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We study various aspects of scale invariant quantum field theories, in particular, the
non-relativistic ones. We explore consequences on symmetry algebra in terms of unitarity bound,
existence of monotonic renormalization group flow. We leverage the non relativistic conformal
symmetry algebra to construct an operator basis for Heavy Quark Effective Field theory and
there by provide a framework for operator counting in this effective field theory. We investigate
the large charge sector of non-relativistic conformal theory and in that limit, we find the scaling
of operator dimensions with respect to the charge it carries. In the relativistic counterpart, we

focus on 2D conformal field theories (CFT) and explore the consequences of modular invariance
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of thermal partition function of a 2D CFT. In particular, we investigate the finer details of the
asymptotic density of states in 2D CFT using modular invariance and put bounds on asymptotic

gap in the spectra.
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Chapter 1

Introduction

One of the central theme of the thesis is Symmetry. Symmetry is a powerful tool to
describe nature. Since every symmetry is associated with a transformation under which the
system under consideration looks the same, some physical quantity associated with the system
has to be conserved or invariant under such transformation. For example, we can think of a
perfectly round ball painted with a color uniformly, it would look exactly the same even when
someone rotates the ball. If we look carefully at the figure 1.1, we can spot the rotation only
because there is a dot which tells us that we have performed a rotation. Without the dot, the two
picture of the ball look exactly the same. Without the dot, we will say the ball is spherically
symmetric. The orange dot is what breaks the symmetry. This pattern of being same even when
one rotates the object is related to rotational symmetry and the conserved quantity is the angular
momentum of the object. In fact, human as a species has always been awed by patterns. Since
the dawn of the civilization, we have been striving to find patterns, which is often poetically
called finding order in chaos. We observe the nature with minute details, we find out patterns in
events occurring repeatedly. We have found patterns in the cycle of day and night, the apparent
motion of sun across the sky at different time of the year. The take home message in all of these

is that whenever there is a pattern, there is a symmetry associated with it. Another example



Figure 1.1: The rotation of a sphere with a dot, without the dot, the two scenarios are exactly
the same.

closer to the particle physics is the observation that the lowest spin 0 mesons have similar masses
and form an octet, this led to the discovery of SU(3) flavor symmetry and hence quarks, the
fundamental building block of subatomic elementary particles like proton, neutron etc. In short,
symmetry turns out to be instrumental in explaining the nature. Even when one does not find a
perfect pattern, one can always study the most symmetric scenario and systematically investigate
the deviation from it. Going back to the painted ball example, the orange dot was what caused
the deviation from perfect spherical symmetry.

To formalize the notion of symmetry, we define symmetry in the following way: we start
with a system, we perform an operation on it, if it stays same or changes in a precise manner, we
say that the system is symmetric under the operation. Another example, that one can think of and
the one that will come along in this thesis over and over again is the scaling of space-time, which
basically means zooming in or out while probing a system. Now if we have a self-similar pattern,
for example fractals, zooming in or out would not effect the appearance of the system and we
have scale invariance, see figure 1.2. To give a more intuitive picture, for a reader familiar with

dimensional analysis, we can intimately relate the scale invariance to how we assign dimensions



Figure 1.2: The image of a fractal (picture taken from Wikipedia). The fractal has a self similar

pattern i.e it looks same whether we zoom in or zoom out.
to various physical quantities and perform dimension analysis. An instructive example is to
consider the energy density of an electromagnetic wave, which can also be thought of as a gas of
photon confined in a box of length L. We know that the energy should be extensive in volume
and should go as L3. Hence the energy density £ should be independent of L. The only other
physical quantity that £ can depend on is temperature 7" and the fundamental constants: speed of
light ¢ and the reduced Planck’s constant 4. From this, one can perform the dimension analysis

and deduce that

kgT*

Ezoc(hc>3

(1.1)

where o is some undetermined dimensionless number. In the usual units, kg, and ¢ are

fdimensionful constants, nonetheless, we can choose a unit where they are 1 and we have

£ =or? (1.2)

We can easily derive the above by using the fact that the theory describing photons in 3+ 1D is



scale invariant. In order to show that, we implement a scale transformation on space-time which
takes x — Ax and t — Ar. Now we assign dimensions to various physical quantities, keeping in
mind that the & and ¢ are constants and does not scale under such transformation. This leads to

the following scaling assignment for £ and temperature 7'.

£\ 4E (1.3)

T AT (1.4)

Since E depends on T only, the only way they can be related and respect scale invariance'

is to satisfy eq. (1.2). The input of scale invariance is coming from the fact there is no other
dimensionful parameter which £ can possibly depend on. This example can be thought of as a
stepping stone for more sophisticated use of scale invariance that has been undertaken in this
thesis. Naively, one can think if a theory does not have any intrinsic dimensionful parameter
when we define it, the theory is scale invariant”. In principle one can consider more generic scale

transformation:

K= NEx = N (1.5)

If one wishes to preserve rotational invariance, one should also impose the restriction that all the
z;i’s are equal. In particular, to keep rotational invariance, without loss of generality, we can set

zi = 1, we will be interested in the following scale transformation:

xX—Ax, — A%t (1.6)

ITechnically we call it covariance, which means both side of an equation transforms in a similar manner.

%A technical remark is in order: if a theory has dimensionful parameter, one can assign a scaling dimension to
that parameter and transform it accordingly to restore scale invariance, but to decide whether a theory is invariant or
not, we are not allowed to transform its parameter, for example, one can consider a massive scalar field, we say that
the mass term breaks the scale invariance, this means that we are treating mass as a parameter and not allowed to
assign a scaling dimension to mass and transform it accordingly.



Imposing Lorentz invariance on top of it would force z = 1. Unless otherwise mentioned, we
will keep z to be arbitrary.

The second key theme of the thesis is quantum field theory. To understand quantum field
theory, let us first review the concept of field. We start with the basic fact that any physical
system can potentially be described by some quantities which evolves under some parameter.
For example, we can consider a stream of water flowing through a pipe. We can describe the
flow of the water by reading out the velocity of the water at each point along the stream. Thus for
each point along the stream, we have a vector describing the motion of the water. This is what
we call the velocity field. In general, a physical system can be described by some fields, which
assigns numbers or ordered tuple of numbers to each point in space-time. Then the properties of
the system are encoded within how the values of the field at different points in space-time are
correlated with each other. It so turns out that the field can be quantum in nature i.e. each field
can be thought of as a wave form of some quanta i.e. particle. Quantum field theory (QFT) is
nothing but a quantized version of field theory which can also encode the particle nature of the
wave. QFT is one of the most successful mathematical framework to investigate nature, from
the theory of fundamental particles to collective phenomena in condensed matter. The concept
of symmetry gets married to the concept of QFT via the assumption that the quantum fields
and their correlation functions have to transform in a precise manner if the system that the QFT
describes is symmetric under a transformation. As we will be interested in scale invariant field
theories, we reiterate that a QFT is said to be scale invariant if we can assign scaling dimension
to the fields such that all the correlation functions transforms with a scaling dimension under a
scaling of space-time.

The research carried out in this thesis revolves around deeply understanding QFTs using
symmetry arguments especially scale invariance. Even though we know a lot about weakly
coupled QFTs, strongly coupled field theories are much less known. To provide a sense of

strong and weak, let us introduce Alice, she is standing on the floor, the whole enormous sized



Earth is attracting Alice towards his center but Alice is not falling through (for him) because of
the normal reaction coming from the floor. This normal reaction is nothing but an interaction,
electromagnetic in nature. This, in turn, does show that the electromagnetic interaction is much
stronger than the gravity. Similar phenomenon can be seen when in dry weather one can use
static electricity to hold small pieces of paper against gravity with the comb.

In technical terms, the research undertaken here focuses primarily on the scale invariant
systems, in particular those, described by the non-relativistic (NR) avatars of conformal field
theories (a.k.a CFT, a genre of scale invariant theories) in different dimensions and 2D CFTs .
From a practical standpoint, the scale invariance plays a pivotal role in understanding critical
phenomena such as ferromagnetic phase transition, non relativistic fermions at unitarity, helium
near superfluid transitions. The motivation to study scale invariance not only stems from its
novel practical applications, but also from two fundamental cornerstones of physics: first of all,
QFTs can be understood as renormalization group flows between scale invariant theories, so
the latter organizes the space of QFTs, secondly the scale invariant QFTs offer the simplest and
most tractable examples of the AdS-CFT correspondence, which offers one of our best hopes of
understanding the ambitious holy grail, a nonperturbative theory of quantum gravity.

As mentioned earlier, renormalization group flows end at a point where the scale invariant
field theories reside. In the space of relativistic QFTs, renormalization group flows are monotonic,
which means that there is a function C, a function of couplings of the theory and the function
decreases monotonically as the theory flows from the UV fixed point to the IR fixed point. One
way to study/derive this monotonicity property is to couple the theory to gravity, and investigate
the divergences in vacuum bubble diagrams following the work of Jack and Osborn for ¢* theory,
the work of Grinstein, Stergiou, Stone, Zhong for ¢3 theory. We have adapted this formalism and
applied it to generic NR scale invariant systems to identify potential C-theorem candidates. The
similar formalism got adapted by Auzzi et.al.to study NR scale invariant systems with Galilean

boost invariance. This is also known as Schrodinger invariant field theory since the Schrodinger



equation is invariant under this symmetry group. We went on showing that the free NR scalar
field theory (which is an example of NR scale invariant system with Galilean boost invariance)
does not have any Weyl anomaly using the heat kernel method. This work clarified lot of issues
and subtleties associated with NR Schrodinger operator and corrected some of the previous
results in literature. On this front, the long term goal is to understand the space of non-relativistic
QFTs, prove/disprove the C-theorem like statement in non-relativistic scenarios. The chapter 2
and 3 expound on these.

In chapter 2, Weyl consistency conditions have been used in unitary relativistic quantum
field theory to impose constraints on the renormalization group flow of certain quantities. We
classify the Weyl anomalies and their renormalization scheme ambiguities for generic non-
relativistic theories in 24 1 dimensions with anisotropic scaling exponent z = 2; the extension
to other values of z are discussed as well. We give the consistency conditions among these
anomalies. As an application we find several candidates for a C-theorem. We comment on
possible candidates for a C-theorem in higher dimensions.

In chapter 3 we propose a method inspired from discrete light cone quantization (DLCQ)
to determine the heat kernel for a Schrodinger field theory (Galilean boost invariant with z =2
anisotropic scaling symmetry) living in d + 1 dimensions, coupled to a curved Newton-Cartan
background, starting from a heat kernel of a relativistic conformal field theory (z = 1) living
in d + 2 dimensions. We use this method to show the Schrodinger field theory of a complex
scalar field cannot have any Weyl anomalies. To be precise, we show that the Weyl anomaly

/qG

71 for Schrodinger theory is related to the Weyl anomaly of a free relativistic scalar CFT

Ak, via lefH = 2n8(m) A%, where m is the charge of the scalar field under particle number
symmetry. We provide further evidence of vanishing anomaly by evaluating Feynman diagrams
in all orders of perturbation theory. We present an explicit calculation of the anomaly using a
regulated Schrodinger operator, without using the null cone reduction technique. We generalize

our method to show that a similar result holds for one time derivative theories with even z > 2.



In chapter 4 we prove a no-go theorem for the construction of a Galilean boost invariant
and z # 2 anisotropic scale invariant field theory with a finite dimensional basis of fields.
Two point correlators in such theories, we show, grow unboundedly with spatial separation.
Correlators of theories with an infinite dimensional basis of fields, for example, labeled by
a continuous parameter, do not necessarily exhibit this bad behavior. Hence, such theories
behave effectively as if in one extra dimension. Embedding the symmetry algebra into the
conformal algebra of one higher dimension also reveals the existence of an internal continuous
parameter. Consideration of isometries shows that the non-relativistic holographic picture
assumes a canonical form, where the bulk gravitational theory lives in a space-time with one
extra dimension. This can be contrasted with the original proposal by Balasubramanian and
McGreevy, and by Son, where the metric of a d + 2 dimensional space-time is proposed to be
dual of a d dimensional field theory. We provide explicit examples of theories living at fixed
point with anisotropic scaling exponent z = % del.

The chapters 5 — 9 deal with a special non-relativistic (NR) avatars of conformal field
theories, henceforth we call them NRCFT. NRCFT is a non relativistic scale invariant theory
with Galilean boost invariance. It also admits another special symmetry known as special
conformal invariance. The cutting edge experiments involving cold atoms provide us an excellent
opportunity to realize systems like fermions at unitarity, which exhibits non-relativistic conformal
invariance. One can measure the energy of ground state and excited states of these fermionic
systems (e.g. systems consisting of °Li,3*K 133Cs) trapped in a harmonic potential. Since the
energy is directly related to the scaling dimension of non-relativistic operators of underlying
NRCFT, describing the system, we have a unique platform where one as a theorist can study how
the symmetry constrains various physical data of NRCFT and subsequently experimentalists can
verify them in a real life experiment. The research on this front aims at extracting these NRCFT
data using symmetry principles on one hand while on the other hand it strives to connect these

results to real life experiments.



In what follows, a novel connection between 1D CFT and non-relativistic CFT (NRCFT)
to explore the neutral sector (containing physically important operators like current, charge
density, Hamiltonian), which was otherwise unexplored due to subtleties in the representation
theory of NRCFT. The connection arises because of the SL(2,R) subgroup of the NR conformal
group. The SL(2,R) acts on the time co-ordinate and thus all the equal space correlators in
NRCFT behave like the ones in 1D CFT. The work has shown the possibility of the use of 1D
CFT to study NRCFT (bootstrapping NRCFT, deriving sum-rules, nonunitarity in fractional
dimensions) and thus merits further exploration. This is specially relevant as 1D CFT has recently
been analytically studied by Paulos et.al.and exact results have been derived. The connection
with NRCFT allows us to investigate the implications of these fascinating exact results from 1D
CFT in NRCFT.

In chapter 5 we relate the notion of unitarity of a (0+ 1)-D conformally (SL(2,R))
invariant field theory with that of a non-relativistic conformal (Schrédinger) field theory using
the fact that SL(2,R) is a subgroup of non-relativistic conformal (Schrédinger) group. Exploiting
SL(2,R) unitarity, we derive the unitarity bounds and null conditions for a Schrodinger field
theory (for the neutral as well as the charged sector). In non integer dimensions the theory is
shown to be non-unitary. The use of SL(2,R) subgroup opens up the possibility of borrowing
results from (0+ 1)-D SL(2,R) invariant field theory to explore Schrodinger field theory, in
particular, the neutral sector, which has otherwise been unexplored. This viewpoint of organizing
the operator content of Schrodinger invariant field theory in terms of SL(2,R) finds natural
application in heavy quark effective field theory which we explore in chapter 6&7.

In chapter 6 we use a Hilbert series to construct an operator basis in the 1/m expansion
of a theory with a nonrelativistic heavy fermion in an electromagnetic (NRQED) or color gauge
field (NRQCD/HQET). We present a list of effective operators with mass dimension d < 8.
Comparing to the current literature, our results for NRQED agree for d < 8, but there are some

discrepancies in NRQCD/HQET at d = 7 and 8. In chapter 7 an operator basis of an effective



theory with a heavy particle, subject to external gauge fields, is spanned by a particular kind
of neutral scalar primary of the non-relativistic conformal group. We calculate the characters
that can be used for generating the operators in a non-relativistic effective field theory, which
accounts for redundancies from the equations of motion and integration by parts.

In chapter 8 we study Schrodinger invariant field theories (nonrelativistic conformal field
theories) in the large charge (particle number) sector. We do so by constructing the effective
field theory (EFT) for a Goldstone boson of the associated U(1) symmetry in a harmonic
potential. This EFT can be studied semi-classically in a large charge expansion. We calculate the
dimensions of the lowest lying operators, as well as correlation functions of charged operators.
We find universal behavior of three point function in large charge sector. We comment on
potential applications to fermions at unitarity and critical anyon systems.

In chapter 9, we study operators in Schrodinger invariant field theories (non-relativistic
conformal field theories or NRCFTs) with large charge (particle number) and spin. Via the
state-operator correspondence for NRCFTs, such operators correspond to states of a superfluid
in a harmonic trap with phonons or vortices. Using the effective field theory of the Goldstone
mode, we compute the dimensions of operators to leading order in the angular momentum L and
charge Q. We find a diverse set of scaling behaviors for NRCFTs in both d = 2 and d = 3 spatial
dimensions. These results apply to theories with a superfluid phase, such as unitary fermions or
critical anyon systems.

In chapter 10, we switch gears and focus on 2D conformal field theories. In 2 dimensions,
the conformal algebra can be extended to a bigger infinite dimensional algebra known as Virasoro
algebra. The infinite dimensionality of symmetry algebra provides us with immense control over
the physical theories invariant under such algebra. On top of that, the thermal partition function
of 2D CFTs on a spatial circle are modular invariant i.e. invariant under the exchange of thermal
and spatial circle. This, in turn, relates the low temperature behavior to the high temperature

behavior of partition function. Since the high temperature behavior is controlled by the density
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of states at high energy, the modular invariance reveals the density of states of a 2D CFT at high
energy. This is known as Cardy formula. The mathematical methodology involves estimation
and bounds of Laplace transform of distributions and comes under the umbrella of Tauberian
theorems. The Cardy formula is an asymptotic expression for the density of states, that can be
derived rigorously using Tauberian theorems. The basic features of Tauberian theorems can
be explained in an elementary manner. The idea comes from an attempt to assign a sum to
otherwise not summable series, where by not summable we mean where the partial sum S, sum
does not converge as n — 0. To cure this, what one does is to construct a hierarchy of notion
of summability. Going up the hierarchy lets one sum series which are not summable in the
lower hierarchy. The branch of mathematics dealing with these is Tauberian theory. To be more
explicit, let us consider the sum ¥;_o(—1)*(k 4 1), which is evidently not summable in the usual

sense. Now one defines

fB)= Y (~1f(k+1)e® (1.7)

k=0

For 3 > 0, however, this is summable in the usual sense and we find

P

f(B):W

(1.8)

2
It’s easy to see, e2B/<eB + 1) is well defined at p = 0 and equals to 1/4. Thus, one can say
f(B) goes to 1/4 as B goes to 0. Now one defines,
YD) = g (19)
E :

k=0 New notion of sum

This new notion of sum is called Abel sum. It’s easy to see that summability in Abel sense
follows directly from summability in the usual sense, but not the other way around. The
Tauberian theorems specify the conditions under which the higher notion of summability (e.g.

Abel summability) implies the lower notion of summability (e.g. the usual summability). In

11



its generalized version, one can deduce the asymptotic behavior of the usual sum from the
asymptotic behavior of Abel sum. We will be interested in partition function, which is Laplace
transform of density of states and the Laplace transform is nothing but the continuous version of

Abel sum. In particular, we will be interested in

2(B) = [ dnp(a) e @B, pa) - L84~ a0, (1.10)

where f is the inverse temperature. Now, knowing the form of Z(f3) as B goes to 0 enables us
to deduce the asymptotic form of fOA dA'p(A') as A goes to «. The power of Tauberian theory
comes from the fact that one does not have to impose any regularity condition on p(A).

