 5@(4) C(4) 35(C

r21 2 62,1 r3,1
4) 7 ( ) 5 (4) 4) 7 4)
Cr26 1 Z(CzSQ 2 §(C53 10 (Cr2§2 - (Ca3 ,2 C54,1 )

4) _ 735 105 ~(4) 2315 ~(4) 49 ~(4)
C(r"’)?,l (C 71 G 2 ECT%Q Wcé‘u - EC6T3,1 g

_ 45@53 . 105@622 (C S

T 2

551 (B.86)

52,3
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_ 735 (4) 343 (4) 2827 (4)
1= C523 C532 6252"" 1926541 Cr31’

Chi = Ct(;ll) , € 4% = 2C52 - C((é)l ; C = 3(:573 - §(C52,2 + Cfé),l ;

7

0
4) 4) (4) (4) (4)
(Ce,4 = 4(:5,4 2652 3 4C53 2 Ca4 10 Cam = Ca?,1 )

C((;é?z = 3((3((;;)2 C((sé),l ) C&es = Cg)s - 'C§§)2 Cfsi)1 ) Ce? 1 C52 10
Cgé)g = 2C52 2 2((:55?1 ) Cgé 3 39@52 37 5(:53 2 Cr2(52 107@54 1 CW 1
C%)yl - Z(CM - §C§§)1 ) Cr;lo2 - C(4) (CJZ’ 2 Cﬂ 2 'C((si)1 g

nglo)ﬁ - 55C(4) 387@52)3 643@53 2 (Cr5 2 49(Cr252 42();1207@54 1 17@57»3 10
C}(:é),l = %(Cff; - %(Cz(é),l J C(i)e 1= 7C62 2 (C63 10

(C](;é),z = 9(C((5i132 - %C; o T 653 1 C(4 = QCM) - 9Cz(é)3 + 6@5;5,),2 - %C((Sill),l )
Cféé,l = (C((é),l ) Cz(52€ 2 4C53 2 Cé4 10 C((a? 1 (C63 10

C((;él))m - gc((;xz - 2((:553)1 ) Cé§)1 Cd?’ 1 CeB 2 2653 27 3C54 1

ct,, = £ - 1mcl), - 30, + L,

C;()g,z - %Cg)ﬁ 343@53 2 13Cr3 2 C(Zw + %654 1 Cfsi)b‘g ’

CS;)?J - 4_5(:((53 105 (C((é 2 Cr2 2 35@63 10

Cq{i)?g = 147 C;)z 343 (C53 2 11Cr3 2 C(i)m 22%1207(%4 1 C((Sg 10

(Cz(aé),l = QCM - 105@52 2 (Cﬂ 2 38_5(C63,1 )

(Cz()i)z - 441((:5;;)3 343@53 2 Cr3 2 w@fé)w + %654 1 C(r3 10

C;(;é)é,l = 7C52 2 C(53 10 > Cf"p&l = 7C52 2 C63 1

Cg)e,l - 7652 2 5C53 17 Cgie 1= C((é)Q C53 10

4 _ 21 (4) +5 49
Crp6,2 - C52 3 (C53 2 (Crzé 2 + (c54 1 C67"3 10

C;(ag)m = 21@62 3 (C53 2 (Cr?az 51 (C54 1 165512‘) 10
Cq(g),z = 105 (C52 3 (C53,2 %Cr% 2 + 5 (C54 1 (CMS 10
Cii)ez - 63@52 3 Cg)z - l@%z 69@54 1 C((;v%,l )
C;(:é)e,z - 147@52 3 Cé3 2 5Cr252 %ﬂcgﬁl - %(ngJ :

The local-in-time limit is obtained by setting co,, (t,t') = co,, (t)op(t — t')/H(t)
in Eq. (6.128). Using that, along with Eq. (6.127) with ¢ = ¢/, in Eq. (6.129), we

have the local-in-time expansion

h loc ZCO O(n) ) ) (B87)

where (97(,7)(:?, t) is the normal expression for the operator O,, at n-th order in
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perturbations. For n = 4, we find that a basis for all of the O% (%, 1) is Bioc = {05}

where O,, is given by
(%, 2 P, et rp, 6,720, 70, rpé, 6%, r26%, 63,61 . (B.88)
Then, calling B the basis given in Eq. (B.85), we find that
Bie =M - B, (B.89)

where the change of basis matrix M is given by

ofo9g®_2-2 -9 00I 6 0 0 -2 0
ofo0-2 0 0 110 0 0 0O 0 O
00000 0 22 000 -1 0 -5 2°% -2
4 0 47 3 3 343 13 49 2827 17
0030 0 -5 5 —10% =% & —% a0 o
0020 0 - 0 -20% 0 1 0 0 0
4
0000 0 0 B 000 —38 0 —32 20 1
07 9 5 _5 _21 387 1 g T 643 2 49 4627 17
2 2 2 2 8 16 2 4 30 5 40 240 30
M=]11110 0 0 000 O 0 O 0 0 |.(B90)
oooo0o0 ¥ o0 00-20 0 1 0 0
00000 0O O 000 O 0 0 o0 1
7 21 5 4 5 49

ocoooo0o * 2 0o0-%2 -2 0 2 2 |1
ooo0oo0 1 1 1 000 0 0 0O 0 0
00000 O O 0OO0O £ 0 0 =2 0
0ooo0o0o0 0O O 001 1 0 0 0 0
1234-1-% -2 001 5 0 0 -1 0

Since det M # 0, this means that M is invertible and thus the local-in-time basis is

equivalent to the non-local-in-time basis.

B.3.4 Explicit Expressions for Fourth Order Kernels

We here give the final Cp; used in Eq. (6.130) that are linearly independent, as

Fourier space kernels. We use the notation

KNG @0 0 (B.91)

qn
q1y--+s qn
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Dropping the (g1, ¢2, G5, ») dependence on the left-hand sides to avoid clutter, we
explicitly have

Kis,l:(ffl'@ﬂLq?l)@'(%Jr@)Jr% G (3G +2¢2) - (3 + @) Ga (G5, @)
645 (35 + q1) 2
@ (@ + G+ qu) Gz (G, G35 Ga)
3(2 + @3+ @) 2
O R (R GG (B+B)+ G- Baa (G +33))
6g54343

K2 (@ + @) (G+ @) (@GR (6, 6) — 6 - @) G (6, 6@)
265 (G5 + @)

GG+ @) (G + B+ @) Fa(dh,d)

+ (B.92)

_|_

)

+

24343
0B (R G (R +G) + G G (Gt 3))
2459343 ’
;03 :@1'(51+§2+%)F3 TR
4 2
di
+€71-672@-673@1-(§2+<73)+fﬁ-i3q71'(§’1+3%))
2054343
G- @r+@+q@q @r+%)<ﬂﬂﬁ@@+>0ﬂ@@@)
qi @ 2(h+@)?)

3
'K;SA :F4 ((Tlv 6’27 J?n @1) o Z Kjl ((jl? (j2? qg’ Cj‘l) ’

i=1
K62,1:®'(%+@1)G2<%>@1) QB G+ G- G- (G 3)
! (G + 1) 2 33 ’
gote 20 (Ot @+ @) B (6,¢) 2(0-GR-dit @ gh- (@ +6))
4 2 - 2 2 )
qy 434y
K6 3 _2F3 (Q17qQ7Q3)+F2 <QI7q2 F2 ZK 917527@7@1) )

ng :2((73‘(§1+§2))2@1‘(§1+QQ+Q3)FQ (fh,%)
(¢ + &) %4343
200 @) (G- B G+ G- GG (o + 3))
G BEBG
+ @) 2Fy (q1, @2) Fo (G5, 01)
+ @) 2 (G5 + G1) 2
2) (B (0 + @)% (0 + G+ 33)
(¢ + &) %4303
2@ (G +H+3)°F (@0, 0,6) 6 (@ +6) (3B @)°Ga(dh, )
(@1 + @+ @) 243 (¢ + @) %a3q3

Y
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(Bl G+& (% G+ 6 G) (4 @)?

