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ABSTRACT: Primordial non-Gaussianity generated by additional fields present during inflation
offers a compelling observational target for galaxy surveys. These fields are of significant
theoretical interest since they offer a window into particle physics in the inflaton sector. They
also violate the single-field consistency conditions and induce a scale-dependent bias in the
galaxy power spectrum. In this paper, we explore this particular signal for light scalar fields
and study the prospects for measuring it with galaxy surveys. We find that the sensitivities
of current and future surveys are remarkably stable for different configurations, including
between spectroscopic and photometric redshift measurements. This is even the case at
non-zero masses where the signal is not obviously localized on large scales. For realistic galaxy
number densities, we demonstrate that the redshift range and galaxy bias of the sample
have the largest impact on the sensitivity in the power spectrum. These results additionally
motivated us to explore the potentially enhanced sensitivity of Vera Rubin Observatory’s LSST
through multi-tracer analyses. Finally, we apply this understanding to current data from the
last data release of the Baryon Oscillation Spectroscopic Survey (BOSS DR12) and place
new constraints on light fields coupled to the inflaton.
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1 Introduction

The statistics of the primordial density perturbations offer a window into the dynamics of
the very early universe [1-3], in particular the inflationary epoch [4, 5]. While current maps
of the universe are consistent with purely Gaussian fluctuations [6], non-Gaussian correlation
functions encode the particles and interactions relevant to the origin of structure [5, 7, 8].
Inflation predicts a lower bound on the amount of primordial non-Gaussianity (PNG) due to
gravity alone that is approximately two orders of magnitude below current constraints [9]. On
the other hand, signals that are large enough to be detected in the next generation of surveys
arise in many models, including examples with only Planck-suppressed interactions [10].
Due to the limited number of modes remaining to be measured to the cosmic variance
limit in the cosmic microwave background (CMB), surveys of the large-scale structure (LSS)
of the universe present the best opportunity to improve our understanding of the primordial
statistics [2, 5, 11-13]. With the benefit of three-dimensional information, even current
surveys have the raw statistical power to compete with the CMB [14]. Unfortunately,
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Figure 1. Tllustration of the effect of the scale-dependent bias b from a non-zero non-Gaussian
amplitude fﬁL on the linear galaxy power spectrum. We see that the enhancement of power shifts
from large to small scales as we increase the exponent A (see section 2.2 for its definition and details).
The horizontal dashed lines indicate the effective shot noise level for BOSS, DESI and SPHEREx after
scaling them to the displayed redshift z = 0 and linear bias by = 1.6. The gray-shaded regions on
large scales indicate the wavenumbers below the minimum wavenumber of these surveys, k < ki,
computed based on their entire spherical volume. The gray-shaded regions for large wavenumbers
indicate the regimes where the scales exceed the nonlinear scale, k > kni,, for the maximum redshift
of BOSS and DESI, respectively.

for generic non-Gaussian correlation functions, late-time nonlinearities make many modes
inaccessible and present a serious obstacle to our progress [15-18]. In some circumstances,
however, the manifestation of the primordial signal is robust to nonlinear physics and can

be measured reliably [1].

The fluctuations of extra fields beyond the inflaton present such an opportunity. In
the absence of these fields, correlation functions of matter and galaxies are subject to the
constraints of the single-field consistency conditions [19-21]. In practice, these conditions
are similar to the equivalence principle [22] and ensure that correlations are determined by
the curvature of spacetime (i.e. derivatives of the metric fluctuations). Light fields break
these conditions and can lead to enhanced long-distance correlations [23-28]. These apparent
violations of the equivalence principle cannot arise from nonlinear gravity, and can therefore
be distinguished from astrophysical and gravitational sources of non-Gaussianity.

From the perspective of both data analysis and survey design, the unique advantage
of these non-Gaussian signals is that they can be observed in the two-point statistics of
galaxies. Violations of the single-field consistency conditions introduce couplings between
long- and short-wavelength modes. The short-wavelength modes control the number density
of galaxies, which are then non-trivially correlated on large scales in the presence of this
type of non-Gaussianity. The resulting (non-local) change to the shape of the galaxy power
spectrum, shown in figure 1, is known as scale-dependent bias [29] and has been searched
for in many existing dataset (see e.g. [30-39]).



The case of local primordial non-Gaussianity [40], for which the Gaussian and non-
Gaussian Newtonian potentials ¢ and ® are related by

®(7) = p(7) — YD) + ..., (1.1)

has been very well studied in the literature, both theoretically and observationally. Local PNG
arises in the presence of multiple massless fields, such that ¢ is an isocurvature mode
during inflation, but is converted to an adiabatic mode at later times [23-25]. Future
measurements are expected to reach particularly interesting thresholds for the physics of
multi-field inflation [5, 15, 41, 42].

The contribution to primordial non-Gaussianity from massive particles is much less
studied observationally. It is however a classic signature of quasi-single-field inflation [26-28],
which is also known as cosmological collider physics [43]. Importantly, these models are
compelling targets for current and future surveys. In spite of this, little has been known
about the optimal survey strategy to search for these relics from inflation up to now.

In this paper, we will examine how future surveys can best constrain these non-Gaussian
signals using galaxy power spectra. For local PNG (massless fields), the signal is dominated
by the largest scales and most observational strategies are designed accordingly [44, 45].
On the other hand, the signals of massive fields may arise at large or small scales (see
figure 1), which means that the characteristics which best constrain these models are less
clear a priori [46-48]. We therefore study this signal in detail, and investigate how redshift
coverage, biasing, multi-tracer techniques and target selection impact forecasts over the full
range of scaling laws induced by these particles.

We find that target selection, specifically finding highly biased objects, is the largest
factor in driving current and future measurements of this effect when assuming a fixed
universality relation. While large volumes help to increase the number of modes, especially in
spectroscopic surveys, we observe that the benefits of going to higher redshifts are more driven
by the large biases of high-redshift objects and only secondarily by the increased volume. In
photometric surveys, the larger number density of galaxies also enables a significant increase in
sensitivity through sample-variance cancellation. This requires splitting the sample according
to the bias, which we explore in the context of Vera Rubin Observatory’s Legacy Survey
of Space and Time (LSST).

Using these insights, we explore current constraints on the scale-dependent bias of
galaxies using the BOSS DR12 dataset [49] for the full range of scaling behaviors of light
inflationary fields. We measure the contributions to the power spectrum for one scaling
exponent (PNG shape) at a time and compute a correlation matrix to extrapolate between the
discrete choices of scaling dimensions (masses). In terms of the amplitude fﬁL of primordial
non-Gaussianity (and, therefore, of the scale-dependent bias), we infer the following discrete
results at 2o:

oL = {1t§g, 01300, 40013200 25073950 200t§;§88} for A ={0.0, 0.5, 1.0, 1.5, 2.0}, (1.2)

where the parameter A is related to the mass of the fields, with definitions and details
provided below. This means that our analysis is consistent with no scale-dependent bias and
zero primordial non-Gaussianity for all light inflationary fields. While our inferred constraints



are less sensitive to the PNG amplitude than those from Planck, the CMB constraints for
non-zero masses are driven by bispectra in equilateral configurations rather than the scaling
behavior in the squeezed limit probed by the galaxy power spectrum. The only previous
constraint from LSS data in this regime was made in [50]. At the same time, we forecast that
galaxy power spectrum measurements in future surveys will exceed the sensitivity of Planck
to these light fields for a sizable range of their masses.

This paper is organized as follows: in section 2, we review the relevant theoretical
background for our non-Gaussian signal. In section 3, we present forecasts for a wide range
of model parameters and experimental configurations. Our goal is to identify the choices
that most directly impact the sensitivity to PNG beyond the local type. In section 4, we
apply our understanding of the signal to BOSS DR12 galaxy clustering data and present
new constraints on non-Gaussianity from light fields. In section 5, we discuss the role of
multi-tracer analyses and astrophysical effects on the forecasts. We conclude in section 6. A
set of appendices contains technical details on the modeling of the galaxy power spectrum and
the survey specifications (appendix A), and a discussion on our ability to measure the scaling
behavior of the non-Gaussian signature from the galaxy power spectrum (appendix B).

2 Light fields and galaxies

Our goal in this paper is to explore the signal of additional fields that manifest themselves in
the galaxy power spectrum via the scale-dependent bias. This section reviews the necessary
background to understand the signal. Readers who are familiar with the scale-dependent
bias due to general forms of primordial non-Gaussianity (i.e. beyond the local type) may
proceed to section 3.

2.1 Galaxy power spectrum

The formation of structure in the universe is driven by the growth of density fluctuations in
the dark matter [51]. The evolution of the density contrast Fourier mode in redshift space,
Om(k,z) = 0pm(k, z)/pm(z), can be solved at linear order to give

_ 2K°T(k)D(z)

S (K, 2) = 30, 12 ®(k) = k*T (k, 2)®(k), (2.1)

where k = |k|, T(k) is the transfer function defined such that T'(k — 0) — 1, and D(z) is
the linear growth factor normalized as D(z) = 1/(1 + z) during matter domination. The

primordial Newtonian potential ®(k) encodes the primordial density fluctuations generated
during inflation which are concretely of the form

- 9 A I
(®(k)®(K)) = %k—gkns_l(Qw)?’éD(l{ + K, (2.2)
where dp is the Dirac delta function and we used ® = —% , with curvature fluctuation (,
for modes that re-entered the horizon during matter domination. The linear matter power
spectrum is therefore given by
As 4 AgD(z)?

) _ 4 2 _ % 27.1ms
Pin(h) = KT (2 156y = 5 e TR (2.3)



The nonlinear matter power spectrum P,, (k) follows the linear power spectrum on large scales,
P (k) = Pin(k) for k < kyi, for some scale kxp, ~ 0.1 hMpc~! at 2 = 0. Gravitational
evolution corrects this behavior on smaller scales, k 2 knr..

We will generally work with galaxies in the regime k& < knr,. The nonlinear effects that
are relevant in this regime can be described solely in terms of the bias expansion [52, 53]. In
its most general form, the bias expansion is simply the assumption that galaxy formation

is a local process:!

where the operators O;(Z) are any locally measurable quantities. Since we typically assume
that the matter controls the formation of galaxies, these are usually local products of d,,(%)
or the tidal tensor [54], s;; = (Vivj — %&j) O (T),

V2
Oe {6m7 V26m7 672717 5?]‘7 6?71’ 5’5@2]'7 TI‘[(H[I]):;”(g)v TI‘[H[I]HD]] |(3)a T } ) (25)

where the tensors HZ-L] are defined in [52].2 In principle, there are an infinite number of
operators to consider. At any fixed accuracy, we however understand this as an expansion
in powers of the small density contrast, 67, < 1, and gradients R?V? < 1, for some fixed
scale R. To model the galaxy power spectrum at one-loop order, we consider the following
set of operators (up to third order in §,,) in the bias expansion:

84 (Z) = b10(F) + b2 R2V28,,(F) + bg2 (62, (F) — 02) + by (s*(F) — (52))
+ bHH[Q]TI'[H[l]H[g]”(S) (;i-’) +oe, (26)

with 02 = (62,). The coefficients bo, = b1, by2, bs2, bg2, byyppz), - - -, which we refer to as bias
parameters, are constants that are determined by the details of galaxy formation and evolution.
Put differently, we parameterize the complex physics of galaxies by these coefficients.

On large scales and for initial conditions set by single-field inflation, this is the complete
list of operators for practical purposes on large scales. Because the fluctuations are necessarily
adiabatic throughout cosmic history, the evolution of the universe is controlled by a single
statistical quantity, which we have chosen to represent in terms of ® and J,,. On smaller
scales, the evolution of different components of the universe can however lead to some new
types of biasing terms.

The redshift evolution of the bias parameters, particularly b;(z), is important for project-
ing the sensitivity of future surveys. If (proto-)galaxies form at a high redshift and primarily
evolve with the expansion of the universe, then we expect that the large-scale comoving
galaxy power spectrum remains constant, Pyy(k, z) ~ Py4(k, 2'). In other words, the power
spectrum is due to the inhomogeneities in the density field at the time they are formed, as
one would find in Lagrangian biasing. This holds if

bi(z) = D(2) " by (2 = 0) (2.7)

!Technically, biasing is best understood as a local process in Lagrangian space. The non-locality in Eulerian
space is captured by the Zel’dovich approximation [53].
2The superscript (3) indicates that the operator includes only terms up to third order in perturbation theory.



which is a common simplifying assumption in many forecasts. Changes to the galaxy sample
through mergers, for example, can however lead to behavior that differs significantly from
Lagrangian biasing. When possible, we will therefore use the biases for surveys that were
defined by target selection, but the assumption of this type of time evolution is also important
in the context of multi-tracer analyses discussed in section 5.