The chapter 10 gives a brief introduction to the Cardy formula and motivates the use
of sophisticated machinery of Tauberian theory. The chapter 11 expounds on finer details
and subleading correction to this formula by methods inspired from Tauberian theorems. In
particular, we improve the existing bounds on the O(1) correction to the Cardy formula for the
density of states in 2 dimensional conformal field theory at high energy. We prove a conjectured
upper bound on the asymptotic gap between two consecutive Virasoro primaries for a central
charge greater than 1, demonstrating it to be 1. Furthermore, a systematic method is provided
to establish a limit on how tight the bound on the O(1) correction to the Cardy formula can be
made using bandlimited functions. The techniques and the functions used here are of generic

importance whenever the Tauberian theorems are used to estimate some physical quantities.
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Chapter 2

Weyl Consistency Conditions in

Non-Relativistic Quantum Field Theory

Weyl consistency conditions have been used in unitary relativistic quantum field theory to
impose constraints on the renormalization group flow of certain quantities. We classify the Weyl
anomalies and their renormalization scheme ambiguities for generic non-relativistic theories in
2+ 1 dimensions with anisotropic scaling exponent z = 2; the extension to other values of z are
discussed as well. We give the consistency conditions among these anomalies. As an application
we find several candidates for a C-theorem. We comment on possible candidates for a C-theorem

in higher dimensions.

2.1 Introduction

Aspects of the behavior of systems at criticality are accessible through renormalization
group (RG) methods. Famously, most critical exponents are determined by a few anomalous
dimensions of operators. However, additional information, such as dynamical (or anisotropic)

exponents and amplitude relations can be accessed via renormalization group methods near but
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not strictly at criticality. Far away from critical points there are often other methods, e.g., mean
field approximation, that can give more detailed information. The renormalization group used
away from critical points can valuably bridge the gap between these regions.

Systems of non-relativistic particles at unitarity, in which the S-wave scattering length
diverges, |a| — oo, exhibit non-relativistic conformal symmetry. Ultracold atom gas experiments
have renewed interest in study of such theories. In these experiments one can freely tune the
S-wave scattering length along an RG flow [1, 2]: at a~! = —oo the system is a BCS superfluid
while at a=! = o it is a BEC superfluid. The BCS-BEC crossover, at a~! = 0, is precisely the
unitarity limit, exhibiting conformal symmetry. This is a regime where universality is expected,
with features independent of any microscopic details of the atomic interactions. Other examples
of non-relativistic systems with accidentally large scattering cross section include few nucleon
systems like the deuteron [3, 4] and several atomic systems, including 8Rb[51,138¢Cs [6], 3K
[7].

In the context of critical dynamics the response function exhibits dynamical scaling. This
is characterized by a dynamical scaling exponent which characterizes anisotropic scaling in
the time domain. There has been recent interest in anisotropic scaling in systems that are non-
covariant extensions of relativistic systems. The ultraviolet divergences in quantized Einstein
gravity are softened if the theory is modified by inclusion of higher derivative terms in the
Lagrangian. Since time derivatives higher than order 2 lead to the presence of ghosts,! Horava
suggested extending Einstein gravity by terms with higher spatial derivatives but only order-2
time derivatives [13]. The mismatch in the number of spatial versus time derivatives is a version
of anisotropic scaling, similar to that found in the non-relativistic context. This has motivated
studies of extensions of relativistic quantum field theories that exhibit anisotropic scaling at short

distances. Independently, motivated by the study of Lorentz violating theories of elementary

!Generically, the S-matrix in models with ghosts is not unitary. However, under certain conditions on the
spectrum of ghosts and the nature of their interactions, a unitary S-matrix is possible [8, 9, 10, 11]. In theories of
gravity Hawking and Hertog have proposed that ghosts lead to unitarity violation at short distances, and unitarity is
a long-distance emergent phenomenon [12].
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particle interactions [14], Anselmi found a critical point with exact anisotropic scaling, a so-
called Lifshitz fixed point, in his studies of renormalization properties of interacting scalar field
theories [15]; see Refs. [16, 17] for the case of gauge theories. Anomalous breaking of anisotropic
scaling symmetry in the quantum Lifshitz model has been studied in Ref. [18, 19, 20, 21, 22];
see also Ref. [23] for an analysis using holographic methods.

Wess-Zumino consistency conditions for Weyl transformations have been used in unitary
relativistic quantum field theory to impose constraints on the renormalization group flow of Weyl
anomalies [24]. In 1+1 dimensions a combination of these anomalies gives Zamolodchikov’s
C-function [25], that famously decreases monotonically along flows towards long distances, is
stationary at fixed points and equals the central charge of the 2D conformal field theory at the
fixed point boundaries of the flow. Weyl consistency conditions can in fact be used to recover
this result [24]. Along the same lines, in 3+1 dimensions Weyl consistency conditions can be

used to show that a quantity a satisfies
da
p- = HopBpP 2.1)
u

where u is the renormalization group scale, increasing towards short distances. The equation
shows that at fixed points, characterized by udg®/du = % = 0, a is stationary. It can be shown
in perturbation theory that g is a positive definite symmetric matrix [26]. By construction
the quantity 4 is, at fixed points, the conformal anomaly a of Cardy, associated with the Euler
density conformal anomaly when the theory is placed in a curved background [27]. This is
then a 4-dimensional generalization of Zamolodchikov’s C function, at least in perturbation
theory. Going beyond 4 dimensions, Weyl consistency conditions can be used to show that in
d = 2n dimensions there is a natural quantity that satisfies (2.1), and that this quantity is at fixed
points the anomaly associated with the d-dimensional Euler density [28]. Concerns about the

viability of a C-theorem in 6-dimensions were raised by explicit computations of “metric” %B
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in perturbation theory [29, 30, 31]. However it was discovered in Ref. [32] that there exists a
one parameter family of extensions of the the quantity @ of Ref. [28] that obey a C-theorem
perturbatively.

Weyl consistency conditions can also be used to constrain anomalies in non-relativistic
field theories. The constraints imposed at fixed points have been studied in Ref. [18] for models
with anisotropic scaling exponent z = 2 in 2-spatial dimensions; see Refs. [33, 34] for studies
of the Weyl anomaly at d =4,z =3 and d = 6. Here we investigate constraints imposed along
renormalization group flows. We recover the results of [18] by approaching the critical points
along the flows. As mentioned above, there are questions that can only be accessed through
the renormalization group methods applied to flows, away from fixed points. The additional
information obtained from consideration of Weyl consistency conditions on flows can be used
to ask a number of questions. For example, we may ask if there is a suitable candidate for a
C-theorem.

A related issue is the possibility of recursive renormalization group flows. Recursive
flows in the perturbative regime have been found in several examples in 4 — € and in 4 dimensional
relativistic quantum field theory [35, 36, 37, 38, 39, 40]. Since Weyl consistency conditions
imply d does not increase along RG-flows it must be that @ remains constant along recursive
flows. This can be shown directly, that is, without reference to the monotonicity of the flow;
see [40]. In fact one can show that on recursive flows all physical quantities, not just @, remain
constant: the recursive flow behaves exactly the same as a single fixed point. This is as it should
be: the monotonicity of the flow of a implies that limit cycles do not exist in any physically
meaningful sense [41, 42]; in fact, they may be removed by a field and coupling constant
redefinition. However, it is well known that bona-fide renormalization group limit cycles exist
in some non-relativistic theories [43, 44, 45]. The C-theorem runs afoul of limit-cycles, and an
immediate question then is what invalidates it in models that exhibit recursive flows? Our analysis

indicates some potential candidates for C-theorems but does not show whether generically the

16



“metric” Hyg has definite sign. The question of under what conditions the metric has definite
sign, precluding recursive flows, is left open for further investigation.

The paper is organized as follows. In Sec.2.2 we set-up the computation, using a
background metric and space and time dependent coupling constants that act as sources of
marginal operators. In the section we also clarify the relation between the dynamical exponent
and the classical anisotropic exponent. We then use this formalism in Sec. 2.3 where we analyze
the consistency conditions for the case of 2-spatial dimensions and anisotropic exponent z = 2.
The Weyl consistency conditions and scheme dependent ambiguities are lengthy, so they are
collected in Apps. A.1 and A.2. In Sec. 2.4 we explore the case of arbitrary z, extending some of
the results of the previous section and in Sec. 2.5 we propose a candidate C-theorem for any even
spatial dimension. We offer some general conclusions and review our results in Sec. 2.6. There
is no trace anomaly equation for the case of zero spatial derivatives, that is, particle quantum
mechanics; we comment on this, and present a simple but useful theorem that does apply in this

case, in the final appendix, App. A.3.

2.2 Generalities

We consider non-relativistic (NR) field theories with point-like interactions. Although not
necessary for the computation of Weyl consistency conditions, it is convenient to keep in mind a
Lagrangian description of the model. The Lagrangian density £ = L(¢,m,g) is a function of
fields ¢(¢,x), mass parameters m and coupling constants g that parametrize interaction strengths.

We restrict our attention to models for which the action integral,

S[o(x,1)] = /dtdde

17



remains invariant under the rescaling
X AX, t— At, (2.2)

that 1s,

SIA%0(Ax, A°1)] = S[o(x,1)].

Here A is the matrix of canonical dimensions of the fields ¢. In a multi-field model the anisotropic
scaling exponent z is common to all fields. Moreover, assuming that the kinetic term in L is local,
so that it entails powers of derivative operators, z counts the mismatch in the number of time
derivatives and spatial derivatives. In the most common cases there is a single time derivative
and z spatial derivatives so that z is an integer.

For a simple example, useful to keep in mind for orientation, the action for a single

complex scalar field with anisotropic scaling z in d dimensions is given by
S = / drd’x [im¢*<a_?¢ ~ Vi Vi, 0° Vi Vi 90— gmz/dwlz”] : (2.3)

where z is an even integer so that the Lagrangian density is local. If N = 1+ z/d the scaling
property (2.2) holds with A = d /2 (alternatively, if N € Z, then z = d(N — 1) € dZ). When (2.2)
holds the coupling constant g is dimensionless. The mass parameters m have dimensions of 7'/L?,
where T and L are time and space dimensions, respectively. One may use the mass parameter
to measure time in units of z-powers of length, and this can be implemented by absorbing m
into a redefinition, ¢ = mf. In multi-field models one can arbitrarily choose one of the masses to
give the conversion factor and then the independent mass ratios are dimensionless parameters of
the model. In models that satisfy the scaling property (2.2), these mass ratios together with the
coefficients of interaction terms comprise the set of dimensionless couplings that we denote by

g% below.
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The above setup is appropriate for studies of, say, quantum criticality. However the
calculations we present are applicable to studies of thermal systems in equilibrium since the
imaginary time version of the action integral is equivalent to an energy functional in d + 1 spatial

dimensions. Taking t = —iy in the example of Eq. (2.3) the corresponding energy integral is
H = [dyd's [mo" 3]0+ ViV, 0 Vi Vi 0+ gl Jo]

The short distance divergences encountered in these models need to be regularized and
renormalized. Although our results do not depend explicitly on the regulator used, it is useful to
keep in mind a method like dimensional regularization that retains most symmetries explicitly.
Thus we consider NR field theories in 1 + n dimensions, where the spatial dimension n =d — €,
with d an integer. Dimensional regularization requires the introduction of a parameter u with
dimensions of inverse length, L™ I' Invariance under (2.2) is then broken, but can be formally
recovered by also scaling u appropriately, u — A~ !u. For an example, consider the dimensionally

regularized version of (2.3):

S[do(x,1);u) = / drd"x [immg?fq)o—Vil---vizﬂq)gv,-l---Viz/cho— 8Zem3 1) 00|™|
(2.4)
We have written this in terms of bare field and mass, ¢o9 and mg, and have given the bare
coupling constant explicitly in terms of the renormalized one, go = ,ukeZgg. The coefficient

k=N —1=z/d is dictated by dimensional analysis. It follows that
SN0 (A, At ); A~ ] = S[do(ax, 1)1 (2.5)

In order to study the response of the system to sources that couple to the operators in
the interaction terms of the Lagrangian, we generalize the coupling constants g% to functions

of space and time g%(7,x). One can then obtain correlation functions of these operators by
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taking functional derivatives of the partition function with respect to the space-time dependent
couplings, and then setting the coupling functions to constant values. Additional operators of
interest are obtained by placing these systems on a curved background, with metric 7,y (z,x).
One can then obtain correlations including components of the stress-energy tensor by taking
functional derivatives with respect to the metric and evaluating these on a trivial, constant metric.
For example, we then can define the components of the symmetric quantum stress energy tensor

and finite composite operators in the following way:

2 38

L2385 185
u = WS’Y‘HV

[0a] = N

(2.6)

The square bracket notation in the last term indicates that these are finite operators, possibly
differing from Oy, = dL/dg% by a total derivative term.

Time plays a special role in theories with anisotropic scaling symmetry. Hence, it is
useful to assume the background space-time, in addition to being a differential manifold M,
carries an extra structure — we can foliate the space-time with a foliation of co-dimension 1.
This can be thought of a topological structure on M [13], before any notion of Riemannian
metric is introduced on such manifold. Now the co-ordinate transformations that preserve the
foliation are of the form:

t1(t), X' E(x,1) (2.7)

We will also assume the space-time foliation is topologically given by M = R x X. The foliation
can be given Riemannian structure with three basic objects: 4;;, N; and N. This is the ADM
decomposition of the metric — one can generally think as writing the metric in terms of lapse

and shift functions, N(z,x) and N;(z,x), and a metric on spatial sections, 5;;(,x):

ds* = Yydx'dx’ = N2dt? + 2Nidtdx' — h;;dx‘dx’ (2.8)
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Here and below the latin indices run over spatial coordinates, i,j = 1,...,d. We assume
invariance of the theory under foliation preserving diffeomorphisms. In a non-relativistic set up,
it is convenient to remove the shift N’ by a foliation preserving map ¢ + t(t) and x’ — &' (x,1).

The metric is then given by
ds* = Yydx'dx’ = N?dt* — h;jdx'dx’ (2.9)

Once the shift functions are removed the restricted set of diffeomorphisms that do not mix space
and time are allowed, ¢ — ©(¢) and x' — &(x), so that N = 0 is preserved.
In Euclidean space, the generating functional of connected Green’s functions W is given
by
eV = / [d§] e 5045 (2.10)

The action integral for these models is generically of the form
So = / dtd"xNVh Ly, @.11)

where i = det(h;;). We have denoted by £ the Lagrangian density with bare fields and couplings
as arguments; these are to be expressed in terms of the renormalized fields and couplings, so as
to render the functional integral finite. The term AS contains additional counter-terms that are
solely functionals of g* and 7,y that are also required in order to render W finite. In a curved

background the scaling (2.2) can be rephrased in terms of a transformation of the metric,
N(x,t) = MN(x,t),  hij(x,1) = A2hij(x,1). (2.12)
Then the generalization of the formal invariance of Eq. (2.5) is

So[MEN (x,1), A2hy j(x,1), A2000 (x,1); A~ 1] = So[N (x, 1), hij (%, 1), &0 (x,7); 4] (2.13)

21



for a suitable matrix of canonical dimensions Ag of the bare fields (appropriate to n =d — €
spatial dimensions).

We assume that when introducing a curved background the action integral is suitably
modified so that the formal symmetry of Eq. (2.13) holds locally, that is, it holds when replacing
A — exp(—o(x,)). The modification to the action integral consists of additional terms that
couple the fields ¢ to the background curvature.

For example, the model in Eq. (2.4) for z = 2 is modified to include, in addition to
coupling to a background metric, additional terms
9

iN L
Na%+%

- 9;N o'N
) %) oWy

oiN
N

/ dtd"xNvVh {imoqu)gq)oK +Eno (cpg 090 + ErROG 0

Here K;; = %a,h,- j /N is the extrinsic curvature of the ¢t = constant hypersurfaces in the N =0
gauge and K = h'K; i (with hi/ the inverse of the metric h; i), and R is the d-dimensional
Ricci scalar for the metric /;;. Under the transformation (2.12) with A = exp(—o) one has
K — ¢*°(K +nd;6/N), R — ¢*°(R+2(n—1)V?’6 — (n—1)(n —2)V,6Vic) and N — e 2°N,
so that choosing Ex = 1/2 and ensuring

n

2

=0 (n+2)Evo—4Eyy+ 2 =0, (2.14)

2(n—1)Er +28Eng + 5

the action integral remains invariant. Thus, we have a one parameter family of parameters
that preserves invariance of the action under anisotropic scaling. For arbitrary even z and
arbitrary spatial dimension #, in the example (2.4) we first integrate by parts the spatial covariant

derivatives:

Vi Vi 07 Vi Vi 10— (—1)7207(V2) 2.
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Then we replace the operator (V2)3 by 0("+2-4) 0n+2:=8) ... o(n+4) 0(") with O(P) defined as

2 —no;N o;N aN
o =|vi_ P gy 2RO iy itz 2(2+P—")Nhlj

4(n—1) 4 N

(2.15)

Under h;; — e 2oh; j» N — e °N and y — e%G\p, this operator transform covariantly, in the

sense that
0Phy — (3120 (P)yy. (2.16)

Hence, under the Weyl rescaling &;; — e~ 2%h;j, N — ¢ “°N and ¢ — ¢2°¢ we have following,

transforming covariantly

q)(ﬂ; O(n+2z—4) O(n+21—8) . O(n+4) O(n)q)o N e(n+z)6¢(>§ O(n+2z—4) O(n+21—8) . O(n+4) O(n)q)o

(2.17)

For z = 2, this construction gives

% (l’l) _ % 2 n a N ij n a N a N
NVhoE0M g = NVhoy, {v 4(n_1)R+ —~ "0t g 0o (2.18)
8 N 8 N .
This solves Eq. (2.14) with
n n

Z:»R:_4(n_1)7 Eno =0, ﬁNNZg- (2.20)

The extra freedom for z = 2 arises from the fact that ¢ |[R+ (n — I)VZTN — (=L)(n+2) 9N IN ] 0o
is Weyl invariant. This special invariant quantity is available only for z = 2.

Having constructed a classically Weyl invariant curved space action, we have that
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W =W — W, = W + AS is invariant under these local transformations:

Wle “°N,e *°h;;, g%(e °u)] = WIN, h;j, g*(u)] (2.21)

We have suppressed the explicit dependence on space and time and have assumed the only depen-
dence on the renormalization scale u is implicitly through the couplings: using y-independence of

bare couplings, go = 1*g(11) Z (8(11)) = (M) ®g () Zg (g(Mar)) s0 that (A1) g (u)Zy (g(u)) =

g (M) Zg (g (M)
The generating functional W is not invariant in the sense of Eq. (2.21). The anomalous

variation of W arises purely from the counter-terms: under an infinitesimal transformation,

AW =W, [(1 —z0)N, (1 —20)h;j, g% —oudg®™/du] — W [N, h;j, g%

= / dt d*x NvVh (terms with derivatives on N, h;;, g% and G) (2.22)

does not vanish. Using Eqgs. (2.6) and choosing ¢ to be an infinitesimal local test function, this

reads

Z(T%) + (T";) — B*([Oa]) = (terms with derivatives on N, h;;, g* and 6) . (2.23)

Evaluating at space and time independent coupling constants and on a flat metric, so that the

right hand side vanishes, we recognize this as the trace anomaly for NRQFT.