" 4959343 ’
Kf’l :3%;2 @ 7 ng — 3Fy () — 3%2(13 ’
K7 3G+ @) B Gh - (G + @) R (0,%) 30 - Bh- BE - BE - G

(@1 + @) %3q3 41939393 ’
s 2@ @+ 6))*Fs (6.3)
(¢ + @) %q3
++qi 3@1(2(3~i§)22q2%;r(67 $) ) |
- 4149249345
PR A A
419243

The above, combined with Eq. (6.130), defines the final biased tracer kernels K" up
to n = 4. The conversion to redshift space to get KZ’h(JI, G, @3, qs; 2) is then given
by

K" =KMNG, Gy @, @) + [ Ga(@, G, @3, G) (B.93)
(A + G+ q)- 2

+kuf e ¢, ¢, 35) K1 ()
SN FEN AR (0, 8, ) Kt
Q1+ Q2 oo qi- 2 oL L
+ k/if;GE(fh 1) K3 (35, @) + kuf—gK:?(Q% @3, 1)
(¢ + @)? 5
G+G+aq) 242 R
2 G3(q1, G2, G
w (G +@+6:)? 4 JURRD
(A + @) 2¢-2 N T Loy gt 2G4 2 4, -
+ B e Gao(q, ) Ky (@) + =k~ f K5 (g5, qu)
(@ +@)? ¢ ' 2 @ ¢
1 (G + ) 2(G+aq)- 2
2" (@ +@)?* (G +q)? 2@, &) & )
1 (Q1+§2)'2‘j3'2@1'2 . 133351'252'2@3'2 b/
+ kP = Go(Gi, o) + =K1 f K (@
2 (@ +@)? & & (@.%) + ¢ @ & (%)
1 QL -2Q-2Qq3-2Qs- 2
+ =kt f? ,
24 G ¢ @ 4

where 1 = k-2 and k=q + ¢+ d + q, and see [133] for the analogous redshift

space expression up to third order.
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B.4 Details for Biased Tracers in Redshift Space

Renormalization

B.4.1 Counterterm Expressions for Biased Tracers in Red-

shift Space

¢ ¢
For the response counterterms, we define the kernels K7 and K5™ from

k

50 (B, 2) = K7™ (k; 2)60 (k) | 60) (K, 2) = / K5, @ 2)60(q)00 (@)
q1

(B.94)

where the tilde fields are defined analogously to Eq. (6.88), just with » — r h. The

response counterterms enter in

-

Ptk k- 2) = 2K (k; 2) KT (—k; 2) P (k) | (B.95)
BZﬁCtEQP (k]_)P]_]_(kQ)KT (kl; 2 K7 h(Eg‘é)Krth( k;l, k’g, Z) 4+ 2 perms. ,
BTt = 9Py (ky ) Pry (ko) KT (Kys 2) KT (Ko 2) K3 (—ky, ka3 2) + 5 perms.

(we have suppressed the argument (ky, ko, ks, ky-2, ko Z) of the bispectra terms to

remove clutter) so that the combinations

Pl (ko 2) + P (k- 2)
Bz?l}i(klu k27 k37 ]%1 - Z ]%2 : A) + Bz’lhi’d(klu k?u k:’n I;'I : 27 ]%2 : ’2) ) <B96)
B321 I] (klu k27 k37 kl Z k? 73) + Bg’Q}i’(II)ﬁt(kla k27 k37 1%1 : ’27 1%2 * 2) )

are renormalized.

For the stochastic terms, we write the first order solution as 551,26(/{,2,@)
D(a)?6"") (k, 2) and the second order as

k
ED = [ Mg 5y (B.97)
@3
The term that renormalizes Pgéh is
P (ks o+ 2) = (07 (k5 2)8,0 (K, 2))' (B.98)
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(k1, 2)00 1 (Fa 2)0,0) (s, 2)), (B.9Y)

the term that renormalizes By, is
5(1)
5T,h,e

B;Q}ge(klv k27 k37 ffl : é, 1%2 : 2?) = <
and the term that renormalizes Bg’Zhl’(I) is defined in Eqgs. (6.157) and (6.158). In this

way,
r,h S r,h,e 7oA
Pyy'(k, k- 2) + Py (k, k- 2)
(B.100)

2) + B;Qg’e(kh k?; k37 I%l : 737 1%2 . 2) )

7N7]7/7(I)76(kl; k?a k37 ]%1 ) 27 EQ : Z) )

B;’Z};(k‘h k27 k37 1%1 : 27]%2 :
2) +B321

rh,(I) A s
B321 (k17k27k37k1 'ka2'
are renormalized.

B.4.2 Response Terms
The functions that enter K3 in Eq. (6.154) are given by

ki kak?  fks - 2k - 2K
K 1" hahg 3 1 2
= + (1< 2), B.101
61 2kNL2k% QkNLQk% ( ) ( )
Koo kick (KK
Ko = BBk, ko) + ——a (_1 _2)
€5 - o (K1, ko) + i \i2 TR )
€K2 - k% eKQ — _(kl ' k2)2k§ Ko _ _k'l . I{JQ
3 kNLQ ’ 4 kNLQk%k% ) 5 k:NLQ )
_).A_).A_)._) 2_)./\2_)./\_'./\
elie — _ Jks - 2k QZkl ky  f2(ks-2) k;g 2ky - 2 1o,
2kn k3 2kt k3
o J(ks - 2)%ky - kaky - isks - Fy
€= 21.21.21.2 J
knikiks ks
2(1 . N2 L (L. . 2)\2 3L . 3\3 . 3(1h . 3\2
652 _ _f (k3 - 2) k12 52§k1 2) 4 fo(ks - 2) k21 22(2k2 Z) F(1e2),
4kNL kle 4kNL k1k2
2y 22 (B 22 o o FiBol(R- 224 (R 2)°
eé(z:_f<323) (322) Fy(ky, ko) — 1 ko[ (K Zg:‘(z 2)7] ’
2kN1 k3 2kiks
201 . 2\2L. . L. 3/ 2\31. =~
K. Jo(ks - 2)°ky - ko fP(ks- 2)°ky - 2
f = +(1+2),
c10 e 2 K2 e 2 K2 1e2)
201, . 2)2 oo
o S (g gy - Bk (L L
€11 Vot 2 ( o (K1, k) 9 2 +k§ ,
o PRy 2 ((k-2)? | (ke 2)°
€12 = — 5 5 T 3 ,
4knr, k3 k3
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Ky _f2(E3 . 7:')2];;1 . 2];;2 . 2/;;1 . Eg eK2 - f2(]g3 . 2)2

e = , = ——,
13 ent, 2 k2 k2 H 2kn1?

where we have defined Eg = —k;, —ks. The new non-locally-contributing counterterm
enters K™ through the term ef2.