Given the bias expansion for the galaxy overdensity, we can write down our model
for the galaxy power spectrum after including a few additional effects. First, we work
in Fourier space by transforming from real-space coordinates & to (k,pu), where p is the
cosine between the wavevector k and the line-of-sight direction. (Note that the composite
operators O;(Z) are simply related to O;(k, i) by a single Fourier integral.) Second, there are
redshift-space distortions which arise from the peculiar velocities of galaxies. We account for
the Kaiser effect by adding Ab(u, z) = f(2)u?, with the linear growth rate f = dlog D/da,
to the linear bias by [56]. Collecting all terms in the bias expansion at linear order in 5m(E)
therefore results in

b(k, i, z) = b1(2) 2)p? + Z ban(2) (KR, (2.8)

n>0

where the last term are the gradient biases in Fourier space with the comoving Lagrangian
radius R, of the halos of interest. Third, we describe gravitational nonlinearities in the very
mildly nonlinear regime via the one-loop terms P»o and P;3 in standard Eulerian perturbation
theory. Finally, the leading-order stochastic contribution is given by P . Putting it all
together, we therefore model the theoretical anisotropic power spectrum for two galaxy
samples A and B as follows:

Wk, 1, 2) = b2 (k)b (k)[Pin (k) + Poa(k) + Pi3(k)] + Peydas
(B ()3 + b3 (k)] P (k) + [b* (k)BE + bABP (k)| e ()

+ bs b (Praga (k) = 20%) + (bssbl + bAb3 ) (Prosa (k) — 40*) (2.9)
+ b0 (Pega (k) = §0*) + 3 [0 ()b fier + bt d” (B)| e (k)

where we have suppressed the dependence on p and z on the right-hand side, explicitly define
all loop and bias contributions in appendix A, and d4p is the Kronecker delta. To illustrate
these terms, we display the individual contributions in figure 2.

In practice, we compute the linear matter power spectrum B, (k), which underlies
all contributions of the theoretical galaxy power spectrum P%(k), with the Boltzmann
solver CAMB [57] using a fiducial ACDM cosmological model based on the Planck 2018 TT,
TE, EE + lowE + lensing + BAO best-fit cosmology [58]. In table 1, we list the fiducial values
of the ACDM, non-Gaussian and bias parameters. We set the fiducial values of the three
loop biases bs2, by and by to 0 instead of using the Lagrangian local-in-matter-density
model [52] and fit results from halo simulations [55], as we did in figure 2, since we cover a
larger redshift range than the fitted bias relations were derived from. This choice should have
minimal impact on the results of this paper because the forecasted constraints on the loop
biases are large enough for both choices of fiducial values to be consistent with each other.
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Figure 2. Contributions to the galaxy power spectrum Pg(;)(k;) at z = 0 from the nonlinear, bias
and non-Gaussian terms. The linear bias is chosen to be by = 1.6 and the gradient biases bgzn (with
n < 2) are taken to be unity. The bias parameters bs2 and bpyppi2) are calculated in the Lagrangian
local-in-matter-density model [52], and bs2 is calculated using the halo simulation fit of [55]. For
comparison, we already include the scale-dependent bias from general PNG, which we introduce
in section 2.2. The non-Gaussian parameter f&; is set to unity for both cases of A =0 and A = 2.
The dashed lines indicate negative contributions.

Finally, to relate the theoretical galaxy power spectrum P}‘}jg(kz, i, z) to the observed
galaxy power spectrum Obs(k: i, z), we account for two observational effects that are present
in any real survey: redshift errors and the Alcock-Paczynski effect. Redshift errors are
observational uncertainties in the measurement of galaxy redshifts, o,9(1 + z), which we
model as an exponential suppression of the power spectrum along the line of sight,

(ks 1, 2) = exp{ =Ko (1 + 2)2/ Hiy(2)} | (2.10)

where 0%, is the root-mean-square redshift error of sample A at z = 0 [59, 60]. (We neglect
this effect for spectroscopic surveys by setting Uzo =0, i.e. fé = 1.) The Alcock-Paczynski
effect arises when the true cosmology differs from the fiducial cosmology that is used to convert
the measured angular positions and redshifts of the galaxies to comoving wavenumbers in
Fourier space. The effect of this mapping on the density contrast is captured by the following
anisotropic rescaling of the power spectrum amplitude, the wavenumbers and the angles [61]:

2

1 1—p? q
fap(z)=—, K (k.p2) =k y B2 =p/\| 212, (211)

991 a1 q1

where ¢ (2) = Hga(2)/H(z2) and q1(2) = Da(z)/D%(z), with the angular diameter dis-
tance D 4(z) to redshift z. To summarize, our model for the observed galaxy power spectrum
in redshift space therefore is

P (k. 2) = fap( )\ FAGK 0, 2)FE (K 1 2) PR (K 4t 2), (2.12)

where P (k, u1, 2) is given by (2.9).




Parameter  Description Fiducial value

wp Physical density of baryons wy, = Qph? 0.02242
We Physical density of cold dark matter w, = Q.h? 0.11933
1000, Angular size of the sound horizon at recombination 1.04119
T Optical depth due to reionization 0.0561
log (101°4;)  Logarithm of the primordial scalar amplitude 3.047
Ng Scalar spectral index 0.9665
Vi Non-Gaussian amplitude 0

by Linear bias b1(2)
by2n Gradient biases (n < 2) 0

bs2 Quadratic bias 0

by Tidal bias 0

brimi2) Evolution bias 0

Table 1. Parameters of the fiducial ACDM model, based on the Planck 2018 best-fit cosmology [58],
with the sum of neutrino masses > m, = 0.06 eV, and the biasing model employed in our forecasts.
Except for the optical depth, we vary these parameters in our forecasts unless stated otherwise.

2.2 Scale-dependent bias

The conventional description of biasing applies when the initial conditions are Gaussian.
Gaussian initial conditions do not correlate modes of different scales, i.e. the collapse of
small-scale density fluctuations to form halos in different regions is determined by locally
observable quantities, such as the matter density, that vary over cosmological distances
due to the long-wavelength fluctuations. On the other hand, mode coupling in the initial
conditions due to primordial non-Gaussianity can introduce long-range correlations that are
purely related to the statistics of the small-scale fluctuations themselves. When interpreted
through the bias expansion, this mode coupling may appear to be non-local (scale-dependent)
bias [29, 62—64] and/or long-range stochastic bias [65]. We will focus on the former since
the latter is typically a subdominant contribution to the signal.

The coupling of long and short modes is described by the squeezed or collapsed limits of
a non-Gaussian correlation function. In single-field inflation, the bispectrum is constrained by
the single-field consistency conditions to take the following form in the squeezed limit [19, 66]:

-

lim (C(F1)C(Ra)C(Rs)) = — [(ns = 1) + O(kE /k3)| Pe (ko) P () (2m)%0p (D Fi) - (213)

El —0

Furthermore, the leading term, which corresponds to fll\?f = —%(ns —1), is unphysical [67, 68].
The leading physical term is suppressed by O(k?/k%) and is due to the coupling of the short
modes at horizon crossing to the curvature of the universe due to long-wavelength modes [69],
which is typically proportional to the amplitude of equilateral non-Gaussianity, fxj.-

In the presence of additional fields, the short-scale power can depend on the long-
wavelength values of these fields and not just derivatives of the metric fluctuations [70]. For

an additional massless field, the late-time Newtonian potential ® may be nonlinearly related



to a light (isocurvature) field x during inflation, ®(¥) = x(Z) — fix‘x?(¥). For a massive

field, we have in the superhorizon limit

-, H [k \*
lim y(ki,t) =~ c—= () , 2.14
gim x(h1,t) K32 \aH (2.14)

with a constant c. If y alters the power spectrum of the short modes at horizon crossing,
ko = aH, then we have a contribution to the bispectrum of the form

. e e 7o\ A k’l A
i (C(ECRICE) = 1, () PP (2.15)

ki1—0 k2

where we defined (...) = (27)36p(33; ks) (. ..)’. To have such a contribution to the bispectrum,
we also need x to mix with . Even without a mixing term, this same effect however appears
in the collapsed limit of the trispectrum. For light fields, A = 3/2 — \/9/4 — m2/H? such
that m = 0 leads to local PNG (A = 0) as expected. For m/H > 3/2, A = 3 £ iv, with
v =+/m2/H? —9/4, is complex in which case the complex conjugate® also contributes which
results in the bispectrum being real valued, as required. More generally, it is possible to
construct models with a wider range of real and complex values of A than those generated
by a single massive field [71-74].

In single-field inflation, physical mode coupling must involve derivatives of the metric
fluctuations [67], whose leading behavior in the soft limit corresponds to A = 2 [75]. One
might naturally be surprised to find that the m? — oo limit of A for a massive field does not
yield this value of single-field inflation. It was nicely explained in [43] that A ~ 3/2 +im/H
is precisely what is expected from the single-particle wavefunction of a massive particle in an
expanding universe in the high-mass limit. This contribution to the squeezed limit arises from
the physical production of these particles. This particle production is Boltzmann suppressed in
some simple models [76], fl%L o e~ ™/H but can be enhanced depending on the nature of the
interaction [77]. In addition, very massive fields will also produce a sub-leading contribution
to the squeezed limit with A = 2. This contribution arises from the virtual exchange of
a massive field and is equivalent to a purely local interaction (i.e. to integrating out the
massive field). It may be surprising that a local term will produce non-local scale-dependent
bias. When T'(k) — 1, A =2 is indeed a local term and it was long thought that fx}
could not be measured via scale-dependent bias for this reason (see e.g. [64]). However,
because of the evolution of matter after horizon entry (7'(k) # 1), local interactions during
inflation are distinguishable from local processes in structure formation at late-times [48], i.e.
equilateral PNG can be measured in the power spectrum via scale-dependent bias.

In the conventional picture of galaxy biasing (see section 2.1), the density contrast of
galaxies is determined by a long list of composite operators in the initial density field. The
origin of the unique signal of PNG in galaxies is that the behavior of these composite operators
becomes a proxy for the light fields during inflation. For example, consider the impact of

3For heavy fields, there are two solutions of the long-wavelength behavior which scale as A and its complex
conjugate A*. We note that there is also a second solution A’ = (3 — A) for light fields which is however
suppressed relative to A.



structure formation from the local amplitudes of fluctuations on a scale R,

s _ik-Z d3p -
wl#) = @k [ CCE - PFER), (216)
for some filter function F'(z). This is the local variance of the primordial fluctuations which
varies from place to place. Importantly, this variance is correlated with the long-wavelength
metric perturbations as follows:

(or(K)C(K')" oc [QURR)SP(k) = (o (k)dm(K'))" o¢ QL7575 ) Bu(k). (2.17)
Since the number density of galaxies at a location Z is related to og(Z), this introduces a

long-distance correlation between d,4(Z) and d,, that is non-local. The resulting non-local
modification of the bias (2.8) is given by [65]*

b
bk, p,z) = by (2) + f(2)p +nz>%bk2n (ER.)™ + Afx Lk27?<(2?z)(k3*)ﬁ, (2.18)

where by is the non-Gaussian bias parameter and we took R = R,. The constant A normalizes
the non-Gaussian parameter fl\%L in the conventional way for PNG in the squeezed limit of
the bispectrum,® so that the last term in (2.18) is [63, 78-81]

bRG (k. 2) = A% T((Z)Z) (local), (2.19)
b (k. 2) = 3fNLk27_(()>(kR )2 (equilateral), (2.20)
boa(k, z) = 3f&L szqf(( 2) )(k:R*)A (general exponent A € [0, 2]). (2.21)

Note that we do not include the physical orthogonal shape, as it is produced in single-field
inflation and, therefore, has the same squeezed limit as the equilateral shape, i.e. corresponds
to A = 2. Previous work on the scale-dependent bias used an orthogonal template which has
A =1 (e.g. [47]), which is however unphysical and has not been used in recent LSS analyses.