Since the Weyl group is Abelian, consistency conditions follow from requiring that

[Ag, Agt] W = 0. (2.24)

These consistency conditions impose relations on the various anomaly terms on the right hand

side of Eq. (2.22). In the following sections we classify all possible anomaly terms and derive
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the relations imposed by these conditions.

2.2.1 Dynamical exponent

In the theory of critical phenomena the dynamical exponent { characterizes how a
correlation length scales with time in time dependent correlations. At the classical level (the
gaussian fixed point) this just corresponds to the anisotropic exponent z introduced above. To
understand the connection between these we must retain explicitly the dependence on the mass
parameter(s) m in Egs. (2.13) and (2.21). We consider for simplicity the case of a single mass

parameter. In particular, we have
Wle N, e 2%hyj,g%(e~%u), m(e ")) = WIN, hij, (), m()] (2.25)

By dimensional analysis and translational and rotational invariance, the correlator of

fundamental fields is given by

(0(x,2)6(0,0)) = ﬁF(ln(m(#)lez/l),ln(ulxl)) 7

for some dimensionless function of two arguments, F(x,y). This function is further constrained

by the renormalization group equation. At a fixed point, % = 0, it takes the form

0 0
(15 4t +27) 00.)0(0.0)) =0,

where 7V, and y are the mass anomalous dimension and the field anomalous dimension, respec-
tively. These are generally dimensionless functions of the dimensionless coupling constants, g%,

here evaluated at their fixed point values, say, g<. It follows that

1

——————f(m(uo )y ™ x ¥ /1)
‘ugY‘ x\ 2(A+Y)

(0(x,1)0(0,0)) =
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(LE + po, 1k +p)

Ek Ek
(3E — po,5k—p)

Figure 2.1: Self energy correction to propagator at one loop. The ingoing momenta is denoted

by (E, k) while the internal loop momenta is given by the variable p.
Here g is a reference renormalization point and f is a dimensionless function of one variable.
This shows that at the fixed point the fields scale with dimension A 4 v and the dynamical
exponent is { = z — V.. It is important to understand that while £ can be thought of as running
along flows, the exponent z is fixed to its classical (gaussian fixed point) value.

As an example consider the following Lagrangian for a z = 2 theory in 4 4 1 dimensions:
. * * £ 3/2 *
L= [iZumZe0" 0, 0~ 290' V0~ 12tV ZumZ) 0P (0+07)] . 226)

The renormalization factors in dimensional regularization in n + 1 dimensions, withn =4 —¢,

have the following form:

Zx =14+) = (2.27)

where the residues aX are functions of the renormalized coupling constant g. Independence of

the bare parameters on the scale u requires

d € BZgA € A€ € 13
0 =M (Zggll2> = a—g58#2 +ZgBu> + > Zs81° (2.28)
where P = udg/du has B(g,€) = —5¢+B(g), and
d 0Z A dm
0=u—~Z =2 — 7. 2.29
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It follows that
din(m) | daf
du dg

Ym = MU

(2.30)

At one loop the self-energy correction to the propagator, represented by the Feynman

diagram in Fig. 2.1, reads

. dpo d"p
i om0 55

where the propagator is given by

i
(2mE — p?2 +i0*)

D(E,p) =

The integration over pg and then over p gives

d"p 1 1 g° |

Z(E,k):%gzy‘g/ = (mE_Zk2)+"'

(2m)" <mE_lek2_P2> e 64n?

where the ellipses stand for finite terms. We read off

2 2

g
Zy—1=_5 d  Z,—-1=-—5_
¢ 256 " L 25672

Form which it follows that

Ym = 256m2
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D (AE —po,3k—p) D (XE +po, 1k +p) (2.31)

(2.32)

, (2.33)

(2.34)



2.3 d=2,z=2 Non Relativistic theory

2.3.1 Listing out terms

We first consider 24 1 NRCFT with z = 2. It is convenient to catalogue the possible
terms on the right hand side of Eq. (2.22) by the number of space and time derivatives acting
on the metric, the couplings and the transformation parameter ¢. Rotational invariance implies
that space derivatives always appear in contracted pairs. We must, in addition, insure the correct
dimensions. Table 2.1 summarizes the dimensions of the basic rotationally invariant quantities;
R stands for the curvature scalar constructed from the spatial metric £;;. Since A;; is the metric
of a 2 dimensional space, rotational invariants constructed from the Riemann and Ricci tensors

can be expressed in terms of R only.

Table 2.1: Basic rotationally invariant operators and their dimensions. They are made out of N,
g% and curvature R.

Operators N
Length Dimension | 0 | O | 2
Time Dimension | 1

In order to match up the dimension of the Lagrangian, terms that only contain spatial
derivatives must have exactly four derivatives. The derivatives can act on the metric or on

on the dimensionless variation parameter 6. Hence we have following 2-spatial-derivatives

components:
ONIN 9N . . V2N
NN Talga> aigaalgﬁ, N Vig*, R (2.35)
Vic (2.36)
o'N .
aiGW R aicalga (2.37)

where we note that in the term a’TN the denominator serves to cancel off the time dimension of the

numerator. To form a 4 derivative term out of above terms, we can (i) choose two terms among
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Table 2.2: Summary of four spatial derivative terms that can enter the counterterm functional
W, or the anomaly on the right hand side of Eq. (2.22). The terms in W, are the products of
the first six entries of the first column and the first six of the first row, and their coefficients
are the first of the entries listed in the table (uppercase letters). Those in the anomaly extend
over the whole table; in the first 6 x 6 block they correspond to the second entry (lowercase
characters) and for those a factor of ¢ is implicit. The red NA labels denote terms that are
second order in infinitesimal parameter G, hence dropped. Latin indices are contracted with the
inverse metric "/ when repeated, eg, d;NO'N = h'/9;NI;N.

V* Sector | O;NO'N | 09,g%0'gP 0;No'g* V2N V2g% R V26 | 9;00'N | 0,060'g*
J;NO'N | Ps,p3 XapsXap Pig, Poo Py, py Yo, Yo 0, %4 x3 [ Pso
aigaaigﬁ X(xBaxocB X(xBy&xaByS XopyXopy | X2ap:*2a | D2apyt2opy | Ysop:Vsap | 9308 Piop Topy
diNJd'g* | P, P9 Xopy: Xapy Psaps Psop | Prso,P2so | Pasap: P26ap Xo Xlo P1oo *1aB
V°N Py,ps | XoapiXoap | PrsasP2sa | Pz, P23 Praa, P24a H,c* hy P12 Pi3a
Vig® Yo, Yo | Doopys2opy | PrsopsP260p | Podas P2da | PooapsP22ap | Asasdse | d4o | Pro P210p
R 0, X4 Ysap, Y508 Olo; Xa Hc'! Asq, asa A a n hy a7o,
Ve x3 308 Yl hy 40 n NA | NA NA
0i6d'N P11 Piap P10a P12 Pra h NA | NA NA
d;00'g* Psa TaBy XiaB P130 P210p a7, NA NA NA

(2.35) with repetition allowed: there are 6% —C, = 21 such terms; (ii) (2.36) can combine with
any of (2.35) giving 6 additional terms; and (iii) we can choose one of (2.37) and choose another
from (2.35), yielding an additional 2« 6 = 12 terms. Hence we will have 21 + 12+ 6 = 39 terms
with four space derivatives. Terms with derivatives of R, such as

oO'N

diR—,

aiRaig“ N

and
are not independent. Integrating by parts, the term 9;R9'g* can written in terms of RV2g® and
R0;60'g%, and the term RV>N can be expressed in terms of 8,~R%V. The 39 four derivative
terms, which we call the V# sector, appear on the right hand side of (2.22) with dimensionless
coefficients that are functions of the couplings g%, and with a factor of & if the term does not

already contain one. Table 2.2 gives our notation for the coefficients of these terms in Eq. (2.22).

Two time derivatives are required for the sector with pure time derivatives, which we

label 92. The terms must still have length dimension —4. The dimensions of the basic building
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Table 2.3: Basic building blocks for operators in the 97 sector and their dimensions. They are

made out of K, g% and (K;; —

2Khij).
Operators K|g*| (Kij— %Khi i)
Length Dimension | 0 | 0 0
Time Dimension | 1 | O 1

Table 2.4: Summary of two time derivative terms that can enter the counterterm functional W,
or the anomaly on the right hand side of Eq. (2.22). The terms in W, are the products of the
first, second, fourth entries of the first column and the first, second, fourth entry of the first row
, and their coefficients are the first of the entries listed in the table (uppercase letters). Those in
the anomaly extend over the whole table; in the first 2 x 2 block they correspond to the second
entry (lowercase characters) and for those a factor of ¢ is implicit. The red NA labels denote
terms that are either second order in infinitesimal parameter G or terms that are not rotationally

invariant.
07 Sector K 0:g% 0,6 | Kij— %Kh,-j
K D,d Wa, Wa f NA
0:8” W, wo | Xoops Xoop | Do NA
0,0 f bg NA NA
K;;—3Kh;j | NA NA NA E,e

blocks are given in Tab. 2.3, where K;; = %ath,- /N is the extrinsic curvature of the f =constant

hypersurfaces in the N’ = 0 gauge and K = h'/K;; (with h"/ the inverse of the metric &;;). The

combination (Kj; — %K hi;) is convenient because it is Weyl invariant. Hence, for the 07 sector

we have the following basic one derivative terms:

K7 alga

0,0

Kij—3Khi;

(2.38)
(2.39)

(2.40)

The term 9;N is not included in the list because it is not covariant. The diffeomorphism invariant

quantity is given by d;N — TQON which vanishes identically 0.

Possible anomaly terms are constructed from the 2% — 1 = 3 products of terms in (2.38);

from 2 terms by combining (2.39) and one from (2.38); and we can have (2.40) contracted
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Table 2.5: Summary of one-time, two-space derivative terms that can enter the counterterm
functional W, or the anomaly on the right hand side of Eq. (2.22). The terms in W, are the
products of the entries that have no explicit ¢ factor, and their coefficients are the first of the
entries listed in the table (uppercase letters). Those in the anomaly extend over the whole
table; terms without explicit ¢ have coefficients that correspond to the second entry (lowercase
characters) and for those a factor of ¢ must be included. Latin indices are contracted with
the spatial metric as necessary to make the product of the first column and first row entries
rotationally invariant; for example, p4 denotes the coefficient of K9;No'N. For last entry in
the first column, indices are contracted with those in the terms in first row. The red NA labels
denote terms that are second order in infinitesimal parameter 6, hence dropped. The blue NA
one denotes a term that is identically O since K;; — %Khi ; vanishes upon contraction via hil.

9,V2 Sector | O'NO/N | 0ig%digP | 9iNOIg* | VIVIN | Vivig™ R ViVic | 9'6d/N | d'ca/g®*
K P.ps | Xsap.Xsop Po.Pa L P3o, bsa B.b m I b7,
drg” XosPoo | X3apy:X3aBy | Paaps Paap | Béas beo, Xyops Xa0p | Bsoi, bsq, | Boo, bya Psa Y60
J;0 P3 b3qﬁ Pla b b4q, k NA NA NA
Kij—3Khij | Fi,fi | Papfrap | Prasfra | Fafs | Fsa,foa NA fe /1 f3o

with itself. Thus in total there are 342+ 1 = 6 terms listed in Tab. 2.4 that also gives the
corresponding coefficients.

The sector with mixed derivatives has terms with one time and two spatial derivatives.
For this 9,V?2 sector we can form terms by combining one of (2.38) or (2.39) with one of (2.35),
(2.36) or (2.37), excluding terms quadratic in . This gives 3 x9 — 3 = 24 terms, as displayed
with their coefficients in Tab. 2.5. Finally, we have terms that are not constructed as products of

rotationally invariant quantities. Coefficient of those terms are listed in the last row of Tab. 2.5.

2.3.2 Using counter-terms

One can similarly list all possible terms in W, (. The requirements imposed by dimen-
sional analysis and rotational invariance are as before, the only difference being that these terms
are built from the metric and the couplings but not the parameter of the Weyl transformation G.
Therefore the list of possible counterterms is obtained from the one for anomalies by replacing

o — 1. Tables. 2.2, 2.4 and 2.5 give, as uppercase letters, our notation for the coefficients of

3KV2N can be written as 9;K9'N by doing integration by parts, and it is for this operator that we use the
coefficient j.
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these operators in W ..

The counterterms in W, are not completely fixed by requiring finiteness of the generating
functional. The ambiguity consists of the freedom to include arbitrary finite contributions to
each term. This freedom to add finite counter-terms does not affect the consistency conditions
but does change the value of the individual terms related by them. We can use this freedom to set
some anomalies to zero, simplifying the analysis of the consequences of the Weyl consistency
conditions. In particular, in searching for an a-theorem we can use this freedom to simplify the
consistency conditions. It may be possible to show then that there exist some class of subtraction
schemes for which there exists a possible candidate for an a-theorem, but a general, counter-term

and scheme independent statement may not be possible.
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To illustrate this, consider the variation of the K> and K9,g* terms in W, :

1
As / dtd*>xNvh(DK*) = / dtd>xNV'h <—4N3;6DK—G[3°‘30LDK2> :

As / dt d*xNvVh(Wo K9,8%) = / dt d*xNvVh (— o [B*9oWy + WodyB*] K,8"

1 1
— Nats BOL W(XK — ZNatG Waa,ga>

Inspecting Tabs. 2.2, 2.4 and 2.5 we see that the f anomaly gets contributions only from these

variations, so that the change in f induced by finite changes in the counterterms is given by
8f = —4D — B Wy, (2.41)

With a slight abuse of notation we have denoted here the arbitrary, finite, additive change to the
coefficients of counterterms by the same symbol we have used for the counterterm coefficients
themselves. From Eq. (2.41) we see that one can always choose D so as to set f arbitrarily, and
it is often convenient to set f = 0. For a second example consider the R* anomaly, a. A similar
computation gives

Sa = —B%g A (2.42)

In this case we may solve this equation so as to set a = 0 only if @ = 0 at fixed points, where
B* = 0. As we will see below, the Weyl consistency conditions constrain some anomalies to
vanish at fixed points.

We give in App. A.2 the complete set of ambiguities for models with z =2 ind =2
spatial dimensions. Terms in the effective actions whose coefficients can be varied at will are not
properly anomalies, since the coefficients can be set to zero. With a slight abuse of language they
are commonly referred to as trivial anomalies and we adopt this terminology here. Table 2.6

summarizes the trivial anomalies found in each sector.
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Table 2.6: Trivial anomalies for each sector. Finite ambiguities in counter-terms give sufficient
freedom to set all these anomalies arbitrarily; setting them to zero is often convenient. For
anomalies grouped within parenthesis, all but one of them can be set arbitrarily.

‘ Sector H Trivial Anomalies ‘
o fsba
V29, (P3,11), X6op> P50 D3apsbaas boas (k,m, 1), (brasP1a)s fo f75 f3a
V4 %3, P11, (P100s P13as P80 d30ps PioBs Loy Xlas Xiaps h2. P12, daas PTas P210gs s b1y 470

Table 2.7: Vanishing anomalies for each sector. The Weyl consistency conditions imply these
anomalies, or combination of anomalies, vanish at fixed points (where B* = 0). An anomaly is
conditionally vanishing if it is vanishing only for a particular choice of counterterms.

Sector Vanishing Anomalies Conditionally
Vanishing Anomalies
07 d Wal
V29, f4, f1, P4, b1a, beo. + Péos bsa — beas b1 — Pla
b, j,2p3 — 1 +2b, k+m—1 X5, S3as bsa
v X4 — P4, 2p3 + pa, ¢ — X4 hi+2hy +2)3 — ¢ — P12, XqB + X208, P130
2a+c, pa+2p23,2p23 +¢ || Ysop —X2aps Yo T P240 450 — P24as P250 + P9ax

2.3.3 Consistency conditions and vanishing anomalies

In computing the consistency condition (2.24) one finds a functional that is a combination
of linearly independent “operators” (combinations of G, Y, and g%), each with a coefficient that
1s a linear combination of the coefficients in Tabs. 2.2, 2.4 and 2.5 and their derivatives. Thus the
consistency conditions can be expressed as a set of equations among these coefficients and their
derivatives. The full set of consistency conditions for d = 2, z = 2 are listed in App. A.1. On the
left of each condition we have listed the operator the condition arises from. We have verified
that these conditions reduce to the ones computed in Ref. [18] at fixed points. In the 9, V? sector
the consistency conditions, Egs. (A.1), are given for arbitrary z, while for the 8,2 and V* sectors,
Egs. (A.2) and (A.3), respectively, the value z = 2 has been used.

At fixed points the consistency conditions imply some anomalies vanish. These are
known as vanishing anomalies. For example, setting B* = 0 in Eq. (A.2a) gives d = 0. Table 2.7

summarizes the vanishing anomalies found in each sector. The table also shows conditionally
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vanishing anomalies. These are vanishing anomalies but only for a specific choice of coun-
terterms. For example, setting f* = 0 in Eq. (A.2b) gives —2wq, + bydoY = 0, and Eq. (A.4c)
shows that we can choose the counterterm Wy to set by, = 0.

As explained above, some vanishing anomalies can be set to zero. For example, from
Tab. 2.7 we see that d is a vanishing anomaly, and then Eq. (A.4e) informs us that one may
choose D to enforce d = 0. We note, however, that by Egs. (A.4a) and (A.4e) one may either

choose f or d to vanish, but not both.

2.3.4 Applications

While there are many avenues for analysis in light of the relations imposed by Weyl
consistency conditions on the anomalies, we concentrate on finding candidates for a C-theorem.
We search for a combination of anomalies, C, a local function in the space of dimensionless
coupling constants that flows monotonically, udC/du > 0. We try to establish this by judiciously
setting some anomalies to zero by the freedom explained above and looking for a relation of the

form

B*0oC = —HeyBPY.