The UV matching for the response terms is given by

02k12\IL (3b1 — 64 (b3 + 15b8))

h
= B.102
“a 12607 ’ (B.102)
o’k
oy = m(s( — 792by — 2926b3 + 1522b, + 462 (6b7 — 95bs)
— 6215bg + 6930by1) — 27335b1) |
21.2
h o RN <
= —— D (1194348b; + 95205b; + 160160b3 — 431040bs — 6529248b
= 475398077 o 2 ? ! ?
+ 77 (147b5 — 5248b7 + 31200bs) — 2217600611> :
i = ﬂ(zos&s%l — 2(17677by — 13552b3 + 5664b, + 7392b7
158466072
— 203280bs + 55088bg + 18480b11))
202 k3
h NL
= —— "L (6083b; + T92by + 1078b3 — 6450b4 — 7700b
5 = ~Tgo7ase (008301 + 7920 4 1078b, . i
+ 16170bs — 35673by — 623700y, ) |
o Ok, (472561 + 32 (36by + 35 (bs + 15bs)))
! 3087072 ’
. 66807%k%,
Cy = ———
° 5659572
— _azkﬁm(?ﬁf + 46) v _ _02]{31%]L(15f + 11)
1 - ) 2 - )
21072 15072
v O KRy, (147 (35b1 +48) f + 9156b; + 2304b; + 2240b; + 3360005 + 9261)
’ 30870m2 f ’
v 0K, (=6b2(245f + 514) + 273b; + 448Dy + 6720bg — 594 — 1785)
4 882072 f ’
v _ Oy, (2394by + 2304b; + 2240b5 + 3360005 — 75)
° 3087072 ’
v Ok (IT15f + 4626)
6 2572572 ’
o’k
70 = ——— 2L (924b; (168 f + 97) + 3234b5(35f — 2) — 2059200
" =~ Grotanzy (V24011681 +97) + 3234b5(35f - 2) ’

+ 19712b3 + 2956800bs + 111078 f + 70809) ,

with all other coefficients set to zero (i.e. they are degenerate for the observables
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that we consider). Above, 0® = [dq Pi1(q). Notice that, as expected, the ¢},
from Eq. (B.52) are related to the ¢V above when the biases are evaluated on the
dark-matter values by = by = b3 = by = 1 and bs, ..., b5 = 0. Using the expression
for F/*" in Eq. (6.100), the expression for K] in Eq. (6.153), the expression for
Fy® in Bq. (6.101), the expression for K3™ in Eq. (6.154), and the basis relation

Eq. (B.51), we find ¢j| . = ¢y, for j =1,2,6, and
o 2 4
€3 ‘DM bias — CDM,3 T gc?’ + _fc5 )
. U‘ . . 7 . + 16 7 .
. = CDM4 3 - 5
4 |DM bias 99f f 99f (B 103)
o 2 4 '
s ‘DM bias  CDM,5 — §C3 - §C5 )

cm" = . +8c+290+16c
7 |DM bias ~ ~“DM,7 99f3 99f5 33]07’

where ¢|py pias means to evaluate ¢ on the dark-matter values for the bias paramet-
ers, which one can indeed confirm is true for the UV matching that we found in
Egs. (B.37), (B.52), and (B.102).

B.4.3 Stochastic Terms

The functions that enter the stochastic counterterm Bjy D€ in Eq. (6.159) are

er’ —ful L, (B.104)
St — ki (k3 (1 —2fpd) + k3) + 2 (K3 — k3) kvpnkops + (k3 — K3) 2
: 2 |
et =0,
k
zslt - f 21/;1 (zflh - 1) + 4f ki pikapro
Akiksy,

g (0 (451 1) + ) +2 (6~ 1) g )

oSt fPlipn (4R R Raps + R (K3 (403 — 1) + K3) + ki + 2 (k3 — k3) kopio)

: W, ’
€St =9 gt:_k%—'—k% gt:_kfﬂL(k%_kg)Q
kL 2k,
St R ost — (ki + 2hops) (k7 — K3 + K3) kapa + 2k kopio)
9 kIQ\IL ) 10 4/{Z%k§m ’
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Gsv_ SR (k7 + &3 — k3) ki + 2 (k3 — k3) kopo)

e 2h2k3, )
st 2fkopn (kypn + kopo)
12— 7 k2 9
NI
St /

el = T (8 — K 1) 2R3 2 (K — 13+ 2) *hapu ks
4k;1k2k3k”NL

(k4 R) ket — 2 (K3 — 3) 27+ (3 — k3) * (K3 + K3) ) k)

All of the above €f* are symmetric when swapping ky and /;3, as expected from
Eq. (6.158). To see it, one must swap ko <> k3 and ps <> 3, and then replace
M3 = —kgfl(kllll + kapt2).

Since, for the stochastic terms, we match terms of order k° and k2, there are
non-zero contributions coming from expanding factors of Py;(|k — ) for small k/q
inside of the loops in Eq. (6.123). Thus, UV matching includes terms proportional to
P{,(q) and P{,(g). We give the full expressions for all terms below, apart from ¢3* and
cgt, which are too long to display here; all full values are given in the accompanying
Mathematica notebook of [2|. For the UV matching, we find

St w27_l (—bl + bg + b5) 2

At = — > , (B.105)
m
(st _ TRy (b1 = by — bs) [(14by — 16b2) 72 — 7(by — by — bs) (297 + 73]
2 4272 ’
CSt _ _’)/2ﬁkl%L (bl — b2 — b5) (-7()1 -+ 7f + 9)
3 2172 ’
S V2nkZy (by(35f 4 54) — 35 (by + bs) f — 2 (19, + 8bs + 23bs + 8bg + 22bg))
L 10572 f ’
=0,
St _wQﬁ (bl — b2 - b5) (13b1 + 34b2 — 47b3 + 42b5 — 110b6 - 82b8 — 63610)
% = 2172 ’
sk 30107 + (656by — 7 (183bg — 124bs + 282bg + 638bg + 105b10)) b
7 __147071'2 1 2 3 5 6 8 10)) 1

— 98203 + 14bs (47bs — 35bs + 44bg + 236bg)
+ 20y (653bg — T84bs + 1052bg + 2228bg + 420b1) >+(9(P1’1(q), Pl (q)) ,

27/{:2
S = Zﬁ—ONg( — 216% + (1689by — 7 (122b; — 51bs + 168bg + 192bs)) by — 118852
T

+2((187hy — 546bs + 348bg + 12bg) by + Ths (13bs + 36bs — 36bg)) )

+O(P/1(q), Py1(q)) ,
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CSt — _VQﬁk]%IL (7b1 - 6b2 - 14b5> (bl — b2 — b5>
" 427'('2 ’

(76? (35 +22) + by (— Tha(35f + 79) — Ths(35f + 103) + 399bs

St — 7277]{71%IL
107 73572

+ 1134bg + 546bs + 735b1 + 224 f + 256)
+ by (287 f + 417) — 7 (73bs — 57bs + 178bg + 122bg + 105b10) f
— 673bs + 553bs — 1618bg — 1142bs — 945b10> ,

St — 72ﬁk1%1L
L 147072

+b <7b2(35 f+123) 4 49b5(5f + 13) — 623bs — 1358bs — 1162bs

<7b§(6 — 35f)

— 735b1o — 469 f — 634)

4 511bsf — 154bs f — by (28005 + 42f + 151) + 1246bs f

+ 854bs f + 105b10(7f 4 9) — 280b2 + 785b3 — 231bs + 1730bg + 145068) ,
St v2nkZp (702 4+ (—109by + 32b3 — 93bs + 32bg + 88bg) by + 70 (by + bs) )

12 — )
21072
St ’y%@k)ﬁm (-97[)1 + bg + 96b3 + 49b5 + 96b6 + 264b8)
C =
9 147072 ’

where ’Y2 = qu P11(CI)27 ’Y% = qu qP11(q) Py (q),
75 = [dqq®Pui(q)Pi(q), and w? = [ dqq* Pi1(¢)?. UV matching for Eq. (6.160) is