Without any additional theoretical input, by (2) and fﬁL are both unknown quantities
and are completely degenerate. If that was the case, we could only measure the combina-
tion f§L6¢(z) in each redshift bin which would make it challenging to infer limits on fl\%L alone.
More optimistically, we can fix by(2) in terms of the linear bias b1(z) using the universality
relations found in phenomenological models [52],

by(2) = 20:(b1(2) — p) (2.22)

4Tt is important to note that, in principle, the scale-dependent bias is distinguishable from the expansion

in (kR4) even for A = 2n for any positive integer n. At k < keq, 7 (k) — const and the scale-dependent bias
scales as k?"~2 which is degenerate with b; and b2(n-1). However, since keqR. < 1, the transfer function
introduces a non-trivial scale dependence in the regime keq < k < Ry ! which is not captured in the local bias
expansion.

5Note that for the special bispectrum configurations, when expressed in terms of the general exponent A,
the equivalent fg}, definitions are related by fiF = 3fSr " and fil = f&y >
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where d. = 1.686 is the critical overdensity for spherical collapse and p = 1 if we assume
a universal halo mass function. We will adopt this relation in our forecasts, but refer to
e.g. [82-85] for a recent discussion of the validity and risks of this choice.

To conclude, we note that we incorporate the general scale-dependent bias (2.18) in the
galaxy power spectrum as described in (2.9) and (2.12), i.e. b* = b4 (k, i, 2). In the rest of
the paper, we follow [48] in assuming a minimum halo mass of 10'3M,, which corresponds
to R, ~ 2.66 h~! Mpc, and truncating the non-local gradient bias expansion at n = 2. We
illustrate the effect of bﬁG on the linear galaxy power spectrum in figure 1 and compare these
non-Gaussian contributions to the nonlinear galaxy power spectrum in figure 2 at redshift
z = 0 for linear bias by = 1.6. We see from the latter figure that the A = 0 contribution
does not mimic the behavior of any other bias or nonlinear terms at low k. On the other
hand, the A = 2 contribution is both much smaller at k¥ < kni, and similar in behavior
to those Gaussian contributions.

3 Information content of the galaxy power spectrum

Our goal in this section is to understand how to design a galaxy survey to best measure fﬁL
for A € [0,2]. To do so, we will explore the Fisher forecasts for fl\%L as a function of A for
a variety of survey configurations and biasing models.® We will compare these results with
analytic estimates to understand what aspects of the surveys drive major improvements in
sensitivity. While our forecasts will be rooted in specific survey configurations, our goal is to
isolate the features of these surveys that impact the forecasted constraining power the most.

3.1 Fisher information matrix

In the following, we describe the well-known Fisher matrix forecasting techniques for the
galaxy power spectrum that we use. We review the basics here and refer to appendix A
for the experimental specifications of the surveys.

The Fisher matrix for a set of galaxy samples, labeled by {A, B, ...}, is defined by

Ldp fhmex dk k2 1 e et
FQB:ZV(zi)/_17 = [CaClCpCY, (3.1)

where 0, 3 are the model parameters, the trace is over the samples and we defined C , =
0C/06,. The integrals are discretized, with the integration over wavenumbers k being limited
by the minimum wavenumber kj, and the maximum wavenumber k.x, and bins of width
Ak = kpin. We note that we vary all parameters listed in table 1 throughout this paper,
unless specified otherwise. The elements of the matrix C are given by

CAB(kvlua Z) = P,?l%s(k7ﬂa Z) + 5ABNA(ka Ky Z) ) (32)

with the shot noise term N4 (k, u, z) = na(2) ™!, where fi4(z) is the average comoving number
density of tracers at redshift z. Shot noise arises because we observe a finite number of discrete

5Tn appendix B, we also discuss our ability to measure the scaling behavior of the non-Gaussian bias, where
we also include A as an additional free parameter in the Fisher matrix.
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objects in galaxy surveys. (Note that we absorbed the stochastic term P of (2.9) into Na.)
We treat the redshift bins as spherical shells so that the volume of the i-th redshift bin is

V<Zz> - 4:?ﬂ-fsky [dc(zz + Azz/2)3 - dC(Zz - Az2/2)3} ; (33)

where fqy is the sky fraction observed by the survey, d.(z) is the comoving distance to
redshift z and Az; is the width of the i*® redshift bin.

To ensure that only modes under perturbative control in Eulerian perturbation theory
and the bias expansion enter our Fisher matrix calculation, and to exclude long-wavelength
modes inaccessible to a given survey due to its finite volume, we restrict the integral in (3.1)
to a maximum wavenumber ky,x and a minimum wavenumber kpin, 1"espe(:tively.7 We make
a conservative choice for kyax by taking the smaller of the two scales indicating the range of
validity of perturbation theory and the bias expansion. To be precise, we take it to be the

1 associated

minimum of the nonlinear scale® kyr, and the wavenumber kpaio &~ 0.19 h Mpc™
with the Lagrangian scale corresponding to the minimum halo mass of the surveyed population
which we assume to be R, ~ 2.66 h~! Mpc (cf. section 2.2), i.e. kmax(2) = min{knr,(2), knalo }-
For kmin, we assume a spherical survey geometry per redshift bin which results in a conservative
minimum wavenumber kpyin; = 27 [3V(zi)/(47r)]*1/3.

For most of the forecasts in sections 3 and 5, we use a futuristic spectroscopic survey
with a billion objects divided into 10 redshift bins with z < 5, which we will hereafter refer to
as the billion-object survey. We split the galaxy sample of this survey into two populations
based on their linear bias at z = 0, chosen as bgl)(z =0) = 2.0 and ng) (z=0) =1.2. We
model their redshift evolution according to (2.7) as previously discussed in section 2.1. In
addition, we assume a constant number density across all redshift bins and both galaxy
samples, ﬁél)(z) = ﬁ§2)(z) = const. The details of this and other surveys used in our
forecasts, i.e. the Baryon Oscillation Spectroscopic Survey (BOSS) [49], the Dark Energy
Spectroscopic Instrument (DESI) [88], Euclid [89, 90], Vera Rubin Observatory’s LSST [91],
the Spectro-Photometer for the History of the Universe, Epoch of Reionization and Ices
Explorer (SPHEREXx) [41], MegaMapper [12, 92] and the billion-object survey are provided
in appendix A. Except for SPHEREx and the billion-object survey, we treat all surveys
as single-tracer surveys by combining different groups of tracers (if available) into a single
effective number density and bias. The impact of this should not significantly impact our
forecasts as we explain in appendix A.

Unless mentioned otherwise, we marginalize over all bias parameters separately for each
sample and redshift bin, and include CMB information on the ACDM parameters (but

9

not on PNG) from Planck throughout the paper.” We achieve this by computing the

T Alternatively, we could have included the correlations between k bins for small wavenumbers and the
theoretical uncertainties following [16, 86, 87] for large wavenumbers. Our approximate and conservative
treatment using k € [Kmin, kmax| follows the common procedure in Fisher forecasts.

8We use knL = ﬁ, with the radius Ry, at which the variance of linear fluctuations is or = 1/2 at a
given z.

9When marginalizing over the full biasing model for the billion-object survey, for instance, the difference
between using the ACDM covariance from Planck or CMB-S4 [93, 94] for A < 1.5 is less than two percent.
In fact, this CMB information decreases o(fg;,) only by a few percent for A < 1.3, and by a maximum

of 20% (15%) with Planck (CMB-S4) at A = 2.
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Figure 3. Forecasted constraints on fﬁL for general scaling A € [0, 2] of the scale-dependent bias, for
current and future surveys, compared to the Planck bispectrum constraints for local and equilateral
non-Gaussianity. We also marginalize over the five ACDM parameters, use Planck results as priors
for the ACDM parameters, and either fix the bias parameters (left) or marginalize over them (right).
Note that the SPHEREX forecast uses the five-tracer sample and the billion-object survey forecast
uses the double-tracer sample as provided in appendix A. For all the other surveys, we use their
combined single-tracer sample.

ACDM Fisher matrix directly following the Fisher methodology and the experimental specifi-
cations of [95] (see also [96] for the latter), marginalized over the optical depth 7. We then
combine this marginalized Planck Fisher matrix with the respective LSS Fisher matrix for the
five ACDM parameters, the non-Gaussian parameter fl\%L and the galaxy bias parameters bp,.
We treat each redshift bin with mean redshift z; as an independent survey and independently
marginalize over the biases within each redshift bin.

3.2 Information and survey design

Using Fisher forecasts, our aim is to understand the possible strategies for optimizing the
measurement of fﬁL for shapes including but not limited to local PNG. The parameters
that we most directly control in the design of a survey are the sky fraction (fay), the
redshift range (2 € [Zmin, Zmax]) and the number density of tracers [ny(z)]. However, the
actual statistical power of the survey is controlled by the smallest (kpin) and largest (kmax)
wavenumbers that can be reliably measured, the linear bias of the sample [b1(z)], etc. These
factors are influenced by the details of the survey, but can also be affected by systematics
and astrophysics.

We show the overall landscape of future power spectrum measurements of fﬁL for
A € ]0,2] in figure 3. Qualitatively, the forecasts show the overall behavior that we might
expect: (i) constraints at A = 0 are generally much stronger than at A = 2, (ii) higher-order
biasing affects larger A more than smaller A, (iii) larger surveys have more constraining power,
and (iv) future LSS surveys will be able to improve over Planck bispectrum constraints from
the galaxy power spectrum for A = 0, but not for A = 2 without additional information on
bias parameters. In detail, the forecasts however have elements that are harder to understand
without further investigation. First, the forecasts show clear features at values of A ~ 1.4 that
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depend on the marginalization over biasing parameters (see also figure 6 below). This suggests
a qualitative change in where the constraining power is coming from as we vary A. Second,
we see that SPHEREx and LSST produce very similar forecasts despite having very different
strengths and weaknesses. Furthermore, both significantly exceed the constraining power of
Euclid and DESI which have the advantage of being three-dimensional (spectroscopic) surveys.
In order to make sense of these forecasts, we will break them down according to the number
density (noise), scales (Kmin/kmax), the fiducial bias [b1(2)], the survey geometry (foky, Zmax)
and redshift errors (o,9) in the following.

Dependence on number density. The most basic parameter in any experiment is the
signal to noise. In a galaxy survey, shot noise is the dominant (irreducible) noise source.
At fixed volume, increasing the number of objects increases the range of wavenumbers k
where Py4(k) is measured with at least signal to noise of order one, Py4(k)/N(k) 2 O(1).

For most cosmological parameters, sample variance presents an additional irreducible
source of noise. However, for scale-dependent bias, the parameter fﬁL can, in principle, be
measured without sample variance when the signal to noise is large for multiple tracers [97].
Concretely, the relationship between 59(5) and 6,,(k) in (2.6) is completely deterministic and
is therefore not limited by sample variance. However, this only works if we can measure the
same Fourier mode with high signal to noise for tracers with different values of b4. The noise
introduced by sample variance is proportional to P(k), while shot noise is independent of k.
As a result, sample-variance cancellation dramatically alters how different scales contribute to
the measurement of fﬁL and, therefore, the qualitative understanding of our forecasts. This is
why it is important to distinguish from the outset to what degree multi-tracer sample-variance
cancellation is relevant in our forecasts.

The impact of shot noise in both single- and multi-tracer scenarios is illustrated in figure 4.
Two points should be very clear from these curves: (1) sample-variance cancellation has the
potential to dramatically improve the sensitivity to fﬁL for all values of A, and (2) realistic
current and future surveys are very far from being in the regime where sample-variance
cancellation has a large impact. In fact, most near-future surveys are, at best, at the boundary
between single and multiple tracers.'? As a result, sample-variance cancellation is important
for highly accurate forecasts, but the qualitative behavior is consistent with single-tracer
forecasts. We therefore use a single-tracer emphasis for the rest of this section. We will
revisit the advantages offered by multi-tracer techniques and how astrophysics affects the
constraints on fﬁL in section 5.

Dependence on scales. The defining feature of scale-dependent bias is that it is enhanced
at small wavenumbers/large distances. For A < 2 and f&} # 0, we have Pyy(k) > b? Py, (k) as
k — 0. Since the noise is also a function of k, it is however not a given that the information
resides at small k£ for all A < 2. We now investigate this analytically in the Fisher matrix
and numerically in our forecasts.