Our first three candidates arise from the V* sector. Consider Eq. (A.31), here reproduced:

—asP*+4a+2c+B%gn =0

The combination 2a + ¢ is a vanishing anomaly. One may then use (A.71) and (A.62) to set
2a+c = 0. Equation (A.68) shows a4, is a trivial anomaly and one may set a4 = 0. Combining

with Eq. (A.3c) we have

B%oon = pZZ(xyBaBY + p2aaf*

Similarly, Eq. (A.3i) shows 2py3 4 ¢ is a vanishing anomaly and using (A.60) we may set
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2p23 + ¢ = 0. We then have from Eq. (A.31) again that

Byath = BYp24Y

The difference of these equations then gives us our first candidate for a C-theorem, with C =
n— hz:

B%0(n—ha) = paoayB*BY. (2.43)

A second candidate can be found as follows. Eq. (A.3s) shows X4 — p4 is a vanishing
anomaly. Then Q — P4 can be chosen so that x4 — p4 = 0; see Egs. (A.41) and (A.39). Using

Eq. (A.3k) with p7¢ = 0 as it is a trivial anomaly, we obtain

—B%ox3 = 1P2604B*BY + P24a ™

It follows that

B¥q (n+x3) = (P220y — %P%ow) BBY (2.44)

Combining Egs. (A.3n), (A.3j) and (A.3r) while setting Y1 = 0, ps + 2p23 = 0 and

¢ — x4 = 0 gives what appears to be yet another candidtae in the V* sector:
B (c+p12—h1) = —1p26ayB*BY (2.45)
However, setting the trivial anomalies p¢ and X 1¢ to zero, Eq. (A.30) gives

hy+33 = 3(c+p12—hi)

which shows that the candidates given by eq (2.43),(2.44),(2.45) are not linearly independent in

the scheme with 2a+c =2p3+c=Ya—c=Xa4— ps = pa+p23 =0and a4, = P1o. = P70t =
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X1o. = 0.

We find one candidate for a C-theorem in the 97 sector. Equation (A.2a) shows d is a
vanishing anomaly and use Eqgs. (A.4e) and (A.4c) to set d = by, = 0. Combining (A.2a) and
(A.2b) gives

B*0af = =Yooy B*BY- (2.46)

In the 9, V2-sector we find the following candidates for a C-theorem:

Bdam = — 3 xaay BB (2.47)

B*alt = — 5 PayoBYB* (2.48)

B*9a (p3 +12) = — 7z Pacry BB (2.49)

B0 ( fo + 5 /7 — Bfsy) = BB (fauy— ) (2.50)

We have kept the explicit dependence on z in these equations. As we will see below the 9, V?-
sector is special in that the Weyl anomalies and the relations from consistency conditions hold
for arbitrary z. Hence, the C-candidates in this sector are particularly interesting since they are
candidates for any z. To derive (2.47) we have used that j and b are vanishing anomalies, as
evident from Egs. (A.1d) and (A.1f), and used B and L to set b = j = 0 in Eq. (A.1f) and P3¢ to
set by, = 0 1n Eq. (A.1b). For (2.48) we used j = 0 in Eq. (A.1a) and (A.1n), deduce that p4 is
a vanishing anomaly and use P to set ps = 0 in Eq. (A.1n) and Py, to set pijo, = 0 in Eq. (A.1a).
For (2.49), we set j = ps4 = 0 as before and in addition we set p5y = 0 using Xq, in (A.le), and
use Egs. (A.1d), (A.le) and (A.Im). In the scheme, j = p;o, = 0, Eq (A.l0) implies that the
candidates given by (2.49) and (2.48) are linearly dependent. Last but not the least, (2.50) is
derived from Egs. (A.1p)—(A.1r) by using F3q to set fgo = 0 and setting to zero the vanishing
anomalies f] and f; using F; and Fj.

Two comments are in order. First, we have not established any C-theorem. To do so

would require showing that the two index symmetric tensor appearing on at least one of the right

37



hand side of Eqgs. (2.43)—(2.46) is positive definite, so that it acts as a metric in the space of
flows. In addition, the interpretation of C as counting degrees of freedom is better supported if
it is a monotonic function of the number of degrees of freedom at a gaussian fixed point. And
second, we do not expect a positive definite metric can be found in generality, since cyclic flows
are known to appear in NR quantum systems. Cyclic flows appear in relativistic systems too, but
they differ from NR ones in that there is scaling symmetry all along the cyclic flows and, in fact,
the C quantity is constant along the cyclic flow [40]. Investigating the conditions under which a
theory gives positive definite metric(s) in the space of flows is beyond the scope of this work; we

hope to return to this problem in the future.

2.4 Generalisation to arbitrary z value

In this section, we will explore the possibility to generalize the work for arbitrary z value.
It is clear that the formalism fails for non-integer values of z since in that case, we can not make
up for dimensions with regular analytic functions of curvature and coupling constants. This is
because the quantities constructed out of geometry and coupling constants always have integer
length and time dimension. Furthermore, in a Lagrangian formulation a non-integer z requires
non-analyticity of Lagrangian. So we begin by recalling under what conditions a Lagrangian
with local interactions allows for integer z values.

Consider first the case of d = 2 at arbitrary z value. In constructing AW, (, rotational
invariance implies even number of spatial derivatives, say 2n. Along with m time derivatives, we
must have

mz+2n=z+2.

We look for solutions with integer values for m and n. For m = 1 we must have n = 1 and this
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satisfies the equation for any z. Else, for m # 1 we have

2(1 —n)

T m-1)

For z > 0 we must have either m = 0 with n > 1 or n = 0 with m > 1. For m = 0 solutions exist
only if z = 2k is even, with 2n = 2(1 + k) spatial derivatives. On the other hand, with n = 0, we
have solutions for z = 2/k, with m = k 4 2 time derivatives. To summarize, for z > 0 we can

classify the counterterms by sector as follows:

e There is a pure V? sector for z = 2k, k € Z. It has precisely 2(k+ 1) spatial derivatives.
We have discussed in detail the case kK = 1. Higher values of k can be similarly analyzed,

but it it involves an ever increasing number of terms as z increases.

e There is a pure 9; sector for z =2 /k, k € Z, with k+ 1 time derivatives. We have analyzed
the k = 1 case. Higher values of k can be similarly analyzed, but it involves an ever

increasing number of terms as z decreases.

e There is a 9,V sector for arbitrary z. It has 1-time and 2-spatal derivatives regardless of z.
Therefore, the classification of anomalies and counterterms is exactly as in the z = 2 case,
and the consistency conditions and derived C-candidates are modified by factors of z/2

relative the z = 2 case.

2.5 A candidate for a C-theorem in d + 1D

In relativistic 2n-dimensional QFT the quantity that is believed to satisfy a C-theorem
is associated with the Euler anomaly, that is, it is the coefficient of the Euler density Ey, in

the conformal anomaly [28].% It would seem natural to seek for analogous candidates in non-

“4There is no known local C-function candidate for odd-dimensional relativistic field theory. Jafferis has proposed
a non-local F-function for 3D relativistic theories that shares the monotonicity properties of a C-function[46]
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relativistic theories. The obvious analog involves the Euler density for the spatial sections
t = constant; by dimensional analysis and scaling it should be constructed out of z+d = 2n
spatial derivatives acting on the metric /;;. However, for a d-dimensional metric the Euler density
E», with 2n —d = z > 0 vanishes. Hence, we are led to consider an anomaly of the form XE,,
that is the Euler density computed on the spatial sections ¢ = constant times some quantity X
with the correct dimensions, [X| = z. This construction is only valid for even spatial dimension,
d = 2n. The most natural candidate for X is K: it is the only choice if z is odd. If z is even it can
be constructed out of spatial derivatives. For example, if z = dk = 2nk for some integers k and n,
one may take X = (E,)k.

The variation of the Euler density yields the Lovelock tensor [47], H;;j, a symmetric
2-index tensor that satisfies

V,H7 =0

In looking for a candidate C-theorem we consider a set of operators that close under Weyl-
consistency conditions, starting from XE,. Since 8¢(vhE;) = VhHYV,d;0, and [XHY] =
z+d —2, we are led to include terms with the Lovelock tensor and two spatial derivatives. In

order to compute the consequences of the Weyl consistency conditions we assume
OX =z0X+--- (2.51)

where the ellipses denote terms that depend on derivatives of ¢ and are therefore independent of
X. Consider therefore a subset of terms in the anomaly that appear in the consistency conditions
that lead to a potential C-theorem:

AsW :/ddxdtN \/E {G{aXEd+bXH’JRij+x4XH”WJT + o XHY N

ajg“

+y5aBXH”8ig“ang+cH”8,-X ]lV +a5aH”8,-X8jg°‘}
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. J:N .. .
+a,~c{na,.xm+meH’fx+ama,~g°‘H”XH (2.52)

Correspondingly there are metric and coupling-constant dependent counter-terms with

coefficients denoted by uppercase symbols:

i 0;N d;N . O:N
Wer = / d?xdt N Vh {AXEd +BXH"R;j+ X4XH" IT]T X XH ZT 9;g"

N 9N N
+YsapXHY9;%9 ;8P + CH”a,-X’W +AsgHU9:X0;¢%| (2.53)

Freedom to choose finite parts of counter-terms leads to ambiguities in the anomaly coefficients

as follows:

8a = — B*duA (2.54a)
Sy = — B Xa (2.54b)
S = — B19yXo — XydeBY (2.54¢)
8Ysap = — BY0yYsap — Ysyp0aB’ — YsaydpBY (2.54d)
Sc = — B%9,C (2.54¢)

8b = — %y B (2.54f)
Odasq = — BY0yAsq — Asy0u B (2.54¢)
Sn=—A—(d—2)B—Cz— P s, (2.54h)
Shi = —22X4 — BXo+ Cz—A — (d —2)B (2.54i)
870 = — Do (A + (d — 2)B) — 2Xo — 2P W5y + s (2.54j)

In addition to the Euler density, E;, there are several independent scalars one can
construct out of d derivatives of the metric in d dimensions (except for d = 2, for which the

only 2-derivative invariant is the Ricci scalar and hence E; o< R). E,; is special in that it is the
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only quantity that gives just the Lovelock tensor under an infinitesimal Weyl trasformation,
86(VhEs) = VhHYV,d ;6. In general some other d-derivative invariant® E constructed out of
d /2 powers of the Riemann tensor will instead give 8¢(vAE) = VhHV,d;6 where H' 0
is not divergence-less, V;#'/ # 0. We have given an example of such a term above, HR;;,
both in the anomaly and among the counter-terms. Given a basis of d-derivative operators £
and d — 2 derivative 2-index symmetric tensors '/ one can derive Weyl consistency conditions
by demanding that the coefficients of each linearly independent operator in [Ag, Ag’]W vanish.
Suppose AW D [ G|aE;+bE]: achange of basis by E — E +EE, results in shifting a — a+ &b
in the consistency conditions that arise from terms involving H'/. Similarly, a change of basis of
d — 2 derivative 2-index symmetric tensors H'/ — '/ 4 EH' shifts by a common amount all
the consistency conditions that arise from terms involving H'/. So while we have not retained all
the anomalies that can contribute to the consistency conditions that lead to a potential C-theorem,
they give a common contribution to all those consistency conditions and therefore effectively
shift the contribution of a to the potential C-theorem —and the shift is immaterial since it is
basis dependent. Consider, for example, the coefficient b of the anomaly term H R,  which we
have retained precisely to demonstrate these points. Since 6gR;; = (d —2)V;0,6+ h; jVZG it is
natural to define 74; by 8q(vVhH/R;;) = V/h[(d —2)HY + H/]V,d ;6. With this definition of a
basis of operators the consistency conditions in Egs. (2.55) below all contain the combination
a+ (d —2)b; had we defined instead a basis with the operator H"/R;; — (d — 2)E, or defined the
basis of 2-index tensors through 8¢(v/hH/R;;) = \/h#H/V;0 0, the anomaly b would not have
appeared in Eqgs. (2.55) at all. Similarly the ambiguity due to finite counter-terms in anomalies
associated with the Lovelock tensor all enter in the combination A + (d — 2)B.

Imposing [Ag/,As|W = 0 we find three conditions,

(60,6’ —6'0;0)H9;X : B%on = zc +asef*+a+ (d—2)b (2.55a)

SWeyl variations of d-derivative scalars constructed from less than d /2 powers of the Riemann tensor do not
contribute to the consistency condition we are considering.
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(69;6’ —06'0,0)HYO;NX : B*qhi = a+ (d —2)b+2z)4 + B Yo — 2 (2.55b)
(2.55¢)

Here we have listed on the left the independent operators in [Ag/, As|W whose coefficients must
vanish yielding the condition correspondingly listed on the right. We have checked that the
conditions in Egs. (2.55) are invariant under the ambiguities listed in Egs. (2.54). The freedom
represented by these ambiguities allows us to set a + (d —2)b + zc = 0 in Eq. (2.55a). To see
this note that a + (d — 2)b + zc is a vanishing anomaly per Eq. (2.55a), and Eqs. (2.54a), (2.54¢)
and (2.54f) give 8(a+ (d —2)b+zc) = —B%du(A + (d — 2)B + zC) which can be integrated. A
similar argument using Eq. (2.55b) shows that a + (d —2)b + 2z)4 — cz is a vanishing anomaly.

Using this freedom we have a simpler version of the consistency conditions:

(09;0' ~6'0;0)HV9;X : B*dan = asaP”
(69;0' —06'0;6)HONX : B*ahi = P™Ya

(GajG/ — G’B,-G)Hija,-g“X : Ba (a + (d — 2)1?) — Bvé)yam — a778a[37 =2Zas5q — Ao — 2y50WBY

Combining these we arrive at the candidate for a C-theorem:

B0y [a+ (d —2)b+zhi —zn — Blazy| = —2yseyP'B* (2.56)

b

Establishing a C-theorem requires in addition demonstrating positivity of the “metric’
—2ys0y in Eq. (2.56). While we have not attempted this, it may be possible to demonstrate this in
generality working on a background with positive definite Lovelock tensor and using the fact that
V5o gives the RG response of the contact counter-term to the obviously positive definite correlator
(OqOy). In addition, one should check that, when computed at the gaussiaan fixed point, the

quantity a + (d — 2)b+ zhi — zn — B¥a7y is a measure of the number of degrees of freedom. We
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hope to come back to this questions in the future, by performing explicit calculations (at and
away from fixed points) of these quantities — but such extensive computations are beyond the
scope of this work.

The limit d = 2 is special since H'/ = 2h'/. In our analysis, the term HR;; = 2R = 2E;

so a and b appear in the combination a 4 2b throughout. The potential C theorem reads

B%0q [a+2b+zhi —zn — Blazy| = —2yseyBYB* (2.57)

As we have seen in Sec. 2.4, potential C-theorems in d = 2 for any z can be found only in the
V?29; sector. Consulting Tab. 2.5 we see the only candidate for X in our present discussion is
X = K. None of the potential C-theorems listed in Egs. (2.47)—(2.50) (nor linear combinations
thereof) reproduce the potential C-theorem in Eq. (2.57). The reason for this is that in Sec. 2.3.4
we looked for C-theorems from consistency conditions that included, among others, tems with
6V,0;6’ —6'V;0,0, wheras in this section we integrated such terms by parts. The difference
then corresponds to combining the consistency conditions given in the appendix with some of
their derivatives.

In fact we have found a scheme for deducing aditional C-theorem candidates in d = 2
by taking derivatives of some of our consistency conditions. The method is as follows. Take
X € {R,V?>N,0;N9'N,K}; the first three instances apply to the case z = 2 while the last is

applicable for arbitrary z. Then :

e Consider the consistency condition involving 6V26’X, and take a derivative to obtain an

equation, say 7.

e Take the consistency condition involving 6V;6’0’NX. From this one may deduce a linear
combination of anomalies is vanishing. Set that to 0 using the ambiguity afforded by
counter-terms. The remaining terms in the equation (all proportional to B%) give an

equation we denote by 7.
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e Take the consistency condition involving 6V;6'0'g®X, contract it with B%, to get an

equation, say, 73.

e Combine T1,7>,T5 in a manner such that there are no terms of the form B%ry... and

r’Y.. . BaaaB'y.

Following this scheme we obtain four new C-theorem candidates. In the following the expressions

for Tj 5 3 refer to the equation numbers of the consistency conditions in the appendix:

1) X=R. Th=A31,T,=A3r, T3 = A3m. Set c — Y4 = 0. Then

B%0. [8a -+ 2c +2hy + 2BY0yn — BYazy| = 2B*BY [duasy — Ysoy] (2.58)

(i) X = V2N. Ty = A3i, T, = A3}, Ts = A.3d. Set 4ps + 8p23 = 0. Then

B0 [8p23 +4c+2p12 +2Pdyhy — B¥P13y] = 2B*BY [QuP24y — X20y] (2.59)

(ili) X = V,;NVIN. T} = A.3s, T = A.3p, Ts = A.3t. Set 8p3 +4ps = 0. Then

B 0o [4%4 — 4pa+2p11 +2BY0yx3 — B'Psy] = 2B*BY [dayy — Xoy] (2.60)

(iv) X =K. T; = A.1f,T = A.In,Ts = A.1h. Set j — ps = 0. Then

Baaoc [419 +zj+zh + ZBYaYm - BYPW] = ZB(XBY [aochY - x50cy} (2.61)

We have verified that after accounting for differences in basis and notation Eq. (2.61) is precisely

the same as the general C-theorem candidate of this section given in Eq. (2.57).
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2.6 Summary and Discussion

Wess-Zumino consistency conditions for Weyl transformations impose constraints on
the renormalization group flow of Weyl anomalies. As a first step in studying these constraints
in non-relativistic quantum field theories we have classified the anomalies that appear in d = 2
(spatial dimensions) at z = 2 (dynamical exponent at gaussian fixed point). There are many more
anomalies than in the comparable relativistic case (3+1 dimensions): there are 39 anomalies
associated with 4-spatial derivatives (Table 2.2), 6 with 2-time derivatives (Table 2.4) and 32
more that contain 1-time and 2-spatial derivaties (Table 2.5). Freedom to add finite amounts to
counterterms gives in turn freedom to shift some anomalies arbitrarily. “Trivial Anomalies” are
those that can thus be set to zero. We then classified all counterterms (Tables 2.2-2.5), gave the
shift in Weyl anomalies produced by shifts in counterterms (in App. A.2), and then listed the
trivial anomalies (Table 2.6).

The consistency conditions among these 39 4- 6 4- 32 anomalies do not mix among the
three sectors. They are listed by sector in App. A.1, and from these we can read-off “Vanishing
Anomalies” — those that vanish at fixed points; see Table. 2.7. As an application of the use
of these conditions we find 6 combinations that give C-function candidates. That is, we find
(combinations of) anomalies @ and Hg that satisfy uda/du = %BB‘XBB, where % = udg®/du
give the flow of the dimensionless coupling constants; then @ flows monotonically provided %B
is positive definite. We have not endeavored to attempt to prove that any of our %B functions are
positive definite, and hence our candidates remain just that, candidates. Exploring positivity of
these functions in specific examples would be of interest, and determining model-independently
under which conditions positivity holds would be more so.