4(by — by — bs)30?
05222) — ( 1 72T2 5) n /dq C]2P11(Q)3 ’ (B106)
2(by —by—bs)*7 2k,
U 263;2) PENL 37y —8b)0° —7(by — by —by ) (403 +93+202)) |
022y A(br — by — b5)2(=9 + Tby — Tf) flkny
R 2172 ‘

where 0° = [dq Pn(q)®, 9} = [dqqPu(q)*Pii(q), V5 = [ dqq*Pu(q)Pi(g)*, and
U3 = [ dgq®Pu(q)* Pi(q).
B.4.4 Parameter Matching with PyBird

For reference, we give the conversion between the parameters used here and those

used in PyBird (which we write in the typewriter font). For the counterterm
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parameters, we have

Bcl =c} ,Bc2=cf ,Bc3=c]",Bcd=c}",Bc5=ch, Bcb6=cl, 6 Bc7 =c

Bc8 = ¢! , Bc9 = cf , Bc10 = c5” , Bc1l = ¢}" , Bc12 = c¥ , Bc13 = ¢}*
Bc1d = cI” , ce2 = (2/3)fc;' ,Bel =" ,Be2 ="' | Be3 =c,' , Bed = 5",
Be5 = 2¢}' | Be6 = 2¢' , Be7 = —c;' — ¢’ , Be8 = —c3' — 2¢;" , Be9 = 2},
Be10 = ¢}t , Bell = ¢} , Bel2 = ¢}t |

Bd1 = {**? | Bd2 = {*? — cé222)/6 , and Bd3 = —cé222) : (B.107)

For the bias parameters, we have Bbi = b; for : = 1,...,6,8,...,11, and Bb7 =
b7+ 15b13/2. Other parameters in the PyBird code are derived from the ones above,

and were used in the power-spectrum-only analysis. These are given by

bl =Bbl, b2 =Bb2, b3 =Bb3+ 15BbS, bd =Bb5, cct = —Bcl ,
crl = fBc2 — f?Bc4/2 , cr2 = —f?Bc3/2, ce0 = Bel , cel = Be2 + ce2/2,
c2=(b2+b4)/v2, and c4= (b2 —bd)/V2. (B.108)
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Appendix: The One-Loop

Bispectrum - Constraints

C.1 Binning Formula Details

In this appendix, we want to show that the binning formula for the bispectrum

B(/ﬁ pin (K1, k2, ki3) = (C.1)
2l+1 dg% 3¢3) h
- 2 5 7 - - 7 BT’ 7 ) - ) 7: )
Vr (1:[/‘/ (27r)3> (2m)°0p (@1 + @2 + ¢3)Pu(pi) (T1, @, 35)
is equivalent to
r ! B(Ay)
B lf;) bln(k17 k27 k3) = VT (H /k sz Qz) 87T4q B(i,}zL) (QIv q2, Q3) ) (C2)

We do the calculation here for general [, which is relevant to us for [ = 0, 2.
Given that the bispectrum is a polynomial in u; and ps, and switching to a basis

of Legendre polynomials, we can write

B™"(qy, ¢ Z Bl (a1, G2, 43) Py (111) Py (112) - (C.3)

ni,ng

We can focus on the case of Pj(uy), since the other cases just correspond to a
permutation of p; in Eq. (C.3). Let us then start by writing the delta function as

an integral over plane waves:

: 2+ 1 & e
B(h)bm: (H/ 5 )/dgxe (Q1+q2+q3)7)l(ﬂ1)

x> By (@162, 65) Py (112) Py (12) -

ni,no

(C.4)
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The integral over d2{s, is just
/dqug eiqé.j = 47Tj0(q;3$) . (C5)

And the rest of the exponentials we expand the plane wave
(C.6)

ST _ Z (20 4+ 1), () Py, (41

Putting all of this into Eq. (C.4) we get:

. 2z+ 1 2 d3q; d .
f - Z Z (H 21 + / d ) ﬂqunlth(QI)Q%Qii)

B
(1,1),bin 3 2
ni1,n2 l1,ls =1 Vi (27T) k3 27T

/d jo(qs) <sz qiw) Py, (G - )P, (G )) Pi(gi-2) . (C.7)

it (

Now we can do all the angular integrals, using the formula

. 4
/dzﬂﬁpzl( )P (G2 - ) = 01y 1y o +17711(Q1 g2) ,

to evaluate

[ / g / @4 Py (- )P -
s gy [ @i [ PP )P

= 013,15 Oty o ﬁ /dQQH P (G- 2)Pi(qr - 2) Py (@1

(4m)3 (nQ [ n1>2

“oete @3 1E o o o

2)Pi(Gr - 2)Pny (1 - 2)Pry(G2 - 2)
),Pnl ((jl ' 2>Pn2 (qu ' 2)

. 2)

and additionally we used the integral of three Legendre polynomials in terms of the
Wigner 3-j symbol in the last line. We are now only left with integrals over the
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magnitudes:

r,h _ (2l+1) dqz 2
Biityem = 47— H >3t (C.10)

ni,n2

2
> : : : ne Lon .
X / dm?ynz(qlx)Jm(quo(qm( 0 0 01> Byl (@1,42,43) -
0

Further using the following integral over three spherical Bessel functions:

9, 2 9
B(G1 - Go)Pr, (W—2q3) . (C.11)

2q1q2

dxejn Q1) Jny (q27)Jo(qsx) =
/0 (@10 g22)al ) = 1

where f(A) =1for —1 < A <1, B(A) =1/2 for A = £1, and B(A) = 0 otherwise,
and recognizing that the last Legendre is Pp,(—q1 - G2) = (—1)"2Pn,(¢1 - ¢2), we can
put everything together and we get that Eq. (C.1) reduces to

. 20+ 1
B(h)bm: (H / dqlql> (C.12)

i=1

2
5(@1 : Q2) PN ny I m h
—=P, . BT , ,

S ——— Py (G1 - G2) 0 0 0 g (A1, 42, G3) -

To get our formula Eq. (C.2), it is now sufficient to show that the unbinned

bispectrum satisfies

2
. l 1 r,
B(l’ﬁ)((h; q,q3) = (20+1) Z Prs (1 - < 00 0 ) Bn1h712<Q1’ ¢2,43) - (C.13)

ni,ng

So next, we write the left hand side of the above explicitly, and expand the redshift
space bispectrum, plugging Eq. (C.3) into a generalization of Eqgs. (7.5) and (7.8):

d
By (a1,62,45) = (21+1) Z/ m/ —7’1 12) Poy (11) Py (112) Byl (a1, 62, G3).

ni,ne
(C.14)
This can be calculated in a coordinate system in which we fix ¢;, ¢> and integrate

over d?2:

d?z A .
B (g1 a2, a0) = (21 +1) Y / P )P, (@1 VPl B (01,02, 05).

ni,n2

(C.15)
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Next, we use that the product of two Legendre polynomials is

ni-+1 2
ny | L
Pildr )P (61 2) = > <2L+1><01 . 0) Prldr - 2) (C.16)
L=|n1-1|

and plug Eq. (C.16) into Eq. (C.15) to get

ni+1 2
r ny [ L
o) - @+ Y 3 ey ()

ni,n2 L=|ny—I|

d?z
X/4_PL<QI )Py (G2 - 2)Bi (41,62, ¢3)

2
ng | L N AN o

ni,n2

(C.17)

as desired.