ONote that the curves in figure 4 are computed using the spectroscopic billion-object survey (cf. table 7).
This means that the photometric LSST is not a direct comparison and the line labeled as LSST only actually
indicates a spectroscopic follow-up of LSST. The potential sensitivity in a multi-tracer analysis of LSST itself
will be discussed in section 5.2.
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Figure 4. Dependence of o fﬁL) on the shot noise, i.e. the inverse survey number density ﬁ;l, for
the billion-object survey for four representative values of A. The solid lines show the single-tracer
forecasts and the dashed lines display the double-tracer results. The different colors indicate which
bias parameters are marginalized when calculating o( fﬁL). The vertical lines mark the averaged shot
noise of various surveys which are calculated by taking the average of the number densities of the
middle 50% of redshift bins of each survey, i.e. they should be taken as an approximate illustration of
the noise level in these surveys.

For a single-tracer analysis where we know the bias parameters exactly, i.e. bp, are held
fixed, the Fisher information for a fiducial fl\%L = 0 is given by

a3k [6b1b4(2:) (kR )22 Py (K, 11, 2:)?
F — S V(s / e . 3.4
sutte = 2V | G ST k2o Pl p) + Nz O
In the high signal-to-noise regime, b2P,,(k) > N, this becomes
9 bé(zz) A E2A-2
P~ 3 X V) [ r @)

For 2A < 1, the integral over k is dominated by kmi, and the Fisher information arises
from the smallest scales. However, due to the limits placed by noise and volume, realistic
surveys are far from the asymptotic k& — 0 regime. For modes with the largest signal to
noise, k ~ keq ~ 102 hMpc~!, the matter power spectrum is flat, Pp,(k ~ keq) o kY and,
therefore, T (k,z)? ~ k~!. In this regime, repeating our analysis of (3.5) shows that the
integral is dominated by large k for A = 0. In this regard, we expect that the transition
from low to high k is gradual as we change A.
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Figure 5. The information density with respect to log ki, in the billion-object survey, with fixed
ACDM cosmology, and the same ki, Ak = 0.003 A Mpc~! and kpax = 0.2 2 Mpc~! in each redshift
bin. The different colors indicate which bias parameters are marginalized when calculating o( fﬁL)
using the double-tracer version of the survey. A negative (positive) slope of the curves indicates that
there is more (less) information on smaller wavenumbers k. We observe that the information density
is dominated by small (large) wavenumbers for small (large) scaling exponents.

This behavior is seen in forecasts by varying ki, as illustrated in figure 5. Since increasing
the minimum wavenumber ki, removes information, the constraints o( fﬁL) always decrease.
We therefore show do2( fﬁL) /dlog kmin because this quantity provides a more quantitative
illustration of how much information is being lost as we change kmyin.!! For A = 0, the largest
impact is for the smallest values of ki, indicating that the lowest wavenumber has the
most information. As we increase A > 0, we see that this trend changes: the curves are
mostly flat at small ki, for A < 0.5. This is a reflection of the fact that there is no sharp
transition in A due to the impact of T (k, z) in (3.5).

As we move from large to small scales (or small to large k), we are increasingly sensitive
to the marginalization over the bias parameters. The information density in figure 5 at large
wavenumbers becomes highly suppressed as we marginalize so that the true constraining
power remains at small wavenumbers. The oscillatory behavior in these figures highlights
that the baryon acoustic oscillations contained in the transfer function are imprinted in the
non-Gaussian signal and are not absorbed into the bias expansion.

"'We consider the logarithmic derivative in order to numerically extract the relevant scaling that we
analytically discussed in the previous paragraph. We additionally note that log kmin is implicitly normalized
by 1 hMpct.
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Figure 6. Dependence of o fﬁL) on the maximum wavenumber where we take knax = Knhalo and
kmax = knL(z), with the latter being less conservative at higher redshifts. Here, we combine the
middle two redshift bins (2 < z < 3) of the double-tracer billion-object survey into a single comoving
box with a total of about 1.3 x 10® objects. We show this dependence of the constraining power for
four biasing models. The choice of kpax barely impacts o(f4;,) at small A, but becomes significant
for large A. We explain the origin of the feature around A =1 in the main text.

At the same time, this short-distance information remains however crucial for breaking
degeneracies between bias and cosmological parameters. This is shown in figure 6, which
illustrates how the maximum wavenumber ky,,x impacts the constraining power. We see that
the constraint on fﬁL improves by roughly a factor of five to nine (depending on the biasing
model) for A = 2 when we choose the less conservative kpax = knp. This improvement
is consistent with the number of additional modes available between ky,, and kyr,, and
the fact that our signal depends on wavenumbers. This difference becomes even more
pronounced at higher redshifts since knp (z) increases significantly, while kpao is independent
of redshifts. For all of our other forecasts, we however use the more conservative choice of
kmax(2) = min{knalo, kn1,(2)} as noted in section 3.1.

When marginalizing over by, we notice a feature around A ~ 1 in figure 6 and not around
A = 0.5 as we might expect from (3.5). This is a consequence of the information on f&;
moving to larger k where T'(k) # 1. Specifically, if we assume P,,(k) o< k™ for large k, then
k2>T(k) oc k™/?+3/2 which implies

Pog(k) = (b1 + 2, . C(RR)A 575 + Y Pk, (3.6)

for some constant C. Using n &~ —1 for k ~ 0.1 h Mpc~! [98], we notice that A—2 —2 ~ A—1.
At large wavenumbers, the “scale-dependent bias” for A = 1 is therefore degenerate with

the linear bias by, resulting in the observed feature.
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Figure 7. Dependence of o( f4;,) on the fiducial value of the linear bias for both the single-tracer (solid)
and double-tracer (dashed) versions of the billion-object survey for A = 0 (left) and A =1 (right).
We show this dependence as a function of the linear bias by (z = 0) of the single-tracer survey in which
case we see the improvement in the constraining power of the survey for larger b;. In the double-tracer
scenario, for which the galaxy sample is split into two populations of equal number density with
b:(LA’B) (z =0) = b1(z = 0) £ 0.4, the effects of sample-variance cancellation can be observed. (Note
that the y-axis is on a linear and not on a logarithmic scale like in the previous figures.)

Dependence on fiducial biases. All else being equal, a single-tracer survey with the
largest possible (absolute) value of by o< (b1 — 1) will yield the most sensitive measurement
of fnr.. It may therefore seem self-evident that selecting highly biased targets is a central tool
in the search for PNG. Having said that, in practice, target selection involves numerous factors
that lie beyond the scope of these simple forecasts. Yet, when it comes to understanding the
performance of a given survey, the biases of the objects in their sample will strongly influence
the overall sensitivity. As a result, it is important to separately understand the role that the
fiducial biases play from the aspects of the survey that we can control more directly.

For a single-tracer analysis, we only measure b fﬁL. At fixed redshift and assuming
by o< (b1 — 1) from (2.22), we therefore have

1

A \ fixed-

oS o (37)
| —

As a result, we can expect a large improvement in a single-tracer analysis from choosing

a sample with by 2

~

2. Figure 7 shows how the value of b;(z = 0) influences the overall
constraining power of our billion-object survey in both single- and multi-tracer analyses.
We see that o(fnr,) increases sharply when the bias approaches one. It does not diverge
because of the redshift dependence of b;(z) which ensures that some of the redshift bins have
by # 0. On the other hand, sample-variance cancellation in the multi-tracer configuration
results in a much weaker dependence of o( fﬁL) on the linear bias and, in fact, benefits
from having one of the tracers with b¥(z = 0) < 1. At the same time, we however see that
taking larger values of b1(z) in a single-tracer analysis closes the gap to the double-tracer
case for b1(z = 0) = 3.

Technically speaking, we cannot choose the linear bias b; (2) and the number densities 74(2)
independently, in particular since more highly biased objects are more rare. In practice, tra-
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ditional spectroscopic surveys are typically limited by the number of spectra that can be mea-
sured and not the number of objects in the universe. However, other types of surveying tech-
niques, such as line intensity mapping (see e.g. [99-104] in the context of PNG), may get closer
to these fundamental limits. We refer to [48] for a discussion of the sensitivities of surveys in the
regime where the galaxy power spectrum analysis is limited by the number of available objects.

Dependence on the volume and redshift. Given a single redshift bin with volume V'
and a fixed choice of targets, it is easy to see the impact of this choice on ki, and kpax.
However, when we design a survey, the choice of redshift range, volume and targets is not
fixed, but is part of the survey design. The redshift range and volume affect ki, and kpax,
but they also change the biases of the targets and the number densities of objects in each
redshift bin. For the purpose of designing a survey, we therefore want to understand the
optimal choices for the sky fraction fq, and the redshift range as given by zpnax.

It is important to compare survey strategies assuming “constant effort”. In practice, it is
the time for acquiring spectra that limits the sensitivity of a spectroscopic survey. This is
why we vary fqy for a given redshift range while holding the total number of objects fixed.
As a result, there is a trade-off between increasing the volume and increasing the shot noise,
which needs to be optimized. When it comes to varying the redshift range, the time required
to observe each object changes with redshift which means that the total number of objects
in the sample decreases with larger zyax. To hold the observational effort fixed, we use a
simplified model where it takes twice the amount of time to obtain spectra for galaxies at
z > 3 than for galaxies at z < 3 (cf. [11]). We further assume that it is desirable to maintain
a constant level of shot noise over the survey volume, which is equivalent to nF; = const
given the assumption (2.7) for the redshift evolution of the linear bias, or that we obtain
spectra evenly across the sky and along the radial direction.

Higher-redshift objects are generally expected to yield larger values of by(z) [see the
discussion around (2.7)]. Since by(2) o< (b1(z) — 1) from the universality relation (2.22),
the signal can be enhanced by a large amount by extending the survey to redshifts where
b1(z) > 2 instead of by(z) ~ 1. Assuming the bias evolution model of (2.7), we see in figure 8
that we maximize our sensitivity to fﬁL even at constant effort by maximizing zmax. While
we only show the results for A = 1, the qualitative features in the figure are independent of
the scaling exponent A. This implies that increasing the redshift range at fixed observational
effort increases the constraining power for the entire range of A.

Increasing the redshift range also increases the number of modes. If we however hold
b1(z) = by fixed and increase zmax, we see in the right panel of figure 8 that there is a more
complex relationship between zy,.x and the sensitivity to fﬁL. For instance, keeping zpa.x = 3
and increasing fqy, also increases the number of modes without the added observing time
per object needed at high redshifts. Having said that, the benefit of a large sky fraction is
much weaker than the impact of larger b at high z which can be seen by the lower overall
sensitivity to fl\%L in the right panel.

By comparing the two panels in figure 8, we can see that the optimal configuration is still
at the largest maximum redshift and sky fraction, zmax = 5 and fq, = 0.7, for either biasing
model. For smaller fqy, the large advantage offered by larger zynax however disappears when
going from evolving to fixed bias due to the lower overall number density of galaxies at
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Figure 8. Dependence of o ﬁfl) on the sky fraction fg, and the maximum redshift zy,.x at fixed
observational effort for the double-tracer billion-object survey. The left panel shows the fiducial case,
b1(z) o< D(2)~t [ef. (2.7)] and the right panel displays the constant bias case, b;(z) = const. While
we only show the results for A = 1, the displayed trends are similar for all scaling exponents A.

higher redshifts. In this case, more emphasis is placed on high-redshift targets without the
corresponding boost in the signal. (The drop-off in o(fN1,) between zpax = 3.0 and 3.5 is the
result of our simplified choice of dividing the observational effort at z = 3.)

To summarize, at fixed observational effort, increasing the redshift range via a larger zmax
has the largest influence on the sensitivity of a survey. The reason is that zpmax increases
both the size of the signal and the number of modes. The former is particularly important
since it offsets the increased noise associated with a large-volume survey. We however note
that this conclusion does depend on the redshift dependence of the bias and the observing
time needed for acquiring spectra of these high-redshift objects.

Photometric versus spectroscopic surveys. The benefit of a three-dimensional survey

can simply be estimated by counting modes for many cosmological parameters, including fnr,
3

from the bispectrum. The number of modes in a three-dimensional survey scales as k...,

. . 2
while it scales as k.

survey are however less clear for scale-dependent bias since the information for this signal

for a two-dimensional survey. The benefits of a three-dimensional

manifests itself at low k, in particular for A < 0.5. In reality, the trade-off is of course
not between a two- and a three-dimensional survey, but between surveys which measure
redshifts spectroscopically and photometrically. While photometric redshifts are less precise,
they may be good enough to provide three-dimensional information on the scales needed for
scale-dependent bias for a significant range of A which we investigate now.'?