It is important to appreciate the generality, or lack of it thereof, of our results. While we
have used some specific form of the Lagrangian in setting up and contextualizing the computation,

there is in fact no need to assume this in order to classify the anomalies and compute the
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consistency conditions. On the other hand we have made a fairly strong assumption, that the
classical action integral is invariant under the anisotropic scale transformation x — Ax, 7 — A%r.
All our couplings correspond to marginal deformations. In the 3 4 1-dimensional relativistic case
relevant deformations do modify the consistency conditions, but the candiate C-theorem is not
affected, at least by a class of relevant deformations [24]. Clearly, another interesting direction
of future study is to investigate the effect of relevant deformations on our consistency conditions:
perhaps some of the 6 C-candidates survive even in the presence of relevant deformations, much
as in the relativistic case.

While we have performed a detailed analysis only for the z = 2 case in 2+ 1 dimensions,
our results can be readily used in other cases too. For theories in 2 4 1 dimensions with z > 0
and neither z = 2k nor z = 2/k where k is an integer, only the sector of anomalies with 1-time
and 2-spatial derivatives remains. Moreover, the classification of anomalies and the consistency
conditions for that sector that were derived assuming z = 2 are valid for arbitrary z, with minor
modifications in the form of a sprinkling of factors of z/2; we have retained explicit z dependence
in the consistency conditions in this sector, Eqs. (A.1). This means, in particular, that the 4
C-candidates in this sector, in Egs. (2.47)—(2.50), are C-candidates for arbitrary z. For z =2k > 4
there are anomalies with 2(k + 1) spatial derivatives; their classification depends on z, so a case-
by-case analysis is required. For z = 2/k < 2 there are anomalies with k + 1 time derivatives;
again their classification depends on z and a case-by-case analysis is required.

For spatial dimensions d > 2, if d is even a C-theorem candidate, in Eq. (2.57), becomes
available that mimics the one in relativistic theories. Again it relies on assuming only marginal
operators are present, but it is possible that, just as in the 3 4 1 realtivistic case, the conclusion
is not modified by inclusion of relevant deformations. The candidate is based on the anomaly
associated with the d-dimensional Euler density for the theory on a curved background. Here
again it would be interesting to have an explicit example, to test whether the putative metric

in coupling constant space, %B, is positive definite. The analysis of a potential C-theorem in
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the case of general dimensions d yields four additional potential C-theorems in d = 2, three for
z =72 given in Egs. (2.58)—(2.60) and one more for arbitrary z, given in Eq. (2.61). It deserves
mention that all of our proposed C theorem candidates are scheme dependent even at a fixed
point. Hence, the value of them at a fixed point can be shifted using counter-terms F'.

If any of these candidates yields a bona-fide C-theorem the presence of limit cycles in
non-relativistic quantum field theories is called into question. Limit cycles in relativistic 3+1
dimensional theories physically correspond to critical points, and the recursive flow corresponds
to what amounts to a simultaneous rotation among fundamental fields and marginal operators
and their coefficients. Cyclic behavior in non-relativistic quantum systems, on the other hand,
do not display continuous scale invariance, so there is no reason to expect that C would remain
constant along the flow. The resolution may be that there are no C-theorems at all. Or that there
are C-theorems only under conditions that do not apply to systems that exhibit cycles. We look

forward to developments in this area.
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Chapter 3

On the Heat Kernel and Weyl Anomaly of

Schrodinger invariant theory

We propose a method inspired from discrete light cone quantization (DLCQ) to de-
termine the heat kernel for a Schrodinger field theory (Galilean boost invariant with z = 2
anisotropic scaling symmetry) living in d + 1 dimensions, coupled to a curved Newton-Cartan
background, starting from a heat kernel of a relativistic conformal field theory (z = 1) living
in d + 2 dimensions. We use this method to show the Schrodinger field theory of a complex
scalar field cannot have any Weyl anomalies. To be precise, we show that the Weyl anomaly
/‘ZLdGH for Schrodinger theory is related to the Weyl anomaly of a free relativistic scalar CFT

Ay, , via 45, | =218(m) A%

+» Where m is the charge of the scalar field under particle number

symmetry. We provide further evidence of vanishing anomaly by evaluating Feynman diagrams
in all orders of perturbation theory. We present an explicit calculation of the anomaly using a
regulated Schrodinger operator, without using the null cone reduction technique. We generalise

our method to show that a similar result holds for one time derivative theories with even z > 2.
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3.1 Introduction

The Weyl anomaly in relativistic Conformal Field Theory (CFT) has a rich history
[48, 49, 50, 51, 52, 53, 54, 55]. In 1+ 1 dimensions irreversibility of RG flows has been
established by Zamoldchikov [25] who showed monotonicity of a quantity C that equals the
Weyl anomaly c at fixed points. Remarkably, the anomaly ¢ equals the central charge of the
CFT. In 3+ 1 dimension, there is a corresponding “a-theorem” [56, 57, 41, 58] where a again
appears in the Weyl anomaly, and there is strong evidence for a similar a-theorem in higher, even
dimensions [28, 29, 30, 32]. In contrast, much less is known in the case of non-relativistic field

theories admitting anisotropic scale invariance under the following transformation

X — AX, r— At. (3.1

Nonetheless, non-relativistic conformal symmetry does emerge in various scenarios. For example,

fermions at unitarity, in which the S-wave scattering length diverges, |a| — oo, exhibit non-
relativistic conformal symmetry. In ultracold atom gas experiments, the S-wave scattering length
can be tuned freely along an RG flow and this has renewed interest in the study of the RG flow
of such theories [1, 2]. In fact, at a—! = —co the system behaves as a BCS superfluid while at
a~! = o it becomes a BEC superfluid. The BCS-BEC crossover, at a~' = 0, is precisely the
unitarity limit, exhibiting non-relativistic conformal symmetry [59, 60]. In this regime, we expect
universality, with features independent of any microscopic details of the atomic interactions.
Other examples of non-relativistic systems exhibiting scaling symmetry come with accidentally
large scattering cross section. Examples include various atomic systems, like 8°Rb[5],'38Cs [6],
and few nucleon systems like the deuteron [3, 4].

Galilean CFT, which enjoys z = 2 scaling symmetry is special among Non-Relativistic

Conformal Field Theories (NRCFTs). On group theoretic grounds, there is a special conformal

generator for z = 2 that is not present for z # 2 theories [61, 62]. The coupling of such theories to
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the Newton Cartan (NC) structure is well understood [62, 63, 64, 65]. The generic discussion of
anomalies in such theories has been initiated by Jensen in [22]. Moreover, there have been recent
works classifying and evaluating Weyl anomalies at fixed points [18, 66, 20, 67, 68] and even
away from the fixed points; the latter have resulted in proposed C-theorem candidates [21, 69].

It has been proposed in [22], using the fact that Discrete Light Cone Quantization
(DLCQ) of a relativistic CFT living in d + 2 dimensions yields a non-relativistic Galilean CFT
in d + 1 dimensions with z = 2, that the Weyl anomaly of the relativistic CFT survives in the
non-relativistic theory. The conjecture states that the Weyl anomaly A4 for a Schrodinger field
theory (Galilean boost invariant with z = 2 scale symmetry and special conformal symmetry) is

given by
A7\ =aEq2+ Y caWa (3.2)
n

where E;, is the d + 2 dimensional Euler density of the parent space-time and W,, are Weyl
covariant scalars with weight (d 4 2). The right hand side is computed on a geometry given in
terms of the d + 2 dimensional metric; this will be explained below, see Eq. (3.19). A specific

example of particular interest is
A5, | = aEy — cW? (3.3)

where W? stands for the square of the Weyl tensor.
The purpose of this work is twofold. First, we show that these proposed relations must
be corrected to include a factor of 8(m), when the Schrodinger invariant theory involves a single

complex scalar field having charge m under the U (1) symmetry. To be precise, we show that

a§,, =2nd(m) A%, (3.4)
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where /‘715 > i the Weyl anomaly of the corresponding relativistic CFT in d +- 2 dimensions. This
is derived explicitly for the case of a bosonic (commuting) scalar field, but the derivation applies
equally to the case of a fermionic (anti-commuting) scalar field. The second purpose is to develop
a framework inspired from DLCQ to evaluate the heat kernel of a theory with one time derivative
kinetic term in a non-trivial curved background. This framework enables us to calculate not only
the heat kernel but also the anomaly coefficients. In fact, using this method and its appropriately
modified form enables us to generalise Eq. (3.4) to one time derivative theories with arbitrary
even z, where the parent d + 2 dimensional theory enjoys SO(1,1) x SO(d) symmetry with
scaling symmetry acting as t — A%/2f,x472 — A/ 2442 ¥ )i, (i=1,...,d+1).

The paper is organised as follows. We will briefly review coupling of a Schrodinger field
theory to the Newton-Cartan structure in Sec. 3.2. In Sec. 3.3, we sketch how DLCQ can be used
to obtain Schrodinger field theories following the procedure of [22] and propose its modified
cousin, that we call Lightcone Reduction (LCR), to obtain a Schrodinger field theory. In Sec. 3.4
we determine the heat kernel for free Galilean CFT coupled to a flat NC structure in two different
ways, on the one hand using LCR and on the other without the use of DLCQ, providing a check
on our proposed method for determining the heat kernel for Galilean field theory coupled to a
curved NC geometry. We then proceed to evaluate the heat kernel on curved spacetime according
to the proposal and subsequently derive the Weyl anomaly for Schrodinger field theory of a
single complex scalar. In Sec. 3.5 we reconsider the computation using perturbation theory;
we find that for a wide class of models on a curved background all vacuum diagrams vanish.
In fact, we show that an anomaly is not induced in the more general case that U(1) invariant
dimensionless couplings are included, regardless of whether we are at a fixed point or away from
it, in all orders of a perturbative expansion in the dimensionless coupling and metric. In Sec. 3.6,
we give a formal proof of our prescription and generalise the framework to calculate the heat
kernel and anomaly for theories with one time derivative and arbitrary even z. We conclude with

a brief summary of the results obtained and discuss future directions of investigation. Technical
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aspects of defining heat kernel for one time derivative theory in flat space-time are explored in
App. B.1, and on a curved background in App. B.2. Finally, in App. B.3 we present an explicit
calculation of the anomaly using a regulated Schrodinger operator, without using the null cone

reduction technique.

3.2 Newton-Cartan Structure & Weyl Anomaly

The study of the Weyl anomaly necessitates coupling of non-relativistic theory to a
background geometry, which can potentially be curved. Generically, the prescription for coupling
to a background can depend on the global symmetries of the theory on a flat background. Of
interest to us are Galilean and Schrodinger field theories. The algebra of the Galilean generators

is given by [61]

[M;;,N] =0, [M;j, P] = 1(8yP; — djiPi), M;j, Ki] = 1(8Kj — 0 i K;) ,
[M;j,My] = 1(8iM j; — & x My + 8 My — 8 iMy;) ,
[Pl',Pj] = [Ki,Kj] = O, [I(i,Pj] = zBijN, (35)

[H7N]:[H7PL]Z[H7MU]:O7 [HuKl']:_lPh
and the commutators of dilatation generator with that of Galilean ones are given by

[D,P] =P, [D,Kj] = (1—z)iK;, [D,H|=zuH,

ID,N]=1(2—2)N, [M;j,D]=0 (3.6)

where i, j = 1,2,...,d label the spatial dimensions, z is the anisotropic exponent, P;, H and
M;; are generators of spatial translations, time translation spatial rotations, respectively, K;

generates Galilean boosts along the x’ direction, N is the particle number (or rest mass) symmetry
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generator and D is the generator of dilatations. The generators of Schrodinger invariance include,
in addition, a generator of special conformal transformations, C. The Schrodinger algebra

consists of the z =2 version of (3.5),(3.6) plus the commutators of C,

M;;,C]=0, K;,C] =0, [D,C] = —-2iC, [H,C] = —1D. (3.7

In what follows, by Schrédinger invariant theory we will mean a z = 2 Galilean, conformally
invariant theory. For z 7 2 we only discuss anisotropic scale invariant theories invariant under a
group generated by P;, M;;, H, D and N such that the kinetic term involves one time derivative
only. The most natural way to couple Galilean (boost) invariant field theories to geometry is
to use the Newton-Cartan (NC) structure [62, 63, 64]. In what follows we briefly review NC
geometry, following Ref. [22].

The NC structure defined on a d + 1 dimensional manifold M ; consists of a one form
ny, a symmetric positive semi-definite rank d tensor 4,y and an U(1) connection A, such that

the metric tensor

g/JV - I’l'unv + h[JV (38)

is positive definite. The upper index data v and #*V is defined by

V“nlu - 1, Vvhlu\) - O7 h'uvnv - 0, h“phpv - Sl\f - Vun\) (39)

Physically v defines a local time direction while £, defines a metric on spatial slice of M.
As prescribed in [62], while coupling a Galilean invariant field theory to a NC structure,

we demand

1. Symmetry under reparametrization of co-ordinates. Technically, this requirement boils

down to writing the theory in a diffeomorphism invariant way.
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2. U(1) gauge invariance. The fields belonging to some representation of Galilean algebra
carry some charge under particle number symmetry, which is an U(1) group. Promoting

this to a local symmetry requires a gauge field A, that is sourced by the U (1) current.

3. Invariance under Milne boost under which (7, #*") remains invariant, while

1
W W Ty = By — (W v W) gy, Ay — Ay — En,,\uz

(3.10)

where W2 = #*Vy,y, and vy, = 0.

The action of a free Galilean scalar ¢,, with charge m, coupled to this NC structure

satisfying all the symmetry conditions listed above is given by

/ 4ty /g [zmv” (¢;D,,¢m _ ¢mDH¢,§1> — BV D0} Dy 3.11)

where D, = d,, —1mA,, is the appropriate gauge invariant derivative.

From a group theory perspective, a Galilean group can be a subgroup of a larger group
that includes dilatations. That is, besides the symmetries mentioned earlier, a Galilean invariant
field theory coupled to the flat NC structure can also be scale invariant, i.e., invariant under the

following transformations
X — Ax, r— N, (3.12)

where 7 is the dynamical critical exponent of the theory. As mentioned earlier, for z = 2, the
symmetry algebra may further be enlarged to contain a special conformal generator, resulting in
the Schrodinger group. On coupling a Galilean CFT with arbitrary z to a nontrivial curved NC
structure, the scale invariance can be thought of as invariance under following scaling of NC data

(also known as anisotropic Weyl scaling; henceforth we omit the word anisotropic, and by Weyl
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transformation it should be understood that we mean the transformation with appropriate z):
Ny — €ny, by — Chy, Ay — 27904, (3.13)

where G is a function of space and time.

Even though classically a Galilean CFT may be scale invariant, it is not necessarily
true that it remains invariant quantum mechanically. Renormalisation may lead to anomalous
breaking of scale symmetry much like in the Weyl anomaly in relativistic CFTs (where z = 1).
The anomaly A4 is defined from the infinitesimal Weyl variation (3.13) of the connected generating

functional W:
%W:/ﬂ“m@%ﬂ. (3.14)

We mention in passing that away from the fixed point the coupling is scale dependent,
that is, the running of the coupling under the RG must be accounted for, hence the variation d¢
on the couplings needs to be incorporated. The generic scenario has been elucidated in Ref. [69].

In this work, we are interested in anomalies at a fixed point. Even in the absence of
running of the coupling, the background metric can act as an external operator insertion on
vacuum bubble diagrams leading to new UV divergences that are absent in flat space-time.
Removing these new divergences can potentially lead to anomalies. The anomalous ward identity

for anisotropic Weyl transformation is given by[22]
B — Ty = 4, (3.15)

where 1, E* and W*V'T,,, are respectively diffeomorphic invariant measure of energy density and
trace of spatial stress-energy tensor.

In what follows, we will be interested in evaluating the quantity appearing on the right
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hand side of Eq. (3.15). A standard method is through the evaluation of the heat kernel in
a curved background. Hence, our first task is to figure out a way to obtain the heat kernel
for theories with kinetic term involving only one time derivative. In the next few sections we
will introduce methods for computing heat kernels and arrive at the same result from different

approaches.

3.3 Discrete Light Cone Quantization (DLCQ) & its cousin

Lightcone Reduction (LCR)

One elegant way to obtain the heat kernel is to use Discrete Light Cone Quantization
(DLCQ). This exploits the well known fact that a d + 1 Galilean invariant field theory can be
constructed by starting from a relativistic theory in d 4 2 dimensional Minkowski space in light

cone coordinates

ds* = 2dx"dx" +dx'dx’ (3.16)
where i =2,3,...,d+ 1 and x* = % define light cone co-ordinates, followed by a compactifi-

cation in the null co-ordinate x~ on a circle. From here on, by reduced theory we will mean the
theory in d + 1 dimensions while by parent theory we will mean the d + 2 dimensional theory
on which this DLCQ trick is applied. We first present a brief review of DLCQ.

The generators of SO(d + 1, 1) which commute with P_, the generator of translation in
the x~ direction, generate the Galilean algebra. P_ is interpreted as the generator of particle

number of the reduced theory. In light cone coordinates the mass-shell condition for a massive
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particle becomes'

p? M?
= 3.17
Pe =2 A G

Eq. (3.17) can be interpreted as the non-relativistic energy of a particle, p., with mass m = —p_
in a constant potential. The reduced mass-shell condition (3.17) is Galilean invariant, that is,

invariant under boosts (v) and rotations (R):

1
p—Rp—vp_, p.—pi+tv-(Rp)— §|V|2P—

Setting M = 0, the dispersion relation is of the form

k2

0=_—
2m

(3.18)

and enjoys z = 2 scaling symmetry. To rephrase, setting M = 0 will allow one to append a

dilatation generator, which acts as follows:

p+ = AMpi, p-—p_, p—hip

Had we not compactified in the x™ direction, p_ would be a continuous variable. The parameter
p— can be changed using a boost in the +— direction, but compactification in the x~ direction
spoils relativistic boost symmetry and the eigenvalues of p_ become discretized, p = %, where
R is the compactification radius. We note that Lorentz invariance is recovered in the R — oo limit.
For convenience, by appropriately rescaling the generators of spatial translations and of special
conformal transformations, as well as P_, we can set R = 1.

One can technically perform DLCQ even in a curved space-time as long as the metric

admits a null isometry. This guarantees that we can adopt a coordinate system with a null

'The unusual sign convention in our definition of x~ results in the peculiar sign in Eq. (3.17).
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coordinate x~ such that all the metric components are independent of x~. To be specific, we will

consider the following metric:
ds* = GundMax", Gy =ny,  Gu=hy+nAy+tmA,  G._=0 (3.19

where M,N = +,—,1,2,...,d run over all the indices in d + 2 dimensions, the index u =
+,1,2,...,d runs over d + 1 dimensions and Ay is a rank d tensor. Ultimately, h,y,n,,A, are
to be identified with the NC structure, and just as above we can construct #*¥ and v such
that Eq. (3.9) holds. Moreover, these quantities transform under Milne boost symmetry as per

Eq. (3.10). Hence, the boost invariant inverse metric is given by
G H=W—-h"A,, G" = h", G~ =-2"A,+HhVAAy. (3.20)

Reduction on x~ yields a Galilean invariant theory coupled to an NC structure given by
(nu, A ,A,), with metric given by (3.8). Moreover, all the symmetry requirements listed above
Eq. (3.10) are satisfied by construction.