For completeness we also calculate the volume
Vi = H/ ) enPo @+ i+ )
T Z (27)? ¢1+q2+qs
&g, 3., i1 Z i E ids T
= (1:[/1 (27r)3>/d x e Tttt

We then integrate over the plane waves using Eq. (C.5) and the three Bessel functions

using Eq. (C.11) to get
Vp = (H/ ¢ q ) —q2) . (C.18)

C.2 Additional Parameter Posteriors

In Fig. C.1, we show the full triangle plots obtained fitting BOSS 4 skies P, +
By + By. In Tab. C.1, we show the 68%-credible intervals of by, ¢5, and ¢4 obtained

on this same fit.
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Figure C.1: Full triangle plots from the analysis of BOSS power spectrum multipoles P,
at one loop, bispectrum monopole By at tree level or one loop, and bispectrum quadrupole

By at tree level.
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mean +o by c2 C4
Py 2.12+0.18 | 0.9575% 0.2+1.7
CMASS NGC P, + By 2.234+0.13 | 1.27+£0.26 | —0.29755°
Py +Bo+ By | 2194013 | 1187322 | —0.257525
Py 2.13+£0.18 | 1.017055 0.2+1.7
CMASS SGC P, + By 2.27+0.13 | 1.23+0.26 | —0.327528
Py+Bo+ By | 222+0.14 | 1147323 | —0.27+0.60
P, 1.93+£0.16 | 0.987537 02+1.7
LOWZ NGC P, + By 2.04£0.12 | 1.23752) | —0.26£0.64
Py+Bo+ B | 200+0.12 | 1.14%330 | —0.2775-80
Py 1.93+0.15 | 1047032 0.2+1.7
LOWZ SGC P, + By 2.05+0.12 | 1.217920 | —0.30£0.65
P+ Bo+ By | 202+0.12 | 1127020 | —0.30758

Table C.1: 68%-credible intervals of by, cs, and ¢4 from the analysis of BOSS power
spectrum multipoles P, at the one-loop, bispectrum monopole By at the one-loop, and

bispectrum quadrupole By at tree-level.
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Bispectrum - Forecast

D.1 Survey Details and Best-Fits

Shown below are the exact parameter values that we use in the analyzes for each
survey. Regarding cosmological parameters, for all surveys, we use the following

best-fit as the reference cosmology ! for the cosmological parameters (noted with a
ref>'

Rt = 0.673, ln(lOIOAS)rEf =3.044, Q' = 0.317, n"' = 0.965, (D.1)
=0.

ref __ ref __ ref loc.,ref _ req.,ref _ porth. ref
Ot =0, Wi =0.022, Y mif =016V, frr = £ = £
)

Furthermore, in Tab. D.1 we give the EF'T parameter best-fit that we use, coming
from Ch. 7. Note, this is what we denote as bposs (bl - Bc14) and épogs (Bd1l -
Be12) in Sec. 8.3.3. Furthermore, we use the notation as in PyBird [169]. For a
conversion to the notation of Ch. 7, see App. B.4.4. The best-fit values of the 41
EFT parameters are given in Tab. D.1.

Next, we show the survey specifications that were used in each survey. With the
methods from Sec. 8.3, this builds the basis for the numerical values that we use in

the forecasts.

BOSS For the BOSS survey, we use the survey specifications as presented in |9,
189, 283, 284|. We display them in the same way they enter our formulas in Tab. D.2.

LAll cosmological parameters with the exception of fy; and >, my, are fixed to Planck pre-
ferred values [24].
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Parameter Value

Parameter Value

Parameter Value

Parameter Value

b1l 1.94 |c2 1.14  |v3 —0.37 |c4 —0.29
b4 0.13 |b6 —0.35 |b7 0.22 |b8 —0.30
b9 0.015 |b10 0.043 |b11 0.036 |Bcl 5.46
Bc2 —1.54|Bc3 1.31 Bc4d —0.48 |Bch 0.11
Bc6 0.87 |Bc7 —0.46 |Bc8 0.44 Bc9 —0.42
Bc10 —0.65|Bc11 —0.088 |Bc12 —0.37 |Bc13 —0.16
Bc14 —0.20|Bd1 5.4 Bd2 —0.72 |Bd3 —0.43
ce2 0.55 |Bel 1.69 Be2 0.91 Be3 0.074
Be4 —0.14|Beb 6.07 Be6 —0.093 | Be7 —0.97
Be8 0.26 |Be9 0.26  |Bel0 —0.15 |Bell 0.43
Bel2 —0.43
Table D.1: Best-fit EFT parameters.
z N, V[(Mpch™1)3] | ny[(h Mpc_l)?’] by

0.05 | 7370 2.55 x 107 2.9 x 10~* 1.48

0.15 | 47560 1.64 x 108 2.9 x 1074 1.56

0.25 | 120600 | 4.02 x 108 3.0 x 1074 1.65

0.35 | 214016 | 7.04 x 108 3.0 x 1074 1.73

0.45 | 287040 | 1.04 x 10° 2.8 x 1074 1.83

0.55 | 445740 1.38 x 10? 3.2 x 107 1.92

0.65 | 206400 1.72 x 10° 1.2 x 1074 2.02

0.75 | 20400 2.04 x 10° 1.0 x 107 2.12

Table D.2: Survey details for each redshift bin for BOSS. We show the number of mapped
galaxies Ny, the volume of the redshift bin V' as well as the number density n;, and the

linear bias b;.

DESI As mentioned in the main text, for DESI we focus on the largest sample
which is the set of Emission Line Galaxies. The numerical values we use are calcu-
lated from table 2.3 in [222]. We present the specifications in Tab. D.3.

MegaMapper Finally, for MegaMapper, the specifications are still to be finalized
given the early stage of the experiment compared to BOSS or DESI. We take the
numerical values from [237, 223|, where as mentioned in the main text there is
an “idealized”, and a “fiducial” scenario. The specifications for the optimistic (or
“idealized") scenario are in Tab. D.4. They are based on Tab. 1 of [237]|. For the

“fiducial" or what we call “pessimistic" scenario, we refer to table 2 in [237].
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z N, V[(Mpch™1)3] | ny[(h Mpc_1)3] by
0.65 | 432600 2.63 x 10° 1.64 x 107* | 1.18
0.75 | 3.18 x 10° |  3.15 x 10° 1.01 x 1073 | 1.23
0.85 | 2.70 x 10° |  3.65 x 10° 738 x 107* | 1.29
0.95 | 2.93 x 106 4.1 x 10° 715 x 107* | 1.35
1.05 | 2.02 x 108 |  4.52 x 10° 4.46 x 107* | 1.41
1.15 | 1.89 x 10% |  4.89 x 10° 3.87 x 107* | 1.47
1.25 | 1.87 x 106 5.22 x 10° 3.59 x 1074 | 1.53
1.35 | 732200 5.5 x 10° 1.33x10~* | 1.59
145 | 652400 5.75 x 10° 1.13x 107* | 1.65
1.55 | 460600 5.97 x 10° 771 x 107° | 1.72
1.65 | 176400 6.15 x 10° 2.87 x 107° | 1.78

Table D.3: Survey details for each redshift bin for DESI. We show the number of mapped

galaxies Ny, the volume of the redshift bin V' as well as the number density n;, and the

linear bias b;.

z N, V[(Mpch™1)3] | ny[(h Mpc_1)3] by
2 | 6.75x 107 | 2.70 x 10'° 2.5 x 1073 2.5
2.5 13.32x 107 | 2.76 x 100 1.2 x 1073 3.3
3 | 1.63x107 | 2.72x 10 6 x 1074 4.1
3.5 | 7.88 x 10 | 2.63 x 100 3x 1074 4.9
4 | 3.76 x 10° | 2.51 x 10%° 1.5 x 1074 5.8
451190 x 106 | 2.38 x 1010 8 x 107° 6.6
5 901730 2.25 x 1010 4 x107° 7.4

Table D.4: Survey details for each redshift bin for MegaMapper (optimistic). We show
the number of mapped galaxies Ny, the volume of the redshift bin V' as well as the number

density n; and the linear bias b;.