The impact of redshift errors on the constraining power of the billion-object survey is
shown in figure 9. We see, somewhat surprisingly, that spectroscopic surveys do not provide

a significant improvement to the power spectrum measurement of fl\%L for A <1—1.3. (The

128pectroscopic surveys will have additional benefits for controlling systematics, such as projecting out
large-scale effects, but typically at the cost of larger shot noise. Quantifying the importance of spectra in this
context is a delicate issue which is beyond the scope of this work.
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Figure 9. Comparison of o(f&y,) for a range of photometric redshift errors 0.0 € [0.001,0.2] for the
billion-object survey. We observe that photometric redshift errors only mildly degrade the constraining
power of a survey for A < 1.3. Photometric surveys therefore seem to be able to access most of the
information about the scale-dependent bias with the additional benefit of generally lower noise levels
in the galaxy power spectrum.

specific value of this transition in A depends on the employed biasing model.) In practice,
photometric redshifts therefore appear to be good enough to access a lot of the available
information about the scale-dependent bias. This conclusion is supported by the similarity of
the forecasts for SPHEREx and LSST. While the two surveys pursue very different strategies
for obtaining redshifts, the resulting forecasts are quite similar. At first sight, this similarity
is still surprising because it does not reflect the impact of the difference in number density
shown in figure 4. The reason for this, however, is just that multi-tracer analyses are not
implemented in conventional LSST forecasts. This naturally raises the question of whether a
multi-tracer analysis would lead to an advantage of LSST over some spectroscopic surveys
given its very high number density (cf. figure 3). We will explore this in detail in section 5.

Importantly, we have not discussed the impact of systematic effects [105] on photo-
metric and spectroscopic surveys. Given that the signals are the largest on large angular
scales (especially for A < 0.5), a variety of atmospheric, detector and astrophysical effects
can contaminate our signal. Having said that, we expect that many of the conclusions drawn
from these forecasts will be robust over a large parameter range since the scales on which
the signals dominate vary with the scaling exponent A.

4 Constraints and data analysis for general scaling exponents

In the previous section, we focused on forecasting current and future constraints on fl%La
and on how to optimize a survey to measure PNG from the galaxy power spectrum for
A € [0,2]. In this section, we will apply this knowledge to constrain fl\%L over this same
range of scaling exponents A using the BOSS DR12 galaxy power spectra. We will first
derive and propose an effective and convenient search strategy. We will then perform this
measurement and compare it to a direct analysis.

— 21 —



4.1 Search strategy

The scaling exponent A is fixed in some inflationary models, while it is a free parameter
in others. For the standard local and equilateral shapes, the value of A are fixed by their
templates to A = 0 and A = 2, respectively. The physics of these cases is clear since
they arise from multi- and single-field dynamics. In quasi-single-field inflation, we have
A =3/2 —/9/4 —m?/H? which implies that it is natural to scan over values of A € [0,3/2)]
in an analysis of those models. The natural question we face in a practical analysis of current
data therefore is whether it is prudent to vary fﬁL and A € [0,2] as free parameters, or
whether we should hold the scaling exponent fixed to some value as suggested by a given
model, A = A’, and only vary f& .

The strategy we will follow is to hold A fixed to a few discrete values, e.g. A =0,2 or
A =0.0,0.1,...,1.9,2.0, and infer the associated constraints on fl\%L at each respective A.
The reason why we prefer this strategy over scanning over both parameters simultaneously is
that small changes to A have no impact on the signal to noise and, therefore, represent a
degenerate direction in the analysis. This becomes evident in the Fisher matrix formalism,
where we have for a fiducial value of fﬁL = 0

O po)| = 68 ba(k) 2T () log(kR,) (kR.) b(k) Pin (k)

= =0. (4.1)
oA =0

fI%LZO

We therefore have no reason to expect marginalizing over A would lead to more accurate
results until our data are comfortably excluding fﬁL = 0.

We can quantify to what degree the data can distinguish two values of the scaling

exponent, Ay and Ao, through the “cosine” between the signals,
F

Ar Aoy fal a2 _ I 49

cos (fxL» INL) = = ) (4.2)

\/F Ay Floag n V11 F22

fNL NL fNL NL

where we defined Fj; = FfAi a;. This is precisely the same definition of the cosine used to
NL’/NL

define the PNG shapes in a bispectrum analysis [106]. We can also generalize this to the Fisher
matrix after marginalizing over the bias parameters by inverting the Fisher matrix, truncating
to fﬁﬁ and fﬁf, and inverting the truncated matrix to get the effective Fisher matrix for
these two parameters. We therefore take F;; to be the marginalized, two-dimensional Fisher
matrix for the parameters fﬁﬁ and fﬁf from now on.

The correlation (4.2) between the measurements of fﬁﬁ and fﬁf is shown in figure 10
using the experimental specifications for the BOSS survey of table 2 which have yielded
forecasted results consistent with performed data analyses in the past (see e.g. [14]).1% The
cosine computed for other surveys is similar (see appendix B). The key take-away from

3Note that for the calculation of the correlation matrix for BOSS, we assumed fiducial values of b,z
and b2 based on the Lagrangian local-in-matter-density biasing model [52] and bs2 based on halo simulation
fit in [55]. This choice (rather than setting them to 0 as in most other cases in this paper) leads to minimal
differences in the correlation coefficient. In addition, we impose the same Gaussian priors on the loop biases
as quoted in [107] which barely affect the forecasted constraints for small A and up to a factor of four at
large A, as expected. Finally, we employ a slightly larger minimum wavenumber kmin = 0.01 A Mpc™!. All
these choices are guided by the data analysis performed in section 4.2.
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Figure 10. Correlation matrix for measurements of galaxy power spectra with different values of the
non-Gaussian exponent A as defined in (4.2). This was computed for BOSS with fiducial values of
fﬁL = 0, fixed ACDM parameters and marginalized over all biases. The orange arrows indicate the
coverage of the local (A = 0) and equilateral (A = 2) templates with a correlation coefficient of larger
than 0.9.

this correlation is that we can effectively constrain almost the entire range A € [0, 2] using
measurements only at A = 0 and 2. Specifically, using the Cauchy-Schwartz inequality and
the Cramér-Rao (CR) bound, we have

F 2(fol) F
(Fpo) ' < b < — ML) Unt) I

> 79 > A1 (A )
iy ™ cos?( NI+ NL2)F22

(4.3)

where o?( f@ﬁ) is the variance of the measurement of fﬁﬁ while holding fﬁf fixed. The
best possible constraint we could place on fﬁﬁ, o( fﬁf)CR = F2_21, is therefore bounded
by the measurement of fﬁﬁ via

() Fu

(N oA B By
cos?(fars [ng) F22

NLJCR < (4.4)
As a result, we can place an approximate constraint on fﬁf by rescaling the measurement
of fﬁﬁ using the elements of the marginalized Fisher matrix Fj;.

It is important to highlight that this strategy is only effective if our parameter inference
is consistent with fﬁL = 0. To be more precise, all values of A look similar at low signal to
noise for f§} . On the other hand, the data is no longer independent of A if one or more of
your fﬁL measurements at specific A show significant evidence for fﬁL = 0. In that case, a
measurement at a different value A’ could produce a much larger or much smaller signal
to noise. We refer to appendix B for more details on this scenario.
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4.2 BOSS DR12 analysis

Based on the strategy laid out above, we inferred constraints on fl\%L from the BOSS DR12
dataset following the general setup of the analysis for local, orthogonal and equilateral PNG
performed in [36, 108] (see also [35]) with a few different (generally more conservative) choices.
In the following, we provide a brief overview of our data analysis, describe these differences
and report the limits on PNG that we inferred directly and via the correlation matrix (4.2).
We analyzed the power spectrum from galaxy clustering data of the twelfth and final
release of BOSS, referred to as DR12 [49]. This dataset contains the positions of about
1.2 x 10% galaxies between redshifts 0.2 and 0.75 in a cosmic volume of roughly 5.8 =2 Gpc?
divided into four subsets: the Northern and Southern galactic caps of the two non-overlapping
redshift bins [0.2,0.5] and [0.5,0.75] with effective mean redshifts z = 0.38 and 0.61. We
employ the galaxy power spectrum multipoles Pg(g)(k:), with £ = 0, 2,4, measured using a
quadratic window-function-free estimator [109]. The corresponding covariance matrices were
computed from MultiDark-Patchy mock catalogs [110]. This follows the analyses in [36, 108]
restricted to the power spectrum multipoles. We model the nonlinear galaxy power spec-
trum in redshift space as implemented in CLASS-PT [111] (based on CLASS [112]) which
follows the analyses of [113, 114] based on the effective field theory of large-scale struc-
ture (EFTofLSS) [115-118] (see [17, 119] for recent reviews) and galaxy bias expansion [52],
including the Alcock-Paczynski effect. We additionally include the non-Gaussian contributions
from the scale-dependent bias (2.21) due to fg;, # 0 similar to the analyses in [36, 108].14
We performed a Markov chain Monte Carlo (MCMC) analysis of the data using the
Metropolis-Hastings sampler of MontePython [120, 121], varying the theoretical galaxy power
spectrum multipoles in each step. We fix the ACDM parameters to the Planck 2018 best-fit
values [58] (with the sum of neutrino masses Y m, = 0.06 eV) instead of including Planck
information on ACDM since we saw essentially no change in the forecasted constraints on fﬁL
of section 3 when marginalizing over all of our galaxy bias parameters. Per redshift bin and
galactic cap, we however separately vary the bias parameters bgi), bg) and bg 2) as defined in [122,
123],'5 and analytically marginalize over the other eight biases and EFTofL.SS counterterms
which appear linearly in the theoretical galaxy power spectrum [124]. We impose flat priors
on the linear biases bgi) € [1,4] and the non-Gaussian amplitude f&; (infinitely wide), and
Gaussian priors on the other nuisance parameters as described in [107]. Following [108], we
also marginalize over the non-Gaussian bias by — Ny, b, separately for each data subset and
impose a wide Gaussian prior on its normalization, N, ~ N(1,5), which is motivated by the
peak-background split model [78].16 On the other hand, the non-Gaussian parameter fI%L is

41n this paper, we have not considered the imprints of light inflationary fields in the bispectrum, but
focused on the scale-dependent bias in the power spectrum. To remain model agnostic, we also did not include
the contribution of a non-zero primordial bispectrum to the galaxy power spectrum.

15The bias expansions used in our forecasts and data analysis are equivalent.

5Tt might appear surprising that we marginalize over by with a Gaussian prior given the degeneracy
with fI@L. Note that the mean value of the Gaussian is still set by the universality relation (2.22) with p = 1,
but its variance is very wide. In addition, we marginalize over by in each of the four data subsets separately,
as we do with the Gaussian bias parameters. This procedure alleviates degeneracies between fg}, and by which
can be severe if we assume that the universality relation is exact, especially for A ~ 1. This procedure is an
imperfect solution to address the uncertainty in b, which we plan to address as part of [125].
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Figure 11. Comparison of the measured (diamonds) and derived (lines) values for twice the
standard deviation of f&y, 20(f&y,), for the BOSS DR12 dataset. The light (dark) blue lines show the
approximate value of 20 (f&y) derived from the data with A =2 (0), i.e. the equilateral (local) PNG
templates using (4.5), with the minimum of these being shown in blue. The diamonds indicate the
constraints directly inferred from BOSS DR12 for fixed values of A, while the gray pentagons are the
corresponding mean values. Filled (unfilled) symbols and solid (dotted) lines represent positive or
upper (negative or lower) values. We do not find evidence for f&; # 0 for any A € [0,2], and generally
good agreement between the measured and derived limits on general PNG. This demonstrates that
our proposed search strategy works on data.

commonly varied for all four data subsets at fixed exponent A. We (more) conservatively limit
the range of wavenumbers to k € [0.01,0.13] hMpc~! and [0.01,0.16] h Mpc~! for the low-
and high-redshift bin, respectively, after initial tests. We therefore employ a smaller maximum
wavenumber than in [36, 108], who tested the validity of the analysis for A = 0 and 2 on
mock catalogs, and a slightly higher (same) minimum (maximum) wavenumber than the
forecasts shown in figure 3. Since Ak = 0.005 h Mpc—!, this choice implies that we employ
24 and 30 k-bins for the respective redshift bins, each power spectrum multipole and both
galactic caps. All chains converged with a Gelman-Rubin criterion of R — 1 < 0.01 (usually
much smaller) for each parameter.