This prescription allows us to construct Galilean QFT coupled to a non trivial NC
structure starting from a relativistic QFT placed in a curved background with one extra dimension.

For example, we can consider DLCQ of a conformally coupled scalar field in d + 2 dimensions,

Sk = / d2/—G [—GMN P oy —ERDTD|, &= 3.21)

4(d—1)

where X stands for the Ricci scalar corresponding to the Gy metric. We compactify x~ with

periodicity 27 and expand & in fourier modes as

1 : | o ;
D= Y g(c)e™ m:—/ dx~ De "™ 3.22
T L om()e On =5z |, 4% Pe (322
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In terms of ¢,, , we recast the action, Eq. (3.21) in following form using Eq. (3.20)

Sg = Z/derlx\/g [lmV" (q):gzDuq)m - ¢mD,uq):gz> - h'uvD,uq)janq)m - éf{d);;d)m] (3.23)

where D, = d, —imA, and where each of the ¢, carry charge m under the particle number
symmetry and sit in distinct representations of the Schrédinger group. The theory described by
Eq. (3.23) is not Lorentz invariant because we have a discrete sum over m, breaking the boost
invariance along the null direction.

The point of DLCQ is to break Lorentz invariance to Galilean invariance. As explained
above, one can work in the uncompactified limit, and still break the Lorentz invariance by
dimensional reduction. In the uncompactified limit, the sum over eigenvalues of P_ becomes
integration over the continuous variable p_. Nonetheless, one can focus on any particular Fourier
mode. Technically, we can implement this by performing a Fourier transformation with respect
to x~ of quantities of interest. This procedure also yields a Galilean invariant field theory where
the elementary field is the particular Fourier mode under consideration. Henceforth we will refer
to this modified version of DLCQ as Lightcone Reduction (LCR).

Taking a cue from the relation between the actions given by Eqgs. (3.21) and (3.23) we
propose the following prescription to extract the heat kernel in the reduced theory:

The heat kernel operator Kg in d + 1 dimensional Galilean theory is related to the heat kernel

operator Kg of the parent d 4 2 dimensional relativistic theory via
<(.XI2,[2)|KG|(.X|,Z‘1)> :/ dx~ <x2,x2_,x;|KR|x|,x1_,xT> e 12 (3.24)

where x|, =x, —x; and the time t in the reduced theory is to be equated with x* in the parent
theory.
We will postpone the proof of our prescription to Sec. 3.6. In the next section, we will

lend support to our prescription by verifying our claim using two different methods of calculating
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the heat kernel. We emphasize that the reduction prescription, described above, is applicable
to the z = 2 case of Galilean and scale invariant theories. The generic reduction procedure for

arbitrary z (though not Galilean boost invariant) is discussed later in sec. 3.6.2.

3.4 Heat Kernel for a Galilean CFT with z =2

3.4.1 Preliminaries: Heat Kernel, Zeta Regularisation

We start by briefly reviewing the heat kernel and zeta function regularisation method
[70, 71, 57, 30]. A pedagogical discussion can be found in [72, 73]. Let us consider a theory

with partition function 2, formally given by
z= [ [Dg][pgi)e (40200 (3.25)

where the eigenvalues of the operator M have positive real part.’The path integral over the
field variable ¢ suffers from ultraviolet (UV) divergences and requires proper regularization and
renormalisation to be rendered as a meaningful finite quantity. Similarly, the quantum effective

action W = —In Z corresponding to this theory, given by a formal expression

W = 1In(det(M))

requires regularization and renormalisation.>

The method of zeta-function regularization introduces several quantities; the heat kernel

operator

G=eM, (3.26)

ZPositivity is required for convergence of the gaussian integral.
3For anti-commuting fields W = — In(det()); the minus sign is the only difference between commuting and
anti-commuting cases, so that in what follows we restrict our attention to the case of commuting fields.
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its trace K over the space L? of square integrable functions
K(s,f,M) = Trp (fG) = Trpo ( fesM ) : (3.27)
where f € L2, and the zeta-function, defined as
Cle, £, M) =Trp (fMF). (3.28)

K and { are related via Mellin transform,

Cc+i1oo

de s eT(e){(e, f, M) and C(S,f,M)Z% /Owdsse‘lK(s,f,M).
(3.29)

K(S7f,M) = 2_TCZ 100

As is customary, below we use f = 1. However this should be understood as taking the limit
f — 1 at the end of the computation to ensure all expressions in intermediate steps are well
defined.

Formally W is given by the divergent expression
< 1
W= —/ ds—K(s,1,M)
0o s
The regularized version, We, is defined by shifting the power of s
o 1
We =i | ~ds-poK(s,1,9) = ~##T(e){(e 1, M) (330)
0o

where the parameter 1 with length dimension —1 is introduced so that W remains adimensional.

In this context, the parameter € behaves like a regulator, the divergences re-appearing as € — 0.
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In this limit

We = (5 e+ InR) ) £0,1,90) - £10.1,90) + 0C),

so that subtracting the é term gives the renormalized effective action

wren = (0,1, M) —In(u?)§(0,1,M). (3.31)

where 1> = e~ and g is the Euler constant. On a compact manifold {(e, 1, M) is finite
as € — 0 and the renormalized effective action given by (3.31) is finite, as it should. For non-
compact manifolds the standard procedure for computing a renormalized effective action is to
subtract a reference action that does not modify the physics. One may, for example, define
W =In(det(M)/det(Mp)), where the operator M is defined on a trivial (flat) background. This
amounts to replacing K (s, 1, M) — K(s,1,M) — K(s,1,Mp) in Eq. (3.30) and correspondingly
Ce, 1, M) — C(e, 1, M) — (e, 1, Mp). The expression for W in (3.31) remains valid if it is
understood that this subtraction is made before the € — 0 limit is taken.

Classical symmetry under Weyl variations (both in the relativistic case and the anisotropic
one) guarantees M transforms homogeneously, i.e., M = —AcM under 858,y = 208,y Where

A is the scaling dimension of M. Hence, we have
3oG(e, 1, M) = —€Tr) (SMM 1) = Ael(e,0,M). (3.32)
Consequently, the anomalous variation of W is given by

SeW' = —AL(0,0,M). (3.33)
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In the relativistic case, using the fact that

1
dW = 2 /ddﬂx\/gT#ng#v - /ddﬂx\/gTyu&L (3.34)

one has the trace anomaly equation

A=-TH, = —ﬁA (W) . (3.35)
c=0

In the non-relativistic case, the Weyl anisotropic scaling is given by A,y — ezchuv and n, — e*°ny,.

We have
1
SoW = / dx /g (ET,NSh“V —~ z,,ésn“) / dx/g (W Ty — " E,) 86 (3.36)

leading to

88(0,6, M)
_ v A DT
A=z, — VT = \@A( S )GO. (3.37)

One can evaluate 8¢(0,0,%)/3c| 5—o Using the asymptotic form (s — 0) of the heat
kernel, K. The asymptotic expansion depends on the operator M and its scaling dimension.

Schematically, one has

K(S,I,M) =7 Z SK(n)\/gam

where K(n) is a linear function of n. The singular pre-factor, dl is determined by the heat
kernel in the background-free, flat space-time limit while the expansion accounts for corrections
from background fields or geometry. The asymptotic expansion is guaranteed to exist if the
heat kernel is well behaved for s > 0 in the flat space-time limit, that is, if ) ;e™ A with A;, the

eigenvalues of the operator /M, is convergent. The convergence requires that A; have, at worst, a
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power law growth and positive real part [74].

We are interested in operators M of generic form
M = 2imdy — (~1)72(3:9)/2,

for which the heat kernel has a small s expansion of the following form

K(s,1,M) = ! Z SZ"/Z/dde gay, (3.38)

14+d/z
s / n=0

where d is number of spatial dimension and z is dynamical exponent.* Then the zeta function is

given by

50.£.8) = [ d"*x /& fagiay . (3.39)

so that we arrive at an expression for the Weyl anomaly
A=-A a(d+z)/2 . (3.40)

Hence, in order to determine the Weyl anomaly, one has to calculate the coefficient
A(4+7)/2 of the heat kernel expansion (3.38).> In subsequent sections, we will find out a way
to evaluate the heat kernel in flat space-time and then in curved space-time for a Schrodinger
invariant field theory. We will be doing this first without using DLCQ/LCR, and then again with

LCR (modified cousin of DLCQ) using the prescription introduced above.

“In next few sections, we explicitly find this asymptotic form for z = 2 while the arbitrary z case is handled
separately in 3.6.2.
SIncidentally, this shows that the anomaly is absent when d + z is odd.
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3.4.2 Heat Kernel in Flat Space-time
Direct calculation (without use of DLCQ)

The action for a free Galilean CFT on a flat space-time (which is in fact invariant under

the Schrodinger group) is given by
S— / dt dxo" [2md, + V2] ¢ (341)

In order to improve convergence of the functional integral defining the partition function we

perform a continuation to imaginary time :

oS atdlxe 2md V2o |~ [ drddxg [2md—V2]o (3.42)

t=—1T

Hence, the Euclidean version of M = 2mid; + V? is given by
Mg = 2mo, — V2, (3.43)

and it is this operator for which we will compute the heat kernel. The prescription t = —i7T is
equivalent to adding +:€ to the propagator in Minkowskian flat space. In fact, the same +i€
prescription is obtained by deriving the non-relativistic propagator as the non-relativistic limit of
the relativistic propagator.

The Heat kernel for M is a solution to the equation®

(0s+Mg)G =0, (3.44)

%Even though Mg is not a hermitian operator, the heat kernel is well defined for any operator as long as
Re(Ay) > 0 where A, are its eigenvalues. We explore this technical aspect in appendix.
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that is
(95 +2mdz, — V2)) G(s3 (x2,T2), (x1,71)) =0, (3.45)

with boundary condition G(0;(x2,72), (x1,71)) = 8(T2 — 71)8¢(x2 — x1). Equation (3.45) is

solved by
7Ix2;x1|2
e s
G(s:(x2,72), (x1,71)) =8 (2ms — (2 — 1)) ———— (3.46)
(4ms)2
Consequently, the Eulcidean two point correlator is given by
- o(7) e
G((x2,72),(x1,7T :/ds §)=—"—— 3.47
(02, 72), (x1,71)) = | s G(s) 2 (2% (3.47)

where T = Ty — T; and x = x; — x1. The same two point correlator can be obtained by Fourier

transform from the Minkowski momentum space propagator Gy, or its imaginary time version,

1 1

_ G L 3.48
2m—|p2+i0% 1= 2mog +i|pf? -

GM(p,CO)

In the coincidence limit the heat kernel of (3.46) contains a Dirac-delta factor, d(ms).
Since this non-analytic behavior is unfamiliar, it is useful to re-derive this result by directly
computing the trace K, Eq. (3.26). One can conveniently choose the test function f = e~mol,

Hence

d 2
K(S,f, ME7g> —Tr <fe—sME,g> — / ((;inl)cd e—sk > ( i_;’:e—Zmzsw—mM)

/2

The integral over k gives the factor of 1/s%/=, while the integral over ® gives

1 n
T 4m2s% +n?2
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that tends to 8(2ms) as 1 — 0. Before taking the limit, this factor gives a well behaved function
for which the Mellin transform that defines {, Eq. (3.29), is well defined for d/2 < Re(g) <
d/2+ 2 and can be analytically continued to € = 0.

One may be concerned that the derivation above is only formal as it does not involve an
elliptic operator. This is easily remedied by considering the elliptic operator’ M’ =m+/—0? +
1(2m)d; + V2. Its spectrum, (2m® — k* + m|®)|), tends to that of the Minkowskian Schrédinger
operator M as 1 — 0. Consequently, the spectrum for the Euclidean avatar® (Még) of M’

becomes (k2 + 2miow + |n(o|) and the heat kernel for that operator is given by

d
AR —sMy L\ d% e d® 5,0
K(S,l,%7g)—Tr (e s E,g) _/((zn)de Ry ) ( 2n€ mis®—s|no|

/2

The integral over k gives the factor of 1/s

If_n
wts \ 4m? +T]2

that tends to %S(Zm) as M — 0. As we will see later, Light Cone Reduction technique indeed

as before, while the integral over ® gives

reproduces this factor of §(2m).

Derivation using LCR

In Euclidean, flat d + 2 dimensional space-time, the heat kernel Gg g of a relativistic

scalar field at free fixed point is given by [75]

1 (x1—xp)?
Gre(s;dl ) = —— ¢ 5 (3.49)

(475s)d/2+1 ¢

"The choice of regulator is suggested naturally, as it can ultimately be linked to the Minkowski form of the
propagator G = ol

! l
2mo—k2+1| 2mo—k2+10+
8 Alternatively, one can think of introducing the regulator, only after going over to the Euclidean version. The
unregulated Euclidean operator, Mg ; = 2md; — V? is regulated to My, , = 2md; — V2 +1/—0d2.
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where the superscript reminds us that this is the relativistic case and (x; —x2)? = (x}f —x3) (x} —
&)y

In preparation for using LCR, we rewrite the expression (3.49) by first reverting to

Minkowski space, r = —ix”, and then switching to light-cone coordinates.® Using x* = x2i —x]—L
we have:
+ = + - 1 ,@,ﬁ
Grm (53 (3, %y, %2), (x) 2y, %1)) = 85 (3.50)

—¢
(471- s)d /2+1

where G 1s the heat kernel in Minkowski space. Now, in the reduced theory, the co-ordinate
xT becomes the time coordinate . Going to imaginary time, ¢ — T = 1, and Fourier transforming

we obtain the heat kernel Gg g for the Galilean invariant theory in Euclidean space:

« 1 ltx__ﬁ _ _ .
gg7E(s; (x2’12)7(x1711>)) == 1 We 2s 4s e mx dx
T 1 w2
=23 (5, -m) (o)1t " (351)

where T = T, — Ty, in detailed agreement with Eq. (3.46). For later use we note that in the

coincidence limit we have

213 (m)
(47ts)d/2+1 ’

Ge.£((%,7),(x,7))) = (3.52)

It is interesting to note that LCR directly gives ~ 8(m)/ s9/2+1 while the direct computations

4/2 Our main result, below, follows from the coincidence limit of the heat

gives ~ &(ms)/s
kernel expansion in Eq. (3.57), which is useful only for s # 0, since it is used to extract the
coefficients of powers of s in the expansion. The limiting behavior as s — 0 of the function G, g

is a delta function enforcing coincidence of the points, by construction (and this is why ap =1 at

coincidence), and therefore the behavior as s — 0 is correct but of no significance.

9Recall, in the parent theory x* = % (x' ¢). Note that we are using a non-standard sign convention in the
definition of x™.

69



The spectral dimension of the operator Mg is given by

_ din(K) _d
Ao =~ ~ 3+ (3.53)

which explains why there can not be any trace anomaly when the spatial dimension d is odd.
This has to be contrasted with the relativistic case where the spectral dimension of the laplacian

d+1

operator is given by , so that in the relativistic case the anomaly is only present when the

spatial dimension d is odd.

3.4.3 Heat Kernel in Curved spacetime

Now that we know that LCR works in flat space-time, we can go ahead and implement
it in curved space-time exploiting the known fact that for relativistic field theories coupled to
a curved geometry, the heat kernel can be obtained as an asymptotic series. The method is
explained in, e.g., Refs. [70, 75, 30].

The method, first worked out by DeWitt [76], starts with an Ansatz for the form of the
heat kernel taking a cue from the form of the solution in flat space-time for the heat equation.
For small enough s the Ansatz for the heat kernel, corresponding to a relativistic theory in d + 2

dimensions, reads:

1/2
gR,E(-xZ,xl; ) A( (Xzaxl) 76(

)d/2+1 e xz,xl)/Qs Z an(XZ,XI)Sn, a()(x17-x2) = 1 (354)
n=0

with a,(x2,x]) the so-called Seeley—DeWitt coefficients and where G(x,x;) is the biscalar

distance-squared measure (also known as the geodetic interval, as named by DeWitt), defined by

dyM d
ot =3[l fanr B ) so=na=n, 6

with y(A) a geodesic. The bi-function Ay (x2,x1) is called the van Vleck-Morette determinant;
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this biscalar describes the spreading of geodesics from a point and is defined by

2
AVM(Xz,xl) = G(x2>*1/2G(x1)*1/2 det (—ﬁﬁ@@,)ﬂ)) . (3.56)

where G is the negative of determinant of metric Gy .

Now, to implement LCR, recall that a Schrodinger invariant theory coupled to a generic
curved NC structure is obtained by reducing from the d + 2 dimensional metric Gysy in Eq. (3.19).
In taking the coincident limit we must keep x; and x, arbitrary in order to Fourier transform
with respect to x~ per the prescription (3.24). Therefore, we work in the coincident limit
where x‘l' = xg with u=+4,1,2,---,d. Now, since x~ is a null direction, in this limit we
have o((x; ,x*), (x; ,x*)) = 0 or [6] = O for brevity. Furthermore, null isometry guarantees
that metric components are independent of x~ and so are [a,] and [Ayy]. Thus the coincident
limit is equivalent to the coincident limit of the parent theory, hence [AVM] = 1. We refer to
appendix B.2 for details.

Thus, in the coincidence limit, we have the following expression for the heat kernel

corresponding to the reduced theory:

[}

g L0, @), al(sx), (2.0) =1 G5

gg.,E (S; (’C,x), (Tvx)) =

where to define T, we have proceeded just as in flat space: first revert to a Minkowski metric,
then switch to light cone coordinates, and finally go over to imaginary x* time, T. Subsequently,

using Eq. (3.40) the anomaly is given by

aq/2+1

G _
‘/qd-i-l = —4758(1’]1)(475)W

(3.58)

From Eq. (3.57) it is clear that only the zero mode of P_ can contribute to the anomaly; the

anomaly vanishes for fields with non-zero U (1) charge. We already know that the anomaly for
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the relativistic complex scalar case is given by

2a4/211

R _
A2 =~ (4m)d/2+1

(3.59)
Thereby we establish the result advertised in the introduction, giving the Weyl anomaly of a
d + 1 dimensional Schrodinger invariant field theory of a single complex scalar field carrying

G

charge m under U (1) symmetry), 47 ' 1> in terms of the anomaly in the relativistic theory in d +2

dimensions, 45
a¢ , =2md(m) Ak, (3.60)

computed on the class of metrics given in Eq. (3.19).