D.2 Further Analyses

Two further analyses, which to us do not carry the same significance as those
presented in the main sections, are presented here for completeness. In App. D.2.1
we present results for the “pessimistic" scenario for MegaMapper as opposed to the
“optimistic" scenario presented in Sec. 8.5.3. In App. D.2.2 we also present the
impact of the perturbativity prior, as discussed in Sec. 8.6, on base cosmological

parameters.
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D.2.1 MegaMapper “Pessimistic" Results

The survey specifications for the “pessimistic” scenario given in Tab. D.5 are
determined with the methods described in Sec. 8.3.

MM zar | o[ Mpe V1] b | (Roe, Rtk Fovg) [ Mpe ][ ok [ NE™ | NAF

Bin1]|2.1 8.8x1074 2.7 (0.12, 0.31, 2.2) 62 43 | 428
Bin 2 |4.3 8.4x107° 4.0 (0.21, 0.57, 8.2) 114 | 150 |2331

Table D.5: MegaMapper “pessimistic" effective survey specifications, calculated according
to the formulas in Sec. 8.3. nyq is the background galaxy number density entering the
derivatives (not the covariance), Npins is the number of k-bins we consider for the power
spectrum at 1-loop and Na is the number of triangles we consider for the bispectrum at

1-loop.

To avoid redundancy with the discussion of the optimistic scenario, we here
simply focus on base results for the pessimistic MegaMapper scenario. The dis-
cussion on fixing biases, shot noise and the inclusion of the perturbativity prior is
comparable to the optimistic case. The only difference are the absolute values, while
the relative gains are similar. We present results in Fig. D.1, where we present the
same base parameters as in the main section. Comparing to the figure and tables in
Fig. 8.7 for almost all parameters we see only a 30 —40% difference compared to the
optimistic case. The non-Gaussianity scenarios all differ by roughly 40 — 45%, inde-
pendent on whether we use the tree-level bispectrum, the loop, or the perturbativity

prior.

D.2.2 Perturbativity Prior Effect on Base Cosmological Para-

meters

We discuss here the effect of the perturbativity prior, also in combination with
the galaxy formation prior, on base cosmological parameters. Results for all surveys
are shown in Fig. D.2. We see that the most notable effect is on In(10°A,), n, and
Q, and a smaller effect on the other parameters. Furthermore, we found almost no

improvement on constraints for neutrino masses.
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Figure D.1: Triangle plots and errors from Fisher forecasts for MegaMapper (pessimistic)
including the spectral tilt and spatial curvature (left) and massive neutrinos (right) and
Non-Gaussianity (bottom). We use all power spectrum and bispectrum multipoles for the
above results, and use the analytical covariance without cross-correlations. In the table
we also report the upper and lower bounds of the 68% confidence interval for the sum of
massive neutrinos, i.e. P [(Ez My, — > ; ml;ff) € (aﬂa*)] = 0.68. For non-Gaussianity,
we also present results with only the inclusion of the tree-level bispectrum and with the

inclusion of a perturbativity prior (p.p) and the “galaxy-formation prior" (g.p.).
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Figure D.2: Triangle plots and errors from Fisher forecasts for BOSS (top left), DESI
(top right), and MegaMapper (bottom left), for base cosmological parameters including
the spectral tilt and spatial curvature. We always include the power spectrum at one
loop order with the addition of either the loop bispectrum or the loop bispectrum with a
perturbativity prior (p.p.) or also in combination with the “galaxy-formation prior" (g.p.).
We use all power spectrum and bispectrum multipoles in each case and use the analytical

covariance without cross-correlations.
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Appendix: Formation Time of

Galaxies

E.1 Degeneracy Equations

As mentioned in the main text, not all of the bias functions Cgﬁua at a given n

are linearly independent in the sense that

n—m-+1

22 A,.0Con alT1) =0, (E1)

for some time-independent coefficients dz@ o fori=1,... N (gn)’ where Ncgn) =
rank[d(™)] is the number of independent degeneracy equations. In particular we find
Nf’) = 122, and in Ch. 6 we found Né4) = 73. Additionally, letting N ) be the
number of Cg?ma functions that result after the procedure described in the main
chapter, we find Ng) = 151 and in Ch. 6 we had N(gl) = 88. ! Finally, using
Nb(”) = N(é”) - N é") to denote the number of basis elements at order n, this means
that Nb(f’) = 29 and NZSA‘) = 15. 2 We confirm all of the fifth-order degeneracy
equations in the associated ancillary file.

Thus, one can solve the degeneracy equations Eq. (E.1) in terms of Nb(n) basis
elements, which we denote generically as Eg-n)(f, t)forj=1,..., le"). Since this is

a basis, all of the original functions can be written in terms of it, so we have

Omﬂ ZAOm,a,] z, ) ) (E2)

for some time-independent coefficients Ao ;- Plugging Eq. (E.2) into Eq. (9.9)

!Details can be found in Apps. B.3.2 and B.3.3.
2For completeness, we also have N(B) =1, N(2) =3, and Nél) = 1 with this method [131].
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then gives
N
6@, 1) = Y eV (OEN(,1) (E-3)
j=1
where egn)(t) => 0. Sopm c@mya(t)A(g;’a’j. The coefficients e;(t) are called bias

parameters, and we have now written the galaxy overdensity in terms of the minimal

number of linearly independent functions.

E.2 Basis of Descendants

Another, perhaps more natural, choice of basis functions is the so-called basis of

(n+1)

descendants [131], where if Cgﬁi,a is used at order n, then Cy, " '\

, is used at order

n + 1. We write the fifth-order expansion in the basis of descendants as

0N (& ) = bi(t)BY (7,1) . (E.4)

As shown below, the first 15 terms in Eq. (E.4) are determined by the fourth-
order terms. That is, for j =1,...,15, the b; in Eq. (E.4) are the same as those in
Eq. (6.130), and the basis functions are given by

B = B}" (E.5)

c®  _e®

Om,o Om,o

where the IB%§-4) are given explicitly in App. B.3.4.  For the new elements derived
here, i.e. 7 = 16,...,29, we have B§5) = Cg’;’a, where the indices O,,, « take the

following values for the given j

j: 16 17 18 19 20 21 22

Om o | 6,5 | 62,472,483 r33 | 26,3 | 64,2
(E.6)

E 23 24 25 26 27 28 29

O, [ 736,27, 2 | 82,1 | 72,1 | r%0,1 | r362,1 | p2,3

We also note that fifth order is the first time that 0;v7 has to be used as a seed
function to form a basis, for example through C](j?g above. This is contrasted with
the case at fourth order where 09;0;® is enough.

Converting between the STL basis and the basis of descendants, we find the

following expression for the non-local-in-time bias parameters and the basis-of-
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descendants bias parameters

bor = by — 4by + 6by — 4by + 90bs — T6bg + by |

bas = bis — by (E.7)

~ 4bg  4bg  10by;  Thog
529——3 3 3 3 + bag .