The results of our separate MCMC data analyses for 21 fixed values of the non-Gaussian
exponent A are shown in figure 11 and we provided the numerical constraints for A =
0.0,0.5,1.0,1.5,2.0 in (1.2). Since the posterior distributions for fﬁd are slightly non-Gaussian,
we display the mean values in gray pentagons, and the upper and lower 20 constraints in filled
and unfilled black diamonds, respectively. We do not find any evidence for any PNG shape
with A € [0,2] and observe the same characteristic functional dependence of 20( f&;) on A
as we forecasted in figure 3.7 We note that the difference in forecasted constraining power of
figure 3 and the data analysis of figure 11 can be mainly attributed to the use of Gaussian

"The non-Gaussian amplitude £y, is defined relative to the scalar amplitude, Asl/2 ~ 5 x 107° [58], such
that weak PNG corresponds to fNLA;/ > < 1. This means that our bounds 20 ( fﬁL) ~ 10" are approaching
the limits of the range of validity of our implicit expansion in linear order in f&;,. This concern is however
alleviated even with a very conservative inclusion of bispectrum data [35, 108].
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priors on the higher-order galaxy bias parameters in section 4. In fact, we find reasonable
consistency if we include the priors on the Gaussian biases in our Fisher matrices as discussed
in section 4.1. Compared to [35, 36, 108], our constraints are weaker, as expected due to our
more conservative approach and use of less data, but consistent. This is particularly evident
for the case of the equilateral shape (A = 2) that dramatically benefits from bispectrum
information in various ways which is absent in our analysis of the power spectrum alone. On
the other hand, our limits on f& are comparable to the constraints on fy; when including
bispectrum information [108] for A < 0.75. While the bispectrum will always add information,
we might however imagine there is a more limited gain in this regime.

We can also compare our bounds on fﬁL to those obtained in previous analyses of
CMB and LSS data. As already anticipated and explained in section 3, the CMB limits
on local and equilateral PNG from the Planck 2018 bispectra are significantly better [6].
This is also the case for the constraints for A € [0,3/2] derived from Planck 2013 data [126],
| f&] < 50, which is dominated by the equilateral bispectrum while our bounds arise from the
squeezed limit of the quasi-single-field shapes. The only previous analysis constraining fﬁL
from LSS data was performed in [50] on SDSS-III DR8 data with more limited modeling and
range of scales. It is therefore unsurprising that our bounds are considerably more constraining.

In addition to directly inferring constraints on fl\%L from the data, there exists a second
path to inferring the bounds at a given value of A based on the correlation of different
values of A in the marginalized galaxy power spectrum as discussed in section 4.1. We take
A = Ay = 0 and 2 as the fiducial values for this inference since these scaling exponents
correspond to the signal from local and equilateral PNG, respectively, which are usually
considered in data analyses. Based on (4.4), we obtain these derived bounds as follows:

20(/80)] e = [ Lol ] 200570 e (@5)
MEMe cos(fgrs Inn, ) o (UNE ) ) Fisher MOME

where the subscript ‘Fisher’ (‘MCMC’) indicates that these quantities are calculated based
on the Fisher matrix (from the MCMC analysis). The correlation term cos(f&;, 1%4: 0.2
is displayed in figure 10, while the standard deviations o( fﬁ) are computed from the
marginalized one-dimensional Fisher matrix as in section 3, but including the same Gaussian
priors as in the correlation term and the data analysis. The constraints derived from the
measurement at A = 0 and 2 are displayed in figure 11 as the dark and light blue curves. We
see that the constraint derived from 20 (f§") dominates for A < 1.1, while the constraint
derived from 20 (fg2) dominates for larger A, which is consistent with our expectations
from figure 10.

Overall, we find generally reasonable agreement between the directly inferred limits
on fﬁL, and those jointly derived from the local and equilateral measurements. This is
especially true for those values of A with large correlation and negligible mean values. This
implies that we can use (4.5), with the correlation term calculated in a Fisher matrix approach
for a given survey, to derive 20( ﬁﬁé 0’2) in the absence of a detection of i, fat, # 0. In other
words, we have demonstrated that the search strategy that we proposed in section 4.1 works
on BOSS data and allows to dramatically reduce the number of analyses needed to constrain

general forms of primordial non-Gaussianity and light inflationary fields as parametrized
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by A from measurements of local and equilateral non-Gaussianity. The agreement between
our analysis and forecasts, together with the consistency with prior analyses, is an additional
sign that searches for light fields with the galaxy power spectrum will be competitive with
the CMB for near-term galaxy surveys.

5 Multiple tracers and the dependence on astrophysics

Sample-variance cancellation plays an important part in improving the measurement of
primordial non-Gaussianity from the galaxy power spectrum. Applying this technique
however requires knowledge of the details of the specific galaxy samples used in the multi-
tracer forecast or analysis. In this section, we will first investigate how an optimal survey
design can maximize the scientific return of multiple tracers in spectroscopic surveys. Then,
we will consider the untapped potential of a multi-tracer configuration of LSST and compare
it to SPHEREXx.

5.1 Optimizing spectroscopic multi-tracer analyses

We now explore the potential of multi-tracer analyses and how astrophysical details of the
galaxy samples affect the constraints on fg} . Given our biasing model (2.6) with (2.18), this
comes down to the description of the non-Gaussian bias parameter by (z), which depends
on three parameters when using the universality relation (2.22): d., b1(z) and p. Since the
parameter . is completely degenerate with fﬁL, we will focus on exploring what combination
of by(z) and p leads to the biggest improvement on o(f&}; ).

For galaxy power spectrum forecasts to recover all the information in the primordial
statistics, we need to apply the multi-tracer technique and its ability for sample-variance
cancellation at very high number density. For example, we know the information in the
primordial bispectrum for A > 0 is dominated by k ~ kpax [106]. On the other hand, the
non-Gaussian information in the single-tracer power-spectrum forecasts are limited by sample
variance at small wavenumbers for A < 0.5. Sample-variance cancellation eliminates this
artificial dependence on the noise at low k, limiting a measurement instead by the shot noise
associated with galaxy formation [127], which corresponds to modes at kmax ~ Khalo-

Realistic spectroscopic surveys are unfortunately far from being in the fully multi-tracer
regime as we have seen in figure 4. As a result, it is harder to get reliable intuition for how to
optimize the measurement of fﬁL. We have previously explored how to maximize the science of
a spectroscopic survey by changing the experimental configuration in terms of fqy, Zmax, etc.
Here, we will assume a fixed survey geometry and investigate what additional information
can be extracted by taking advantage of sample-variance cancellation.

In the fully multi-tracer regime, the inverse variance depends on the linear bias bgi)
and non-Gaussian bias b as [128]

o (f8L) 7 oc i — b)) (5.1)

On the other hand, we simply maximize b1by in the single-tracer regime. The question
therefore is how we can choose the samples to minimize o(f&;) in realistic surveys. In
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Figure 12. Double-tracer forecast for o(fg;) with A = 0 for the billion-object survey (top)
and relative comparison to a single-tracer forecast, o(f&},)double/0( fﬁL)Single (bottom), with fixed
ACDM parameters. In the left column, we vary the linear biases bgi) of the two samples at fixed
p(i) =1, i.e. similar to our forecasts in section 3. In the right column, we use the fiducial biases of
the samples [cf. (2.7)], with Bgl)(z =0)=20>12= Bgz) (2 =0), and vary the parameter p™ in the
universality relation for b((;) [cf. (2.22)]. While we only show these results for A = 0, the qualitative
features of these panels remain the same for other values of the scaling exponent.

figure 12,'® we show the relative comparison of o(f4; ) between a double- and single-tracer
forecast of the billion-object survey while holding the ACDM parameters fixed.'® We show
this for A = 0 (see also e.g. [129]) since we expect this case to benefit the most from a

BFigure 12 only shows the forecasted constraints and improvements for the scaling exponent A = 0, i.e.
local PNG. When we marginalize over all biases, the scaling behavior of the scale-dependent bias however has

little effect on the improvement factor and the marginalized biasing model only changes the overall constraining
power as indicated by the color bar in the upper panels. In other words, the overall qualitative behavior
conveyed in figure 12 remains intact for different biasing models and scaling exponents.

YWhen marginalizing over the biases, the difference between the forecasts for fixed and marginalized
ACDM parameters (with a Planck prior) is at most a few percent. We therefore fix the ACDM parameters to
their fiducial values for all forecasts in this section.
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multi-tracer analysis, but explicitly verified that the forecasts with A > 0 show at most
comparable levels of improvement.

We vary the linear biases of the two subsamples of the survey in the left column of
figure 12, while fixing p = 1, as in all of our forecasts in section 3. Note that we only vary
the bias at z = 0, as labeled in the figure, with the biases of the actual galaxy samples then
being calculated based on the bias evolution model of (2.7). The values along the diagonal

bgl) = bgz) correspond to a single-tracer forecast, in which o( fﬁL) simply decreases with

increasing bgi). We observe that the multi-tracer improvement is most pronounced here when
the difference between bgl) and b§2) is maximized. We additionally see that the improvement
of the double- over the single-tracer approach is limited to about 30%.

So far, we have assumed a universal halo mass function which corresponds to p = 1 in the
universality relation (2.22). Even though this has been widely adopted in the literature, this
assumption is not a perfect description of halos in simulations and will likely not be generally
true for actual galaxy samples, cf. e.g. [130-139].2° This is why we now explore the possibility
of improving the constraints on fl\%L by selecting tracers within the parametrization of by
through p (assuming such knowledge is already reliably known from simulation results).

We therefore vary the parameters p(¥ of the two galaxy samples while using their fiducial
biases in the right column of figure 12. Note that the fact that the linear biases for the
two tracers are different, with bgl)(z =0) = 2.0 and b§2)(z = 0) = 1.2, is the reason for
the asymmetry of these panels. We observe the largest improvement for small p(*) and
large p( which is exactly when the combination shown in (5.1) is maximized. In this case,
the double-tracer approach can improve the constraints by as much as a factor of two over a

)

in the left panels. Figure 13 displays the constraining power as a function of the scaling

single-tracer analysis which is much larger than what we saw for fixed p(? and varying bgi

exponent A for a few pairs of tracers characterized by different values of p(@ 21 This is further
confirmation of our findings and we explicitly see that maximizing the combination of biases
given in (5.1) leads to the same relative improvement in o(fgy ) for all A.

The results shown in the previous figures suggest that it may be possible to improve o ( fﬁL)
by more than a factor of two if we had knowledge about the parameter p(¥) of the tracers.
As previously discussed, however, most forecasts for current or near-future galaxy surveys
assume the scale-dependent bias takes the form predicted by a universal halo mass function.
In particular, these surveys do not select targets based on the value of p (or bg) which
implies that there is some level of uncertainty in the actual value of p for the employed
galaxy samples. Since the parameter p is degenerate with fl\%L, this uncertainty in p could
complicate the measurement of fﬁL. While complete ignorance of p (i.e. marginalizing over it
as a free parameter in each redshift bin) would make constraining fl\%L impossible, it would
be helpful to know the required level of precision so that the universality assumption does
not significantly affect the inference of fﬁL.

20We note that, as long as bg # 0, a detection of scale-dependent bias for a single redshift bin and tracer
implies a detection of primordial non-Gaussianity, fg, # 0. However, reaching the full sensitivity of a
survey requires combining multiple tracers and/or redshift bins which necessitates knowledge of how be(z)
changes across the samples. Most analyses will therefore make assumptions about by, such as the universality
relation (2.22) and the values of p.

21We also tested the possibility of using galaxy samples for which the parameter p(i) is redshift dependent.
The results shown here are robust to these changes.
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Figure 13. Forecasted constraints on fﬁL for different values of the parameter p(¥) in the univer-
sality relation (2.22) of b, for the double-tracer configuration of the billion-object survey and fixed
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which is the direction indicated by the arrow.
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Figure 14. Forecast for o fﬁL) for different Gaussian priors o(p) on the parameter p in the universality
relation (2.22) for the billion-object survey (at fixed ACDM parameters and with fiducial value f&y = 1
so that p can be independently varied). While marginalizing over p with wide priors significantly
impacts the constraints for small A in the case of fixed bias parameters (left), the realistic case of
marginalizing over the biases (right) shows a relatively small degradation even for very wide priors on p.