At this point, we pause to remark on the interpretation of the 8(m) factor. While it
trivially shows that the anomaly is absent for m # 0 , the interpretation becomes subtle when
m = 0. The apparent divergence in the anomaly is just an artifact of the usual zero mode
problem associated with null reduction. A similar issue has been pointed out in [62] in reference
to [77, 78]. The reduced theory in the m — O limit becomes infrared divergent; the fields become
non-dynamical in that limit. The infrared divergence is also evident from Eq. (3.24). One may
further understand the presence of 6(m) by letting m be a continuous parameter and considering
a continuous set of fields ¢,,, of charge m. The anomaly arising from the continuous set of fields

is given by summing over their contributions:

1
o [ AmAG., =3k, [ dmdm) = A%,

The right hand side is exactly what we expect since allowing the parameter m to continuously
vary restores the Lorentz invariance: consulting Eq. (3.23) we see that this continuous sum

corresponds to restoring the relativistic theory of Eq. (3.21).
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That the constant of proportionality relating /‘Zl!f 4o to ,‘Zlgrl vanishes for m # 0 can be

verified by an all-orders computation of ﬂf+1, to which we now turn our attention.

3.5 Perturbative proof of Vanishing anomaly

The fact that the anomaly vanishes for non-vanishing m can be shown perturbatively
taking the background to be slightly curved. In flat space-time, wavefunction renormalization and
coupling constant renormalization are sufficient to render a quantum field theory finite. Defining
composite operators requires further renormalization. Therefore, when the model is placed on a
curved background additional short distance divergences appear since the background metric can
act as a source of operator insertions. To cure these divergences, new counter-terms are required
that may break scaling symmetry even at a fixed point of the renormalization group flow. In this
section, we will treat the background metric as a small perturbation of a flat metric so that we
compute in a field theory in flat space-time with the effect of curvature appearing as operator
insertions of the perturbation A,y = g,v — M. To be specific, we will look at the vacuum bubble
diagrams with external metric insertions. It turns out that all of these Feynman diagrams vanish
at all orders of perturbation theory, leading to a vanishing anomaly. In fact, we will show that
these anomalies vanish even away from the fixed point as long as the theory satisfies some nice
properties.

Suppose we have a rotationally invariant field theory such that:
1. The theory includes only rotationally invariant (“scalar”) fields.

2. At free fixed point, the theory admits an U (1) symmetry under which the scalar fields are

charged.

l

3. The free propagator is of the form T TR T

where, generically, f(|k|) = |k|*.
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4. The interactions are perturbations about the free fixed point by operators of the form

2(0,0%)|0|%, where g is a polynomial of the scalar field ¢.

An elementary argument presented below shows that, under these conditions, all the
vacuum bubble diagrams vanish to all orders in perturbation theory.

Before showing this, a few comments are in order. First, the argument is valid in any
number of spatial dimensions. Second, assumption 4 precludes terms like ¢* + (¢*)* or K¢? in
the Lagrangian. To be precise, F(0) + h.c. can evade this theorem for any holomorphic function
F of ¢. This is because assumption 4 implies that each vertex of the Feynman diagrams of the
theory has at least one incoming scalar field into it and one outgoing scalar field line from it;
having both incoming and outgoing lines at each vertex is at the heart of this result. Thirdly, it
should be understood that all interactions that can be generated via renormalization, that is, not
symmetry protected, are to be included. For example, were we to consider a single scalar field
with only the interaction ¢3¢* +h.c., the interactions ¢* 4 (¢*)* and (¢¢*)? will be generated
along the RG flow. Nonetheless, U(1) symmetry will always prohibit a holomorphic interaction
F () + h.c. Lastly, assumption 3 can be relaxed to include a large class of functions f(|k|?); this
means one can recast this result in terms of perturbation theory along the RG-flow rather than
about fixed points.

To prove this claim, notice first that a vacuum diagram is a connected graph without
external legs (hanging edges). Moreover, since we are considering a complex scalar field, the
vertices are connected by directed line segments. These directed segments form directed closed
paths. To see this, recall that by assumption each vertex has at least one ingoing and one outgoing
path. Starting from any vertex, we have at least one outgoing path. Any one of these paths
must have a second vertex at its opposite end, since by assumption there are not hanging edges.
Take any one outgoing path and follow it to the next vertex. Now, at this second vertex repeat
this argument: follow the outward path to a third vertex. And so on. Since a finite graph has

a finite number of vertices, at some point in the process we have to come back to a vertex we
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have already visited. For example, assume that we first revisit the i-th vertex. This means that
starting from the vertex i we have a directed path which loops back to the i-th vertex itself. The
simplest example is that of a path starting and ending on the first vertex, corresponding to a self
contraction of the elementary field in the operator insertion.

Let us call this directed loop I'. We use the freedom in the choice of loop energy and
momentum in the evaluation of the Feynman diagram to assign a loop energy ® in a way such
that ® loops around I'. In performing the integral over ® it suffices to consider the I" subdiagram

only. The resulting integration is of the form:

1
(0+ o, — f(|k+ky|)/2m+ig)

/de(m,k, {o., k1) ]

nel’

(3.61)

where the product is over all vertices in I" and correspondingly over all line segments in I" out of
these vertices. Energy ®, and momentum k, enter I" at the vertex n. The factor P(®, k, {®,,k,})
is polynomial in momentum and energy and may arise if there are derivative interactions. Note
that every propagator factor has the same sign i€ prescription, that is, all poles in complex-®
lie in the lower half plane (have negative imaginary part). The integral over the real ® axis can
be turned into an integral over a closed contour in the complex plane, by closing the contour
on an infinite radius semicircle on the upper half plane, using the fact that for two or more
propagators the integral over the semicircle at infinity vanishes. Then Cauchy’s theorem gives
that the integral over the closed contour vanishes as there are no poles inside the contour.

This proves the claim, except for the singular case of a self-contraction, that is, a
propagator from one vertex to itself. Self contractions can be removed by normal ordering,
again giving a vanishing result. For an alternative way of seeing this note that this integral is
independent of external momentum and energy, and is formally divergent in the ultraviolet (as
|@| — o0). The integral results in a constant (independent of external momentum and energy)

that must be subtracted to render it finite, and can be chosen to be subtracted completely, to give
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a vanishing result.

The computation in the case of anti-commuting fields differs only in that a factor of —1
is introduced for each closed fermionic loop. Hence the claim applies equally to the case of
anti-commuting scalar fields.

We now return to the derivation of our main result, Eq. (3.4). The conditions above
are satisfied for the theories considered in Sec. 3.4.3, namely, free theories of complex scalars,
with the free propagator given by m. Recall that we are to put the theory on a
curved background which is assumed to be a small perturbation from flat background. The
perturbations act as insertions on vacuum bubble diagrams, but since they preserve the U(1)
symmetry the model still satisfies the assumptions above. Hence all the bubble diagrams vanish,
and we conclude there are no divergences coming from metric insertion on bubble diagrams.
Consequently, there is no scale anomaly. We emphasize that the absence of the Weyl anomaly is
valid in all orders of perturbation in both the coupling and the metric. The result holds true even
if we make the couplings to be space-time dependent so that every coupling insertion injects
additional momentum and energy to the bubble diagram. Physically, the anomaly vanishes
because the absence of antiparticles in non-relativistic field theories and the conservation of U (1)
charge forbid pair creation, necessary for vacuum fluctuations that may give rise to the anomaly.

This perturbative proof holds for theories which need not be Galilean invariant, and the
question arises as to whether one may use LCR to make statements about anomalies for theories
with kinetic term involving one time derivative and z # 2. We will take up this task in following
section, starting by giving the promised proof of our prescription in Eq. (3.24).

We remark that perturbative proof works for m # 0. For m = 0, the integrand becomes
independent of ®, and one can not perform the contour integral to argue the diagrams vanish. In
fact, the integral over m is divergent, as expected from our earlier expectation that at m = 0 one
encounters IR divergences. One way to see the presence of 8(m), as explained earlier, is to take

a continuous set of fields ¢,,, labelled by continuous parameter m. If we exchange the sum over
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(1-loop) bubble diagrams and the integral over m, then each of the propagator can be thought of
as a relativistic propagator with m, playing the role of p_. Thus the whole calculation formally
becomes that of the relativistic anomaly.

One can verify our results by explicit calcualation in specific cases. In a slightly curved
space-time, one can treat the deviation from flatness as background field sources. This also
serves the purpose of checking that the n-regularization is appropriate, obtaining the anomaly as
a function of M. Since, as M — 0, for m # 0, the flat space heat kernel vanishes, one expects the
anomaly to be vanishing. In fact, one can check that a 8(m) is recovered as 11 — 0. We refer to
the App. B.3 for an explicit calculation; it verifies our results in detail, and shows the vanishing

anomaly regardless of the order of limits 1 — 0 and m — 0.

3.6 Modified LCR and Generalisation

3.6.1 Proving the heat kernel prescription

In this subsection we will explain why our proposed method to determine the heat kernel
for Schrodinger field theory (z = 2) worked in a perfect manner, as evidenced by the agreement
between Egs. (3.46) and (3.51). We will see that one can use LCR to relate the heat kernel of a
theory living in d + 1 dimensions with that of a parent theory living in d 4+ 2 dimensions, as long
as the parent theory has SO(1, 1) invariance.!? Furthermore, if the parent theory has a dynamical
scaling exponent given by z, then the theory living in d + 1 dimension has 2z as its dynamical
exponent. We will make these statements precise in what follows.

Suppose the operator D defined in d + 2 dimensional space-time is diagonal in the

eigenbasis of P_, the conjugate momenta to x™ :

(x5, x5, ma|D|x x4 my ) = (x5 x5 | Dy, x4 8(mmp — my) (3.62)

100ne may as well assume that both parent and reduced theories have, in addition, SO(d) rotational symmetry.
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where m; , label the eigenvalues of P_. The example worked out in Sec. 3.4.2 had D = M, and

it does satisfy this requirement. It follows that

. ‘ 1 _ _ . .
<x;,x’2,x2_\e_SD|xT,x’l,xl_> = ﬁ/dml dmye™ "X T2, (x;,x’z,m2|e_SD\xT,x’1,m1>

= %/dmle’mlxu (), xhlePmi | x) (3.63)
from which we obtain
<x§r,x§]e_SD’"|xT,xﬁ) = /dx_e'_”"x12 <x;,xé,x2_|e_SD|xT,xi1,xl_). (3.64)
This is precisely the prescription we gave in Eq. (3.24).

3.6.2 Generalisation

Since the LCR (or DLCQ) trick requires null cone reduction, it may seem necessary that
the parent theory have SO(d + 1, 1) symmetry, and that this will result necessarily in a Galilean
invariant reduced theory, that is, with z = 2. This is not quite right: one may relax the condition
of SO(d + 1,1) symmetry and obtain reduced theories with z # 2. The key observation is that
for null cone reduction only two null coordinates are needed, with the rest of the coordinates
playing no role. Hence, we consider null cone reduction of a d + 2 dimensional theory which
enjoys SO(1,1) x SO(d) symmetry. The reduced theory will be a d + 1 dimensional theory with
SO(d) rotational symmetry and a residual U (1) symmetry that arises from the null reduction.
The point is that the theory can enjoy anisotropic scaling symmetry. Consider, for example, the

following class of operators

Mrcarr = (=] +37) — (=1)72(3:9)7?, (3.65)
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4+1 and for the reminder of this section there is an implicit sum over

where t = 2% and x = x
repeated latin indices, over the range i = 1,...,d. These operators transform homogeneously

under

XA, =A% and x— A2 (3.66)

+_ 1

Introducing null coordinates as before, x=~ = 7 (x 1), null reduction of this operator yields

Mgt = 2tmdy — (—1)72(9:9;)7/2, (3.67)

where ¢/ = x™ is the time coordinate of the reduced theory. From the dispersion relation of the
reduced theory, 2mm = |k|*, we read off that the dynamical exponent is z. Here we are interested
in even z to insure that the operator M,.;41 is local. For z = 2, we recover the case discussed
in earlier sections with the parent theory being Lorentz invariant and the reduced theory being
Schrédinger invariant.

Following the prescription (3.64), we can relate the matrix element of the heat kernel

operator for M,.;» to that of M4 1, viall

gﬂ/[gc;dﬂ - /oo dx_ e_’m)F <X6 + X | gg\/[rc;d+2 |X6> : (368)

This should be viewed as an operator relation: thinking of the basis on which the operator
Gar.,,, acts as given by the tensor product of [x*), [x~) and |x’) for i =1,2,...,d, then (x5 +
x| Gag.,., X0 ) is an operator acting on the complement of the space spanned by |x™). Taking

the trace on both sides of Eq. (3.68), we obtain the heat kernel of the reduced theory:

Kagopin = / ™ T i x| Gag o) (3.69)

"Provided these heat kernels are well defined. We postpone this technical aspect to the appendix.
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Equations (3.68) or (3.69) are useful in practice only when we know either left or right
hand sides by some other means. Hence, the next meaningful question to be asked is whether we
can calculate Gy, explicitly for a curved space-time for any z. The case for z = 2, that in which
the parent theory is relativistic and the reduced theory is Schrodinger invariant, is well known
and was presented in Sec. 3.4.2. For generic z, the answer is yes to some extent. We will find a
closed form expression when the slice of constant (7, x) in space-time is described by a metric

that does not depend on ¢ or x:
ds* = —dt® + (dx)* + hij(x')dx'dx’ (3.70)

With this choice, the heat kernel equation for the curved background version of the operator
M,c-a+2 of Eq. (3.65) admits a solution by separation of variables, into the product of the
relativistic heat kernel in 1 4 1 dimensions and the heat kernel for an operator acting only on the

d-dimensional slice [18]. Specifically, we consider operators
Miyca 2= Vi, —D/? (3.71)

where V7 = (=0} +07) and D is a second order scalar differential operator on the slice of

constant (z,x), e.g., D = —VZ= —1/\/Eai\/ﬁhifa,-. With these choices,

ngc;d+2 - gV,%X Gpe/2 - (3.72)

Gilkey has shown that the heat kernel expansion for DX can be computed from that for D [74]
for k > 0. The argument is based on the observation that the {-functions for the two operators

are related:

e £,0%) =Tz (F(D5)7F) =T (FD7%) = Llke, £.DD).
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Gilkey’s result is as follows: If D has heat kernel expansion

Kp = (\/_) n;)s"zan (3.73)

then the heat kernel expansion of DX is

d d—2 d d=2
Koy — (_1 ) ot T @ (_1 > y 2100 @
Van) 5 kD(4—n) 47 = kT(4 —n)

2n+d(mod 2k)
(\/1 )d Y sEEDTE G (a4
47 n=0
2n=d(mod 2k)

Hence, My.q42 = (—0? +02) — (—V?)%/? has heat kernel expansion

12 12
o P e | *)
<)C;_,X2 7xl| GM‘L'§(1+2|XT7X1 axl> = ( ) Z § < —)agld) (375)

Z
4ms n>0 z z —n

where xli2 = x% —xf and ag,d) are the well known coefficients of the heat kernel expansion

of —V2.
Now, the reduced theory lives on d + 1 dimensional space-time with curved spatial slice,

i.e., the background metric is given by
ds* = —dt® + hijdx'dx’ (3.76)

where i runs from 1 to d. In order to extract the heat kernel of M4 1 = 2umo; + (—Vz)z/ 2, we

need partial tracing of heat kernel of M.,

o _ 1\ 1 wa D) ()
(x5 + X |Trgr G, ) = (\/_47) 1 Yz )
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leading to

s 1 - d—2n) @)
Kog,. ., = 278(m) — Zs z —an : (3.78)

d
Adding conformal coupling modifies a,S ) but the pre-factor stays 2d(m )— (%) . Hence, we

have the generalised result
a5, =2nd(m) Ay, , (3.79)

where /‘Zlg 41 1s the Weyl anomaly of a theory of a single complex scalar field of charge m
under a U(1) symmetry living in d + 1 dimensions with dynamical exponent z and 4, 4o 18
the Weyl anomaly of a field theory living in d + 2 dimension such that it admits a symmetry
under ¢ — A¥/2¢, x412 5 )/ 2x+2and x' — i for i = 1,...,d + 1. Thus we have shown that
theories with one time derivative on a time independent curved background do not have any
Weyl anomalies. This is consistent with the perturbative result obtained previously.

It deserves mention that the operator M, .44 of Eq. (3.71) does not transform homoge-
neously under Weyl transformations. In order to construct a Weyl covariant operator consider

generalizing the metric (3.70) to the following form
ds* = Ndx"dx™ + hjdx‘dx’ . (3.80)

If N is independent of x~ the metric for the reduced theory will include a general lapse function

N. Then we replace (V?)3 by 0(@+2-4) 0ld+2:=8) ... old+4) 0(d) with O(P) defined as

;N

2 0 0;
+p—daJiN d Nh,J],v (3.81)

on=v2__P p G iy 24p—d
+ i+ @)y

4d—1) z N

Under h;j — ¢*h;j, N — ¢°N and y — ¢ 2%y, this operator transforms covariantly, in the
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sense that
0Phy — ¢~ (3120 oP)ys, (3.82)
Therefore, under the Weyl rescaling h;; — e>oh; j» N — €N and ¢ — e—%% we have that
NVRo* Old+2:-4) H(d+22-8) | H(d+4) O(d)q) (3.83)

is invariant under under Weyl transformations.

Adding the conformal coupling will modify the expressions for ag,d) , but scaling with
respect to s will remain unmodified. Hence we can enquire about existence or absence of potential
Weyl anomalies. To have a non-vanishing Weyl anomaly, we need to have an s independent term
in the heat kernel expansion. This is possible only when @ =1, i.e., when d + z 1s even; see
Egs. (3.75) and (3.78). Since for a local Lagrangian z must be even, this condition corresponds
to even d 2. This is expected because of the following reason: the scalars we can construct out
of geometrical data (that can potentially appear as a trace anomaly) have even dimensions and
the volume element scales like A¢*2, so that in order to form a scale invariant quantity d + z has
to be even. Now when d is even, we have s independence for n = (d + z) /2 and the coefficient

1

d z
of 5% is given by <\/_47c> (—1)'~24%,.. Hence, the result relating anomalies in the parent and
=

reduced theory, Eq. (3.79), still holds.

3.7 Summary, Discussion and Future directions

We have shown that for a d + 1 dimensional Schrodinger invariant field theory of a single

complex scalar field carrying charge m under U (1) symmetry, the Weyl anomaly, /‘ZldGH, is given

12Giving up on the requirement of locality allows z to be any positive real number. In this case, the anomaly is
expected to be present whenever d + z is even. It might be of potential interest to look at these cases carefully and
make sure that non-locality does not provide any obstruction in the anomaly calculation and that the renormalization
process can be done in a consistent manner.
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in terms of that of a relativistic free scalar field living in d + 2 dimensions, /‘45 oo via

a$ = 2nd(m) Ak, (3.84)

Here the parent d + 2 theory lives in a space-time with null isometry generated by the Killing
vector d_ so that the metric can be given in terms of a d + 1 dimensional Newton-Cartan structure.

The result is shown to be generalised to
a5, =2nd(m) Ay, ,, (3.85)

where ,‘215 1 1s the Weyl anomaly of a theory of a single complex scalar field of charge m under
an U(1) symmetry living in d + 1 dimensions with dynamical exponent z, while 4}, is the
Weyl anomaly of an SO(1,1) x SO(d) invariant theory living in d + 2 dimension such that it
admits symmetry under  — A2, x4+2 — A¥/2x4 42 and X' — A fori=1,...,d +1.