E.3 Lower-Order Bias Parameters

Here we show how bias parameters at fourth order appear automatically as biases
at fifth order. For notational convenience in this Appendix we will use I' as the
combined index O,,, a, as in (C (Cgf)) o> and I, as the set of the relevant O,,
and « at order n, as defined in the sum in Eq. (9.9). We start with the fifth-order
degeneracy equations. It turns out, as we explicitly check in the ancillary file, that
the full set of degeneracy equations satisfied by (Cl(f)), Eq. (E.1) with n = 5, can be
put in the block form

0= d0cP@n+ Y dc @), E5)

I'el’y F€F5\F4

fori=1,..., Nf), with dgfllz =0forie [th4) +1, Nf)] and Jg? =0 fori € [, N(§4)].
Fori=1,...,N 54), the second term on the right-hand side of Eq. (E.8) vanishes,
so the (C(r5) with I' € T’y satisfy the same equations as the fourth-order functions,

Eq. (E.1) with n = 4. Therefore we can write them in an analogous way to the
n =4 case of Eq. (E.2), that is

N®

Z AV ED (@ (E.9)

for I' € T'y, with

(@)
J

(%)
E;

(E.10)

c®oe®

(4)

forj=1,... 7Nb(4). Said another way, since the ;" are just linear combinations of

some C?), we define IE§-5) for j=1,... ,Nb(4) to be the same expressions as E§4), but
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with C(F4) replaced with C(FE’), ie.

4) /- 4) ~(4) / -
EN(7, ) =Y pipct (),

I'el'y
(E.11)
S 4 -
Egs)(x,t) = Z 6](-;)@%5)(377@ ,
F€F4
for some coefficients ﬁj(-jlp).
Now, the bias expansion at fifth order is
0@ ) =Y er(t)CP(E, 1) - (B.12)

Tels

The sum above can be split into a sum over I' € I'y and a sum over I' € I'5 \ I'y. For

the sum over I'y, we have

N®
> aMC (@) =) S OED (1) (E.13)
I'el’y j=1

where we have used Eq. (E.9) and the definition of 654) (t) below Eq. (E.3). Thus,
the degeneracy equations Eq. (E.8) ensure that it is exactly the fourth-order bias
parameters e§4) (t) that appear in Eq. (E.13). Then, for the sum over I' € I'; \ I'y in
Eq. (E.12), one can solve for the remaining le5) - le4) basis elements using the rest
of the degeneracy equations in Eq. (E.8), and this will introduce the additional bias
parameters that were not present at fourth order. Since this is true for generic bias

(4)
parameters e;

41y ;
b;’(t) in Eq. (E.4).

(1), it is true in particular for the basis of descendants bias parameters
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F.1 Green’s Functions

At linear order, the time dependence is completely captured by the growth factor,
defined as the solution of [128, 135]:

d? D dinH dInC d D
(24 (2 - Z) = F.1
dlnaQ(H)+< +3(1llna dlna)dlna(H) 0, (F.1)

The equation has two solutions, a growing mode

5 (% . _H(a) _
D == C(a)Q, da, F.2
o) =5 [ @) g (F2)
and a decaying mode
H{(a)
D _(a)=——F . F.3
(a) 02 (F.3)
From these, we get the linear growth rates fi = dcll?n[;i, given as
5 a 3
== — =2 F.4
Fo@) = (355 = ) ulacta). (F.40)
and 5
f-(a) = —0u()Cla), (.5)
where o e
_ 0 -3 — 0 —3(l+w
Qn(a) = Qm,oma ) Qp(a) = QD’OH(aV& (tw) (F.6)

are the fractional matter and dark energy densities in terms of their present-day

values ,,0 and €;9. To construct higher order solutions, it is useful to define
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Green’s functions, coming from Egs. (10.28) and (10.30):

5 ~
adGa(a, a)

90 (@G aa) = Ao8(a - ) (£.7)
AT ()68 0) - (600 - Giad) ) = (1= Aoa—a),
(F.8)
where o € {1,2}, \; = 1 and \s = 0. Explicitly they are given by

G (a,d) = awl o (dD d_d(&) D, (a)- 2 J;&) D_(a)) Ola—a) (F.9)
G3(a,d) = % (D+(EL)D_(a) _ D_(EL)D+(a)) Oa—a) (F.10)
a5 — f+(5)/;/ . (dDd&(&) dDJa(a) B dDJ&(a) dDda(a)) o_a). (1
G%(a,a) = % (D+(&) aD da<a) _p @ Ja@ ) O(a—a), (F.12)

where O(a — a) is the Heaviside step function, W (a) is the Wronskian of D, and

D_:
dD d_d(a) D, (@) — d’%&(a)p_(a) , (F.13)

and we impose the boundary conditions

W(a) =

Gl (a,a) =0 and G%a,a) =0 for a>a, (F.14)
G (a,a) = 27 and G%(a,a) = u _NA"). (F.15)
a a
At second order, the resulting time-dependent functions are given by
1 N2 (5
_ J+(@)Di(a)
gf, a :/ Gg a,d)————"da , F.16
W=, eV e@m W (10
1 N2 (7
- f+(a)D+(a) ~
gg :/ Gg' Y ~ d bl F.17
@ =), GV e@nrw 10
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for 0 = 1,2. At third order we have
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(F.18)
(F.19)
(F.20)

(F.21)

The degeneracies pointed out in Eq. (B.86) result from the following identities:

G+ =0G{+G =G
VOV = U U
VO +VE = Ul +ul
V31+V22 = V91+ng

2
Vfl + Vgl + Vf2 + V§2 = %
gQ
Vlel + V291 + Vf2 + V292 = 7
g
Uy =Vey = 5 (61 -3)
g
U=V, = 5 (91 -9%)

where again o € {1,2}. One can derive these relations using Egs. (F.16) -

and the fact that

S/~ S~ 00 i (’ad:D’L(a) a“—a
Gl(a7a)+G2(a7a> - Gl( ) )+G2< ) ) C~LD+(C~L)®( )
W(a) D\, (a)
aW (@) D' (a)

G4 (a,a) — GY(a,a) O(a — a).

(F.22)

(F.21)
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Furthermore, for the derivation of some of the flow terms in App. F.3 it is important

to use the following relations:

V2 (a) + V2 (a) = /O ' C(;) D (a) Gl (a)da, (F.25)
_ [t Di@

g= i mda, (F.26)

O g<a>§é%€ﬁ§ di = % (F.27)

F.2 Bias Operators, Halo Kernels and Degeneracy

of Halo Bias Parameters

In this section we quickly wish to outline how we get from equation Eq. (10.34)
to Eq. (10.42). First, we define the operators that appear in Eq. (10.34). In the
exact same way as in [135], we follow the approach used by [136], generalised to

exact time dependence. Using

we define
Sij (f, a) = DZJ(S(E’, (l) and tij (f, a) = DZJT](ZE", CL), (F29)

where D;; = 75" — %5Z~j. Then we get the contractions
s*(Zn, a) = s45(Ta, a)s" (T, a) ,  s*(Ta,a) = s4;(Ta, a)s" (Tn, a)s/ (Tg,a) , (F.30)

st(Zn, a) = s4j(Tn, a)t” (Ta, a) .

Furthermore, 1 is given by

U(E.0) = 0(F,a) — 5(Z.0) — (G3(a) — G(0)) (( W)~ a)) . (F3D)
so that it only starts at third order.