We investigate this question by imposing different Gaussian priors on the parameter p
for a fiducial value of p = 1. Figure 14 shows that an uncertainty in p mostly affects A < 0.5
when marginalization over the biases. In addition, the degradation in the constraining power
on f&y is limited to within a factor of less than three (two) for an extremely conservative
prior with width o(p) = 10 (5). This implies that a lack of knowledge of the precise value
of p for the given galaxy samples does not significantly affect the forecasts. On the other
hand, a careful consideration of the values of p in target selection could potentially lead
to important improvements in o (f&}).
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5.2 Multi-tracer LSST and comparison to SPHEREx

So far, we have seen that the multi-tracer forecasts offer somewhat limited potential for
improvements in the context of both current and future, realistic spectroscopic surveys.
Acquiring spectra takes more observational time than imaging alone which makes it harder
for spectroscopic surveys to reach the high number densities needed for sample-variance
cancellation to be most effective. In principle, photometric surveys, such as LSST, are
therefore not limited in the same way, as indicated in figure 4, and have the potential to
benefit significantly from a multi-tracer analysis. Following the LSST science book [91], our
LSST forecasts however use a single tracer as shown in table 8 and, consequently, do not
capture the full potential of this survey which we will now investigate.

In order to explore the potential for an LSST multi-tracer analysis, we consider a simplified
case in which we split the LSST sample of table 8 into two subsamples of equal number
density but different linear biases bgi).m In figure 15, we compare the constraints o (fg})
from single- and double-tracer configurations of LSST and the billion-object survey. As
for all of our spectroscopic surveys with their given number densities, there is a relatively
small change in the constraining power for the billion-object survey.?> On the other hand,
LSST shows a remarkable improvement which is consistent with the factor of roughly three
seen in figure 4. This increase in sensitivity however depends of course on the biases of
the samples and would be diminished to less than a factor of two if we had instead taken
bgm)(z =0) = biingle(z = 0) £ 0.2, for instance. We additionally note that the much
larger number density of the LSST samples appears to outweigh the larger number of
(linear) modes in the billion-object survey.

In this regard, LSST has much more potential for testing inflationary physics than
is typically seen in forecasts. Of course, spectroscopic information may prove essential in
eliminating systematics or reliably splitting the LSST sample. The improvements that we see
in figure 15 however strongly encourage a future investigation that accounts for systematic
effects. In addition, we have not included the information from cosmic-shear observations,
which are sensitive to primordial non-Gaussianity in their own right (see e.g. [141]) and may
be useful in conjunction with the galaxy power spectra considered here. Cross-correlations
with other observables, such as CMB lensing and the kinetic Sunyaev-Zel’dovich effect, would
additionally provide complementary constraining power [142-144].

Given the potential of LSST as a multi-tracer survey, we should also revisit how it
compares to other near-term surveys. We noted in section 3.2 that LSST and SPHEREx
result in similar forecasts despite having different strengths and weaknesses in their designs.
SPHEREXx is a spectro-photometric survey with a larger sky coverage, while LSST is a

22For simplicity, we split the LSST sample in the same way as the sample for the billion-object survey, i.e.
we take b{"? (z = 0) = b™&'°(z = 0) + 0.4 with equal number densities, 75" = 7{”), to retain the single-tracer
LSST sample when combined. We refer to [140] for similar forecasts for an LSST sample split into “blue” and
“red” galaxies.

231n this context, it is important to remember the large maximum redshift for this survey (zmax = 5) which
results in a number density more or less comparable to DESI/Euclid for many redshift bins. The same number
of objects in a smaller volume, as would for example be the case for a spectroscopic follow-up survey to LSST
with zmax = 3, would not have the same limitation, but its effectiveness for most other science targets would
be reduced [2].
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Figure 15. Comparison of the constraining power of single- and double-tracer versions of LSST and
the billion-object survey (with fixed ACDM parameters) for A = 0 (left) and 2 (right). We can clearly
see the significant improvement that a double-tracer analysis of LSST could provide due to its large
number density for the entire range of scaling exponents A.

photometric survey with a larger number density. The comparison in section 3.2 is additionally
complicated by the fact that we treated LSST as a single-tracer survey following [91] while
multi-tracer forecasts would maximize the benefit of the higher number density.

We might have naively imagined that the slight advantage of SPHEREx was due to
the smaller photometric redshift error of most of its samples. (Specifically, the redshift
uncertainty of LSST is assumed to be 0,9 = 0.05, while the SPHEREx samples are binned
with maximum errors of 0,9 = {0.003,0.01,0.03,0.1,0.2}.) This is however not what is found
in our forecasts. In figure 9, we see that the potential impact of photometric redshift errors
on f& for A < 1.2 is at most 50%. At the same time, we observed in figure 15 that the
potential improvements in LSST from splitting the single sample into two is potentially a
factor of three or more. This suggests that the number density is a larger effect than the
quality of the photometric redshifts.?* At the same time, there are however many other factors
that differ between these surveys and we would like to identify the most important individual
design factors that set the two surveys apart (at least for the purpose of constraining fﬁL
from the scale-dependent bias in the power spectrum).

In order to isolate the differences and control the individual factors in survey design,
we compare LSST and SPHEREx by their biases and number densities in figure 16, while
ignoring the photometric redshift errors for both surveys, 0,0 = 0. To be precise, we
take SPHEREx as the fiducial survey and substitute either the linear biases or the number
densities from a survey equivalent to LSST (see appendix A for details). When we keep the
number densities of SPHEREx and use the LSST-like biases, i.e. two samples with equal
number densities, which add to the total number density of SPHEREx, and the same biases
as in our earlier LSST forecasts just over the larger redshift range of SPHEREx with the
same scaling proportional to D(z)~!, SPHEREX still outperforms in the single-tracer case,
but underperforms in the double-tracer scenario. In this sense, SPHEREx has a built-in
advantage from the fiducial biases used in our forecasts, while our relatively large splitting in

24While the observed volume of SPHEREX is in principle more than twice as large (see appendix A), its
number densities are much smaller, especially at high redshifts, which results in an effective volume that is
smaller by a factor of almost four compared to LSST.

— 32 —



. . 103

| Fixed biaées
102
g 100 s
S 3
4 1
é _ 10
S i
’ ——— SPHEREx (0,0 = 0)1 o
d — 5{ from LSST 10
10~ 1 1 trom E Single
ﬁ(g’) from LSST Multi
1 1 1 1071 1 1 1
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
A A

Figure 16. Constraining power of SPHEREx with its fiducial biases bgi) and number densities ﬁgi)

compared to a survey with either of these observational design factors replaced by LSST-like numbers
for fixed (left) and marginalized (right) Gaussian bias parameters. The solid/dashed lines show
the forecasts for a single-/multi-tracer version of these surveys (five samples for SPHEREx and two
samples when considering LSST-like design factors) for which we ignore the photometric redshift
errors in order to directly infer the sizable impact of these design choices.

the linear biases of the LSST-like samples leads to a considerable improvement in the regime
of sample-variance cancellation. If we instead keep the biases of SPHEREx and use the
number densities of LSST, i.e. we include objects with LSST-like number densities according
to (A.13) beyond its zmax, the latter becomes more sensitive. In fact, this advantage becomes
larger when we additionally allow for a double-tracer configuration of LSST, which takes
full advantage of the difference in number densities. As a result, we should understand
that the slightly better sensitivity of SPHEREx indicated in figure 3 is primarily due to the
single-tracer nature of the LSST forecast and the larger biases of the SPHEREx samples.

Before concluding, we have to however state that the largest challenge for both LSST
and SPHEREx will of course be identifying and mitigating the impact of large-angle (and
other potential) systematics. In this regard, the survey which will be most sensitive to fl\%L
cannot be easily anticipated ahead of time. Either way, both surveys have the potential to in
principle place constraints on general PNG from the galaxy power spectrum alone (i.e. without
the galaxy bispectrum) that exceed those inferred from the Planck bispectrum for A < 1.

6 Conclusions and outlook

Primordial non-Gaussianity from scale-dependent bias offers one of the best avenues to test the
physics of inflation in the coming decade and beyond. The signal imprinted by light particles
coupled to the inflaton is localized on relatively large scales where analyses are less influenced
by gravitational nonlinearities, baryonic physics and modeling errors. Equally importantly,
the scaling behavior of this signal encodes the mass of these light particles, offering a unique
window into the spectrum and interactions of particles during the inflationary epoch.
Pragmatically, the scale-dependent bias offers a method to test for new physics within
the power spectra measured in large-scale structure. One might expect that the best
measurements of primordial physics should ultimately come from higher- N-point statistics or
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5 Technical

even from analyses performed directly at the level of the observed maps.?
obstacles have however slowed down progress and obscured the ultimate sensitivity of
LSS surveys. In fact, analyses of the bispectrum only recently became possible for single-field
inflation (equilateral PNG) and remain far from the demonstrated sensitivity of the CMB.
The established theoretical and observational control of LSS power spectra therefore offer a
reliable approach for near-term surveys to impact our understanding of inflation.

Previous work has largely focused on local PNG for which the signal to noise is dominated
by only the largest angular scales accessible in a given survey. These measurements are
exciting since they have the potential to exceed the sensitivity of the CMB and explore
the interesting theoretical threshold of fi%¢ ~ O(1). The much richer phenomenology of
inflation however raises the question if optimizing a survey for fio¢ is the same as optimizing
for understanding inflation more broadly. For example, degeneracies [151-153] and large-
angle (systematic) effects [105, 154-158] that limit the local PNG measurement may not
impact other changes to the statistics. Similarly, some variations in the observational strategy
or target selection may not significantly affect the constraining power on fll\?f, but could yield
a vast increase in the insights that we can gain on other inflationary observables.

In order to extend the reach of current and future surveys to these compelling inflationary
targets, we studied primordial non-Gaussianity associated with light fields during inflation
over a wide range of their masses. We found that surveys optimized for fll\?f tend to perform
equally well over a broader mass range beyond the massless (local) limit. Furthermore,
we placed new constraints on these types of PNG by analyzing the BOSS DR12 dataset
in two different and consistent ways. These results are consistent with previous analyses
in the case of massless fields. In addition, they extend to heavier fields and other types
of non-Gaussianity. They also show that bounds on these general non-Gaussian shapes
can be simply inferred from scale-dependent bias measurements of fll\?f and fy] if they are
consistent with zero. Our measured constraints from BOSS data are also consistent with our
BOSS forecasts which suggests that our understanding of the constraining power of these
surveys, which we described in detail, is reflected in real data. These insights are likely
relevant to the analysis strategies for current or near-term observations and the design of
future surveys. For instance, we demonstrated the significant improvements in sensitivity
that may be available from a multi-tracer analysis of LSST data.

More broadly speaking, additional fields present during inflation are interesting in their
own right, far beyond their potential impact on the galaxy power spectrum. While we
focused on models leading to power-law corrections to the power spectrum, oscillatory
contributions to inflationary spectra can arise from (more) massive fields [43, 76, 159] or
chemical potentials [160, 161], for instance. This vast range of phenomenology therefore
indicates that there are many opportunities in the analysis of galaxy surveys [140, 162] that
remain under-explored and, as we also show in this paper, minor additional work could result

in much broader and deeper insights into the primordial universe.

25In some cases, it has already been shown that the signals of extra fields are best understood as map-level
features [145—150] that may carry more signal to noise than low-order statistics.
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A Forecasting details

In this appendix, we collect additional information on our LSS Fisher forecasts. We first
provide the full set of definitions underlying our model for the galaxy power spectrum and
then describe the experimental specifications of all galaxy surveys employed in the main text.

A.1 Galaxy power spectrum model

We model the galaxy power spectrum at one-loop order in standard Eulerian perturbation
theory and in the bias expansion where the galaxy overdensity d, is a function of terms up
to third order in the linear matter density contrast d,, [cf. (2.6)]. The theoretical galaxy
power spectrum for two biased tracers A and B is then given by (2.9). The various loop
contributions in that equation are defined as follows:

ot = / B\ (a). (A.1)
Poo(h) =2 | [F@E =] Piola) PinlIF 1), (A.2)
Pra(h) = 6Pin(k) | F37 (8.3, ~0) Pia(0) (A.3)
Pr(k) =2 | B (@R = @) Pin(@) ([~ ) (A4)
Pa() =2 [ FP@F =) (12~ ) Pinla) Pin(F = ) (A.5)

P (0) =2 [ Puala) Pun(F - ). (A.6)
Prga(k) =2 [ (4 = 3) Pin(a) Pin(F = 1) (A7)
Peaa(k) =2 [ (4 = 5 Puula) Bl - ). (A.8)
Pann (k) = 2Pun(k) [ 42 (’“f) - ]iuu;}aln(q), (19)
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symmetric, second- and thirdl’:);;er kernels of d,, in standard perturbation theory [51],
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where k = El + Eg + Eg and Ggs)(lgl, ];:2) is the symmetric, second-order kernel of the velocity
divergence 0,,,
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A.2 Survey specifications

In the following, we provide detailed information about the spectroscopic and photometric
redshift surveys that we employ in our Fisher forecasts, including the assumed redshift
distribution in bias and number density.