The € stochastic operators, are uncorrelated with the density field. Their cor-
relation functions will not depend on the initial power spectrum and contain all
terms allowed by rotational invariance in a derivative expansion as in (6.56), that
is (e(k)e(K)) = co + cl% +.... The (...)" notation means that the correlation is

stripped of the momentum-conserving Dirac delta.
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One can show that all operators in Eq. (10.34), including the flow terms, up
to cubic order in the fluctuations, can be expressed as linear combinations of the
following nine momentum kernels (see [135], we can call the ‘exact-time’ basis or the
‘Greek’ basis):

T—1 (F.32)
o, @) =1+ ‘“qf? (F.33)
1
L (@R @

— F.34
ﬁ(Qh QQ) 2q%q§ ( )
MG, G ) = @, @1 + B)as(Th, ), (F.35)
021, G G) = oG @1 + BB, ), (F.36)
BUG, B ) = 28G5, G + @) (G B). (F.37)
BT, @, @) = 26(F, @ + B)B(T1, B) (F.38)
Y G B ) = (G + B ) (T, D), (F.39)
V(G B §s) = (G + G, )BT, 3) (F.40)

The resulting redefinitions of parameters that appear in Eqgs. (10.38) and (10.42)
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are given by

Cog,(Q):g~C571—0527gg—C8271 (F41)
CB,(2) =Cp,,3 TCs2 1

cr2)=G-cs1 +Cs,,g5FCsy g5 TCs21+ %%2,1
Cay (3)= %gZ “Cs1 _g'c5z,g§ —% (C(S,g‘f —c&gg) +C§,Mf —9-652,1 +Csz7gg
-3 (Cst,g? —Cst,gf) eyt = Cpup ey gh+3Cs
Cas,(3)=0 “Coy,G3 —Co,08 T Coug +G-c2 1 —Cp gs—2Cp gs —% (Cst,gg —Cst,gg)
‘f'%,ug —Cypul —|—c¢7gg —Cg3
Co1.3) =Covt, HCs2 gt +3 <Cst,gf —Cst,gf> TCy 00, = Cyv, ~ Cu g
CBy,(3) =Cs,v3, —|—0527g<25 —|—% <Cst,gg —cst,@) +Cw7v202 —Cyv3, —Cy.G3 —F%Css
Cyy,(3) = (Vfl —i—VfQ) Cs,1—Csy5, —Cg2 g —% (Cst,gf _Cst,gf) +C¢7Vf1 —Cy 3, +thgf
Cry,(3) = (Vgl +V§2) C5,1—Cs s, —Cs2 g3 —% (Cst,gg _Cst,g§> +Cw7v§1 —Cy v, +C¢,Q§ — %053
Ca,(3) :_%gz *C51— (Vfl +Vfg) C(S,l“‘Q;yyfﬁ‘Q;yyfj’Q' <2 C(;ngli +3 6527g(25> — %(C(;’gf +3 C(g’g125>
+2G-cs21—2 Cs2,68 —l—%g-csgl —Cg go— %Cszgg —|—§ (Cst,gf —Cst,gf) —Cye2— %%3
co. 3= (Vo1 +V3) o1 +Csv8, FCov8, —GCo,,05 T Cs.08
+2 052,9’3 _g'CSQ,l +032,gf +§CSQ7QS +§ (Cstgg _Cst,g3> +Css2 +%Cs3
CI,(3) :QZ~05,1 -23G <C5279f —1—05293) +C5g5+Cs g —2G-cy2 142 <C52’g(15 —|—C527g<25>
- %g *Cs2.1 +§ (CSQ,Qf —|—Csz,gg> + %CSS + %(2552 +cCs3

where the coefficients that appear here are the symbolic integrals over the time-

dependent functions defined in App. F.1 that come from the expansion Eq. (10.34).
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They read

(F.42)

0
o
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For completeness, we here explicitly write the C; operators that appear in Eq. (10.42):

Y@ =1 (F.43)
(ql,q@ = B(G @)
DG, @) = ald,@) - B(G. @)
Ng,p) = 1
*C (611,6_12,%) = —%al(QLC]z,QS)‘F3042(61176]2,613)
20,88 + (o )
CNG, 3, 3) = (@, @ @) — 2@, G, G5)
TG B @) = —a@sBon®) + BT Bs @) — 31T B @)
TG @) = —aa(@i, G §) + 200(q1, B, G3)

_ﬂQ((jb 6’27 qt;) + 72(671’ JQ? (_z),)

COG, 0 3) = G, @) — B(d@, &)
CG, 0. @) = BG.0)

( ) = 1

( )

= _041(6717@27%) + 2a2(£71a£f27§3)
_52((717527@:3) + ’71((71;(727%)7

where the C; are related to the *C; by

w, [ P Py N R (D) 1)
C," (k,a) = 2n) (27T)3(27T) op(k —q1 — .. — G)"C (G, -y Gu)0g, (@)..0 (a).
(F.44)

F.3 Deriving Flow Terms

We here derive the flow terms coming from the Taylor expansion
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F.3. Deriving Flow Terms

In the bias expansion from [129, 135] we integrate over time integral kernels such

as ¢s(a,a’), which we will be including in the following. We will often us the former

definition v* = —a?H D[fo%@, as well as the star notation from Eq. (F.44).
First, we expand the overdensity and velocity divergence perturbatively. Apart

from 6, the only second-order term is in the first line, which is given by

a d / a d 1 )
_ / “ cila, ) 050(a) / _ iy = (F.46)

, P H(a")
_ / ‘fl—“ es(a, d) ll))i((zl))@é(l)(a) / da” %2—29(1)(@
-/ 0 aa) g*;((z'))a@a“)(a)g—;e(l)(a) [g(@— gi((i/))g(a’)
— |esa(@)G(a) = cs, g5(a) = €5, g5(a)] D160 (a)g—ZG(l)(a)
M s 10 (a) 0,6 (a)%e(l)(a)

Next, we take this same term with ¢ at second order and v at first order. This gives
a da/ a da/// ;
- [ 5 slad) 050@) | s ) - (F.47)

= /a d?%’ cs(a,a’) {Q(a) - gi((zl))g(a’)} @5(2)(@’)%9(”(@ .

In Fourier space this reads

— |G(@)es, g — cagr| (@@ @) — (G, ) (F.48)
+ |9(@)cs 05 — s3] (0*(@, 8. @) — B(d, )
g O
= [esaa) — cs3(a)) [51'5(2)@9(1)];;(@),

Again, from the same term, we can take ¢ at linear and v at second order. We have
a dal a da// ;
—/ o C&(ava/) 81-5(1)(@’) /, m v® (a”) = (F.49)
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Chapter F: Appendix: Quintessence

In terms of Fourier space kernels this reads

_ ¢ dd’ /DJr(a,) //D/( H)D ( ) 55 o o 5
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where the expression for clustering quintessence takes the same form as for wCDM,

and we used Eq. (F.25).
In the second and third lines of Eq. (F.45) we can take all fields at linear order.

We have
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For completeness, the flow terms from 62 and s? read
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F.4. Full Posteriors
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F.4 Full Posteriors

(F.53)

In Fig. F.1, we show the full posteriors for all cosmological and the non-analytically

marginalized bias parameters for the analysis of BOSS data alone of Fig. 10.7.

- clust.
= wCDM, —1<w
= ACDM

Ho

In101°A,

Om

P
PR

@

+
T, L .
16 24

100000 H
®

Jelelslemielelsisle
HO/@/ 1P/ 1008

n,
c} o
\ L b soo
o wn b8 N oownw 58 ouww 558 &8 2 R ES 8885 B Y 8
P e e ma — T T T[T T — T
s ‘ L) ‘ N [ P a8
gg.@a®<,®¢ + 4 + N+ + + 1 W +
\_ \ \ \ ) f \
e

@
SUIILILE

ONDE

w Qm c

2
3
b}

a

Figure F.1: Full posteriors for the fits of clustering quintessence, wCDM with physical
prior w > 1, and ACDM, to BOSS with a BBN prior. We show the non-analytically
marginalized biases b} and cb, where i denotes the skycuts: i = 1 is CMASS NGC, i = 2

is CMASS SGC, i = 3 is LOWZ NGC.
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