Spectroscopic surveys. The experimental specifications of the spectroscopic redshift
surveys BOSS, DESI, Euclid, SPHEREx, MegaMapper and the billion-object survey are
provided in tables 2 to 7. We provide the linear bias b; and number density n, for each
sample and redshift bin with mean redshift z and spherical volume V. For DESI, different
types of tracers were combined into one galaxy sample with a single effective number density
and bias following [14, 95]. Since the number density of DESI is not in the regime where
sample-variance cancellation is most effective (see figure 4), our results should be relatively
insensitive to this choice. For all surveys, we treat each redshift bin as being independent
so that the Fisher matrix for the entire survey is the sum of the Fisher matrices associated
with each separate redshift bin.

Photometric surveys. To forecast Vera Rubin Observatory’s LSST, which is a photometric
redshift survey, we use the “gold” sample defined in their science book [91], which includes
more than four billion galaxies over 20000 deg?. The number of objects in each redshift
bin is calculated according to

o (A.13)

Z=Zmin

Ntot sty

222 (228 + 2202 + z2> e~#/%

Ng(zmina Zmax) =

where Niot = 0.55arcmin ™2, Qgy = 20000 deg2 and zp = 0.3. The bias is taken to be
b1(z) = 0.95/D(z) and we assume a photometric redshift error of 0,9 = 0.05. Table 8
explicitly provides the derived experimental specifications for this survey with zp. = 3 and
twelve redshift bins with width Az = 0.25.
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z

0.35

0.625

b1

1.634

1037, (K3 Mpc™3]  0.275

V [h=3 Gpc?]

2.18

1.877
0.142
4.15

Table 2. Basic specifications for a BOSS-like survey [14] (inspired by [168] as detailed in [95]), covering
a sky area of 10252 deg? with a total of about 1.2 x 10° objects in a volume of roughly 6.3 h~3 Gpc3.

z 0.05 0.15 025 035 0.45 0.65 0.75 0.85 0.95
by 1.40 1.48 1.55 1.61 1.67 205 171 171 153
1037, [h* Mpc™3] 38.8 15.7 3.96 0.883 0.0992 0.591 1.31 0.920 0.779
V [h=3 Gpc?] 0.0356  0.229 0.560 0.979 1.44 239 2.83 324 3.61
z 1.05 1.15 1.25 1.35 145 155 1.65 1.75 1.85
by 1.45 148 1.47 147 169 1.68 2.27 2.45 2.47
1037, [h3Mpc™3] 0.466 0.398 0.387 0.180 0.133 0.110 0.0387 0.0197 0.0208
V [h3 Gpc?] 3.94 424 449 471 490 5.05 5.18 5.29 5.37

Table 3. Basic specifications for DESI [14] (derived from [88] as explained in [95]), covering a sky
area of 14000 deg? with a total of about 2.7 x 107 objects in a volume of roughly 58 =3 Gpc3.

Z 065 0.75 0.85 095 1.05 1.15 1.25 1.35
b1 1.06 1.11 1.16 1.21 127 1.33 1.38 1.44
1037, [A*Mpc™3] 0.637 1.46 1.63 1.50 1.33 1.14 1.00 0.837
V [h=3 Gpc?] 2.56 3.03 3.47 3.87 4.23 454 481 5.05
Z 145 155 165 1.75 1.85 1.95  2.05
by 1.51 154 163 1.70 1.85 1.90  1.26
1037, (3 Mpc™3] 0.652 0.512 0.357 0.246 0.149 0.0904 0.0721
V [h73 Gpc?] 525 541 555 567 576 583 588

Table 4. Basic specifications for the Euclid survey [95] (derived from [169]), covering a sky area
of 15000 deg? with a total of about 4.9 x 107 objects in a volume of roughly 71 h=3 Gpc>.
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z 01 03 05 07 09 13 19 25 31 37 43
1% 0.584 340 743 115 151 604 714 736 718 683  64.2
b\ 13 15 18 23 21 27 36 23 32 27 38
10°5%Y 997 411 501 7.05 3.16 1.64 0.359 0.0807 0.184 0.150 0.113
b\ 12 14 16 19 23 26 34 42 43 37 46
108 1230 856 282 93.7 43.0 500 0.803 0.383 0.328 0.107 0.0679
b\¥ 1.0 13 15 17 19 26 30 32 35 41 50
10°75) 1340 857 362 204 204 21.2 0.697 0202 0.143 0.193 0.0679
p\Y 098 13 14 15 17 22 36 37 27 29 50
10°05Y 2200 1290 535 495 415 79.6 7.75 0.787 0.246 0.193 0.136
b\ 083 12 13 14 16 21 32 42 41 45 50
10°75) 1490 752 327 250 183 734 253 541 299 0.941 0.204

Table 5. Basic specifications for SPHEREx [170], covering a sky fraction fq., = 0.75 with a total
of about 7.0 x 10® objects in a volume of roughly 450 h~—2 Gpc®. SPHEREX is a spectro-photometric
survey and the observed objects are divided into five samples based on their photometric redshift
uncertainty bin, with respective maximum error o, = {0.003,0.01,0.03,0.1,0.2}. The volume V and

the galaxy number density 7, are given in units of h~=3 Gpc? and h® Mpc™3, respectively.
z 2.0 3.0 4.0 5.0
b1 2.5 4.0 3.5 5.5
1037, [R*Mpc™3]  0.98  0.12  0.10  0.040
V [h3 Gpc?] 54.0 544 500  44.8

Table 6. Basic specifications for MegaMapper [92], covering a sky area of 14 000 deg? with a total of
about 6.6 x 107 objects in a volume of roughly 200 h~3 Gpc?>.

z 025 075 1.25 1.75 225 2.75 3.25 3.75 4.25 4.75
V [h=3 Gpc?] 4.78 20.6 32.8 38.8 40.8 40.7 394 37.7 35.9 34.0
p{V 228 294 366 441 517 594 6.72 7.51 829 9.07
103 [R3Mpe=3] 154 154 1.54 154 154 154 154 154 154 1.54
b 1.37 176 219 2.64 3.0 3.57 4.03 450 4.97 545
1037 (W3 Mpc3] 154 154 1.54 1.54 1.54 1.54 1.54 154 154 1.54

Table 7. Basic specifications for our (futuristic) spectroscopic billion-object survey, covering a sky
fraction fa, = 0.5 with a total of 10° objects in a volume of roughly 330 h~2 Gpc?. The observed
objects are divided into two samples based on their linear bias, b1 (z = 0) = 2.0 and 1.2.
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z 0.125 0.375 0.625 0.875 1.125 1.375

by 1.01 1.16 1.31 1.48 1.65 1.82
1030, (K3 Mpc™3] 292 183 108 63.6 36.8 21.0
V [h73 Gpc?] 0.709  3.93 8.10 11.9 14.9 17.0
Z 1.625  1.875 2125 2375 2625  2.875
b1 2.00 2.18 2.36 2.54 2.73 2.91
1037, [A*Mpc™3]  11.9 6.46 3.55 1.94 0.969  0.646
V [h3 Gpc?] 18.4 19.2 19.7 19.9 19.8 19.6

Table 8. Basic specifications for Vera Rubin Observatory’s LSST [91], covering a sky area of 20 000 deg?
with a total of about 4 x 10? objects in a volume of roughly 170 A~ Gpc®. The photometric redshift
error is 0,9 = 0.05.

B Measuring the scaling behavior

We have assumed for all forecasts throughout the paper that the fiducial value of the non-
Gaussian amplitude f&; vanishes. This is of course motivated by the fact that we have only
been placing observational bounds on PNG that are consistent with f1$L = 0, including in
section 4. We additionally always considered the scaling exponent A to be fixed. In this
appendix, we will consider nonzero fiducial PNG amplitudes and clarify to what degree
measurements of the galaxy power spectrum are sensitive to the precise value of A.

We defined the correlation between the non-Gaussian signals of two different values of A
in (4.2) in terms of the respective Fisher matrix elements (after marginalization) for a fiducial
value of fﬁﬁ’r" = 0. For BOSS, we can observe in figure 10 that this correlation is close to
unity, even for widely separated values of A. We see in figure 17 that this statement still
holds for the billion-object survey. In fact, the range of A which are highly correlated with
the local shape further expanded. Naively, this suggests there is little information about the

shape of the signal, described by A, encoded in these observables.

To first approximation, the fiducial value of fﬁL = ( is the reason why we see little ability
to distinguish different values of A. Since there is no signal to measure, it is not surprising
that the precise shape is not very important. If we were instead to detect fﬁL, we would
expect that the signal to noise would be a fairly sensitive function of A and we could therefore
measure the true value of A precisely. This is exactly what is found in figure 18, in which we
show the forecasted constraints for measuring A, o(A), assuming that fﬁL is detected at a
significance of 50 in the billion-object survey. The key result is that if we detect fﬁL while
holding A fixed, we expect to have enough sensitivity to measure the scaling exponent with
o(A) ~ 0.05 — 0.5. In this sense, the strategy of searching for fI%L at fixed A is a reliable
strategy to search for new physics, but would yield additional information about the origin
of the signal even at the threshold of a detection. When we instead marginalize over A, we
require a significantly larger non-Gaussian amplitude f&; to be detected. In this case, the
corresponding uncertainties on A would however be generally smaller, with o(A) < 0.1.
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Figure 17. Correlation matrix for measurements of galaxy power spectra with different values of the
non-Gaussian scaling exponent A as defined in (4.2) for the billion-object survey and four biasing
models. The lower right panel is equivalent to figure 10, which shows the correlations for BOSS. As
in that figure, we hold the ACDM parameters fixed, take the fiducial non-Gaussian amplitudes to
be zero, fﬁﬁ = 0, and indicate the coverage of the local and equilateral templates with a correlation
coefficient of at least 0.9 by the orange lines. We can clearly observe the impact of the biasing model
and the different experimental specifications compared to BOSS.

At first sight, it might seem surprising that the curves of 0(A) in figure 18 have minima at
the values of A where the curves of o(f&; ) have maxima or downward bends. By comparing
the curves for different biasing models, we can however see that these features are the result
of marginalizing over the bias parameters. For example, we noted in the main text that
the maximum in o(f§y) near A = 1 when marginalizing over b; arises because the linear
bias b; and fﬁfl are degenerate at high k. The fact that the measurement of fl\%L is less
constraining at this point then also implies that we are very sensitive to the exact value of the
scaling exponent A. When we hold f& /o (f&;) fixed, we should therefore expect that o(A)
is smaller in regions of A where fﬁL is degenerate with bias parameters.
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Figure 18. Forecasts for o(f4;,) (top) and o(A) (bottom) as a function of A if the scaling exponent
is either fixed (left) or varied (right) for the billion-object survey. To compute the constraint on A,
we take the fiducial value of the non-Gaussian amplitude, fﬁL, to be the value necessary to achieve
a Ho detection in the respective forecast. We fix the ACDM parameters and marginalize over four
different biasing models.

Let us finally return to the correlation coefficients between scale-dependent biases with
different scaling exponent A. In order to be consistent, the impact of marginalization
over the bias parameters must also appear in cos( ﬁﬁ, 1@f) Specifically, the impact of
the marginalization has a large impact on o( fﬁL) for larger values of A. For the inferred
constraints to be consistent with our forecasts, this has to imply that the correlation between
large and small A decreases by a similar factor. If this was not the case, our constraints

inferred from fll\?f at large A would be stronger than directly measuring fﬁ‘L.

This expectation is precisely what occurs, as shown in figure 17. The correlation
coefficients for larger A are affected by the number of bias parameters that are marginalized
over. With more marginalized bias parameters, the range over which A < 2 and A = 2
are degenerate decreases significantly. This is expected since the (equilateral) signal for
A = 2 gets most of its information from large wavenumbers, where the biases play a
significant role (cf. section 3.2). In contrast, the increase of the range of strong overlap with
A = 0 is likely due to the increasing difficulty to distinguish similar shapes of A with the
inclusion of more bias parameters. Finally, it is also worth noticing that the non-Gaussian
signal with A = 0 (local PNG) appears to be anti-correlated with the scale-dependent
bias signal for A ~ 2 in the last three panels of figure 17 in which we marginalize over
the biasing model.
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