To obtain information regarding the anomaly, we introduced a method to systematically
handle the heat kernel for a theory with kinetic term involving one time derivative only. We
provided crosschecks and consistency checks on our heat kernel prescription. One may worry
that to properly define a heat kernel the square of the derivative operator must be considered.
This would also be the case for, say, the Dirac operator. In fact, one can properly define it this
way; see, for example, Ref. [79].

The result obtained regarding the anomaly of Schrodinger field theory is consistent with
the one by Jensen [62]. Auzzi et al, [80] have studied the anomaly for a Euclidean operator

given by
My , =2m) —0} — V2, (3.86)

with eigenspectra given by |k|* 4 2m|w| > 0. One can define the heat kernel for this operator as
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well, but the eigenspectra of this operator is not analytically related to that of My , = 2imd; + V2,
which is —k? +2m. As a result the propagator in -k space has a cut on the complex ® plane
with branch point at the origin, making the analytic continuation to Minkowski space problematic.
It is known that the two point correlator of Schrodinger field theory is constrained and has a
particular form as elucidated in Ref. [59, 81]. While our prescription and the resulting Euclidean
correlator conforms to that form, it is not clear how the Euclidean Schrédinger operator defined
in Ref. [80] does, if at all. Finally, we note that the operator \/—_8,2 is non-local (in the sense that
the kernel, defined by /—92 () = [di' K(t — ') f(¢'), has non-local support, K () = 20,P1).

There are several avenues of investigation suggested by this work:

1. What happens in the case of several scalar fields with different charge interacting with each
other while preserving Schrodinger invariance in flat space-time? How is the pre-factor

d(m) modified?

2. It is not obvious how null reduction of a theory of a Dirac spinor in d + 2 dimensions
can result in a Lagrangian in d + 1 dimensions of the form £ = 2imy 9,y 4y V2y, let
alone one with £ = 2umy’ 9,y — ' (—V?2)¥/2y for z # 2. On the other hand, as we have
seen, the functional integral over non-relativistic anti-commuting fields yields the same
determinant as that of commuting fields (only a positive power). Hence, the anomaly of

the anti-commuting field is the negative of that of the commuting field.

3. Calculations using the same Euclidean operator as in Ref. [80] give a non-vanishing
entanglement entropy in the ground state [82]. By contrast, for the operator My , =
21md; + V2, the entanglement entropy in the ground state vanishes, since for this local
non-relativistic field theory ¢(x)|0) = 0 and hence the ground state is a product state. It
would be of interest to verify this result by direct computation using a method based on

our prescription.

4. The method described in Sec. 3.6.2 to compute Weyl anomalies in theories with z # 2
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is not sufficiently general in that, by assuming the metric is time independent and has
constant lapse, it neglects anomalies involving extrinsic curvature or gradients of the lapse

function. A future challenge is to develop a more general computational method.

We hope to come back to these questions in the future.
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Chapter 4

Unitarity and Universality in non

relativistic Conformal Field theory

We relate the notion of unitarity of a (0+ 1)-D conformally (SL(2,R)) invariant field
theory with that of a non-relativistic conformal (Schrodinger) field theory using the fact that
SL(2,R) is a subgroup of non-relativistic conformal (Schrédinger) group. Exploiting SL(2,R)
unitarity, we derive the unitarity bounds and null conditions for a Schrédinger field theory (for
the neutral as well as the charged sector). In non integer dimensions the theory is shown to be
non-unitary. The use of SL(2,R) subgroup opens up the possibility of borrowing results from
(0+1)-D SL(2,R) invariant field theory to explore Schrodinger field theory, in particular, the

neutral sector, which has otherwise been unexplored.

4.1 Introduction

The conformal field theory [83] has a rich literature with wide application in describing
physics at relativistic fixed points. Much of its armory stem from the early papers on the

representation theory of SL(2,R), a subgroup of the conformal group [84, 85, 86]. The unitarity
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bound along with the null condition is one of the many consequences of the representation theory
of SL(2,R) algebra [87]. The conformal bootstrap program also relies on knowing conformal
(SL(2,R)) blocks [88, 89, 90, 91, 92]. The task we take up here is to use this arsenal of SL(2,R)
algebra to hammer a class of non-relativistic conformal theories (NRCFT), which are SL(2,R)
invariant.

The non-relativistic conformal invariance emerges at fixed points without Lorentz in-
variance, in particular, in a scenario, where the symmetry involves scaling time and space in
a separate way. If the theory permits, one can have Galilean boost invariance and invariance
under special conformal transformations as well. A prime example of such kind is the theory de-
scribed by Schrodinger equation, where the maximal kinetic invariance group is the Schrodinger
group[93]. Fermions at the unitarity limit (when the S-wave scattering length a — o) are also
described by Schrodinger field theory[94, 60, 59, 1, 2]. Examples of approximate non-relativistic
conformal field theories include systems involving 85Rb [51,133Cs[6],°°K [7], deuterons [3, 4]
and spin chain models[95].

Much like its relativistic cousin, progress has been made regarding the form of correlators
and convergence of operator product expansion (OPE) in such theories for a sector with non-zero
charge using the symmetry algebra only [96, 93, 94,97, 98, 59, 61, 81, 99] (which is Schrodinger
algebra). The state-operator correspondence invoking the harmonic potential is available for the
charged sector. Nonetheless, the neutral sector has remained elusive since the representation
theory along with the concept of primary and descendant breaks down for the neutral sector[99].
Thus, there is no state-operator correspondence available for the neutral sector, neither there
is a proof of OPE convergence if the four point correlator involves neutral operator(s). On the
other hand, physically relevant operators like Hamiltonian, number current, stress-energy tensor
are neutral. This motivates us in first place to use SL(2,R) to explore the neutral sector as one
can organize the operator content according to SL(2,R) representation, which is applicable to

both the neutral as well as the charged sector. To our favor, it so turns out that SL(2,R) provides
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strong constraints on properties of Schrodinger field theories even for the charged sector on top
of solving all the puzzles mentioned before in context of the neutral sector.

The purpose of this work is multifold. The most important point that we make is that
SL(2,R) establishes a powerful and novel link between (0 + 1)-D conformal field theory (CFT)
and NRCFTs. Thus results proven for (0 + 1)-D CFTs immediately apply to NRCFTs and
vice versa. In fact, using SL(2,R), we come up with state-operator map, subsequently, derive
the unitarity bound, the null condition for the neutral sector for the first time. Secondly, we
reformulate the notion of unitarity in the charged sector and re-derive the unitarity bound without
invoking the standard map to harmonic oscillator. This, in turn helps us to identify the non-unitary
sector in fractional dimensions, which has otherwise not been known previously. Moreover, we
explore the universal features of Schrodinger field theories including the convergence of the
operator product expansion (OPE) in the neutral sector. Convergence of OPE in all the sectors
also opens up the possibility of bootstrapping these theories. We deduce the universal behavior
of three point coefficient and establish for the first time that even in NRCFT, there exist infinite
number of SL(2,R) primaries. In short, we explicitly unveil a complete equivalence between
correlators of NRCFTs on (7,0) slice and (04 1)-D CFTs via the notion of SL(2,R) primaries
and descendants. Last but not the least, the use of SL(2,R) primaries/descendants proves to be
quintessential in operator counting of heavy particle effective field theory, where neutral scalar
operators appear in the Lagrangian. Only with the aid of SL(2,R), it is possible to organize the
operator basis of heavy particle effective field theory in Schrodinger representation [100].

The paper is organized as follows. In sec. 4.2, we derive the unitary bounds and null
conditions for both the charged sector as well as the neutral sector of Schrodinger algebra.
Non-unitarity in non integer dimensions has been explored in sec. 4.3. The sec. 4.4 deals with
the universality, in particular, the OPE convergence, the asymptotic behavior of three point
coefficients in Schrodinger invariant field theory. We conclude with an elaborate discussion

pointing out potential avenues of future research. To aid the main flow of the paper, the details
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of SL(2,R) invariant theory and representation of Schrdodinger algebra have been relegated
to appendix C.1 and C.2 respectively. The role of time reversal and parity is elucidated in
appendix C.3. The appendix C.4 expounds on defining the Euclidean Schrodinger field theory,
which comes out as a byproduct of organizing the operator content of Schrodinger field theory

according to SL(2,R) algebra.

4.2 Unitarity bounds & Null conditions

The Schrodinger group acts on space-time as follows [96, 93, 94, 98]:

at+b Rr+vt+ f
— , e —
ct+d ct+d

4.1)

where ad — bc = 1, R is a d dimensional rotation matrix, v denotes the Galilean boost and f is a
spatial translation. For the sector with non-zero charge, the representation is built by translating
all the operators to the origin and considering the little group generated by dilatation operator
D, Galilean boost generator K;, and special conformal transformation generator C. The highest

weight states () are annihilated by C and K i.e.

[C7 q)OC(OvO)] = 07 [Kiaq)oc(oao)] =0. 4.2)

These are called primary operators. The commutators with D and particle number symmetry
generator N dictate the charge and the dimension of these operators ¢ i.e. [D,dq(0,0)] =
1Aq9(0,0) and [N, 0 (0,0)] = Ngde(0,0). The time and space translation generators H and P;
create descendant operators by acting upon primary operators and raising the dimension by 2
and 1 respectively. The concept of primaries and descendants breaks down within the neutral
sector. Since K; and P; commute in this sector, P; acting on a primary spits out a primary in

stead of a descendant.
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The subgroup, SL(2,R) is defined by R =1, v =0, f = 0 and generated by H, D and C.
Evidently, the (¢,0) slice is an invariant domain of SL(2,R) . Using this SL(2,R) algebra, one can
reorganize the operator content. A SL(2,R) primary O is defined by requiring [C, O(0,0)] = 0.
Thus all the primaries defined by (4.2) are SL(2,R) primaries but not the other way around. The
situation is reminiscent of 2D conformal field theory where we have Virasoro primaries as well
as SL(2,R) primaries and the SL(2,R) primaries are called quasi-primaries. We will borrow that
nomenclature and call the Schrodinger primaries as primaries while we name SL(2,R) primaries,
quasi-primaries. Remarkably the notion of quasi-primaries goes through even for a zero charge

sector. Henceforth, by ¢(¢) (or O(t)), we will mean the operator ¢(z,0)(or O(z,0)).

For a SL(2,R) invariant field theory, there is a notion of unitarity/reflection positivity,
which guarantees that the two point correlator of two operators inserted at imaginary time —7
and 7 is positive definite. We will exploit the SL(2,R) subgroup of Schrédinger group to borrow
the notion of reflection positivity in Schrodinger field theory. We consider the following states

foraoe Rand B €R:

Wa(w)) = [ dt [8(s—5)+2m0 '8/ —)] 0@)0).
- ' [O(t1) — 21107 (8:0)(11)] >
wyn)) = [an | (55 - 5 ) Ble- e’ @00

+8(r—11)ﬂlT(T)|O>} = ‘ {%MT - %Vz(ﬂ >

T=T]

4.3)

where O is a quasi-primary, ¢' is a primary with charge —N and 4" = (%’—Xat(jﬁ — %V2¢T) isa

quasi-primary!.

I'The details of SL(2,R) invariant field theory and Schrédinger algebra can be found in the appendix C.1 and C.2.
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To derive the unitarity bound for quasi-primary, we demand that the state |yy) =

|We (1/2))? has a positive norm:
(WoWo) >0 A%+ 200+ 1)A+ 0 >0, (4.4)

where we have used (O(t1)O(t2)) = (T2 — T1) . For a < —7 there is no constraint on A. For

0 100 200 300 100 500

Figure 4.1: Unitarity bound on (o, A) plane: the projection of the region bounded by two

curves onto the Y axis excludes A < 0. The blue thick curve is Ay = —ot— % +4/0+ % while

the orange dashed curve is A_ = —o. — % —1/0+ i.

o > —1/4, the region (A_,A ) is excluded where

Ar =(—0—1/2++/a+1/4)<0.. (4.5)

As we vary a, the whole A < 0 region gets excluded (fig. 4.1) since, AL —A_ =2/o+1/4.

Now we will do the same for a primary and consider the norm of the state [Wp) =

Wp(1/2)),
(Wp|Wp) 2O@A2+A(1—Bd)+%[3d([3(d+2)—4) >0 (4.6)

To find out the norm of ¥, we have used the two point correlator of primaries, fixed by

2Technically, the ratio, a/7; is dimensionless. So, in some suitable unit, one can choose T; = 1/2 and vary o in
the same unit.
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Schrodinger algebra. This is exactly where it becomes important that the actual symmetry group

is bigger than SL(2,R) and there are d spatial dimensions. The region, excluded (fig. 4.2) due to

(4.6) is given by (A_,A;) where Ay = dB% + %\/1 +2dp —2dB2.

ot
T

or

-1t ‘ : : : : :
-02 00 02 04 06 08 10 1.2

Figure 4.2: Unitarity bound on (3,A) plane: the projection of the region bounded by the
ellipse onto the Y axis excludes A € (—1,4). Here d = 10. The blue thick curve is A =

@ + 34/1+2dB —2dp? while the orange dashed curve is A_ = % — 23/1+2dB—2dp2.

As we vary B, on the (B,A) plane, the excluded region is bounded by an ellipse. This, in
turn, excludes A € (— I, %) Thus we have (recalling a primary is a quasi-primary too and has to

satisfy the bound for quasi-primary)

4.7)

NS IESW

A¢ (—1,%) U(—e0,0) = A >

The bound is saturated when A = ‘71, which implies that B = 1 and we arrive at the null
condition:

(¥ |¥)) =0 < Noo' — %quﬁ =0 (4.8)

The unitarity bound and the null condition, thus obtained for the charged sector, is consistent
with the results in [60]. A technical remark is in order: setting B = 1 to begin with, would not
suffice to derive the unitarity bound. This is because merely demanding(¥;|¥;) > 0 would
exclude the region (% —1, %) only.

For a sector with N = 0, the unitarity bound becomes the one obtained by using |y),
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thus the null condition is achieved when A (a) = 0 = oo = 0. Thus the null condition for neutral
sector reads 0O = 0. The bound in the neutral sector is lower compared to the bound in charged
sectors, thus in free Schrodinger field theory there’s no neutral operator satisfying the bound
except the Identity operator. The identity operator by definition creates the neutral vacuum
state, has O dimension and trivially time independent. It would be interesting to find an operator
besides the identity operator, which saturates the bound or improve the bound for the non-identity
operators. One might hope to come up with stronger bound for the neutral sector by considering
the norm of the state A[\¢) + B|'Wp), but this is given by A% (| Wo) + B*(Wg|Wp) since [Pp) is
charged whereas |q) is neutral, leading to (ye|¥g) = 0. Now, A%(Wo|Wy) + B> (¥¥p) > 0

by previous bounds.

Subtleties associated with Null condition & Non-Renormalization: The derivation of the
null condition assumes that the only operator that can annihilate the vacuum is the null operator
(denoted as 0 henceforth). This is not necessarily true in a non-relativistic set up. For example,
the canonical way of quantizing free Schrodinger field theory starts with the existence of an
operator ¢ such that ¢ annihilate the vacuum Thus for T > 0, we have (0|¢7(0)6(t)|0) = 0. But
this does not imply that ¢ is a null operator. In a theory with anti-particles, ¢ can not annihilate
the vacuum since its Fourier decomposition consists of several particle annihilation operators
and anti-particle creation operators. But a non-relativistic field theory admits a quantization
process without having any anti-particle in its spectrum. Thus, non-trivial operators like ¢ can
have the vacuum state as their kernel.

To state a generic null condition, we consider the set of operators Sy, defined by sy € Sy

iff |0) € ker(sy), [N, sn] = Nsy. The null condition then reads:

Noo' — %quﬁ c S yu{0}. (4.9)
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We see that, unlike relativistic CFT, the Eq. (4.9) can be satisfied at an interacting fixed point. It
has, therefore, consequences in terms of anomalous dimension of ¢. For example, let us consider
a free Schrodinger field theory and perturb by an operator of the form s(x)d(x) where s € Sy. If
the theory flows to another fixed point such that Eq. (4.9) holds, the field ¢ can not acquire an
anomalous dimension. This happens because the null condition (4.9) implies that even at the
non-trivial fixed point ¢ has dimension %, which equals the dimension at the free fixed point.

The non-renormalization theorem can be utilized in following way: consider a free
Schrodinger field theory with free elementary fields ¢, (the ones that appear in Lagrangian at
free fixed point) and [N, 0] = Ny o With Ng < 0. We further assume without loss of generality
that ¢} has the minimum positive charge given by —N; > 0. The absence of anti-particles
mean (¢, annihilates the vacuum. Now we perturb the theory by adding a classically marginal
S_N, 01 + h.c term, where s_y carries charge —N > 0 and annihilates the vacuum. Assuming that
the theory flows to a another fixed point invariant under Schrodinger symmetry, we can show
that the field ¢; does not acquire any anomalous dimension at the non trivial fixed point.

We proceed by observing that all the terms that might get generated due to renormalization
group flow preserve U(1). Furthermore, we only look for the operators of the form s'¢;, as
they contribute to the equation motion of qﬁ. Now, the U(1) charge conservation guarantees
that s’ has —N; charge. We need to show that s" annihilates the vacuum. This would not be
the case if s’ = (I)Jlr, but this operator can not be generated from a classically marginal term. So
we are left with the other option which requires having at least two elementary field operators
such that their charges add up to —N;. Since —N; is the least possible positive charge, there
exists at least one operator with negative charge and this implies that s’ € S_y, i.e s" annihilates
the vacuum. Thus the null condition (N;d; + V2)0"|0) = 0 is always satisfied for the field with
the least possible charge and the corresponding field operator does not acquire any anomalous
dimension at the nontrivial fixed point. For example, fermions at unitarity is described by two

equivalent theories living at a non-trivial Wilson-Fisher fixed point: one in 2 + € dimensions,
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another one in 4 — € dimensions. It is easy to verify from [59] that both of them conform to the
above theorem. The one fermion operator y does not acquire anomalous dimension in both 2 4 ¢
and 4 — € dimensions whereas in 4 — € dimensions, the two fermion operator ¢ does acquire a
anomalous dimension, which should be the case since even at tree level the equation motion of

o' does not belong to S_y where

s NES N iff |0) cker(s_y) & [N,s_ n] =—Ns_y. (4.10)

4.3 Non Unitarity in non integer dimensions

The unitarity of a SL(2,R) invariant field theory can be defined in non-integer dimensions
by analytically continuing the appropriate correlator. Relativistic CFTs in non integer dimensions
can have Evanescent operators, corresponding to states with negative norm, thus has a non-
unitary sector. These operators cease to exist whenever d becomes integer, nonetheless they are
present and non-trivial whenever one extends the theory away from integer (spatial) dimensions
[101, 102, 103, 104]. Here we consider a free Schrodinger field theory in d 4+ 1 dimensions and
show the presence of such operators. In particular, we consider the following set of operators for
n>2,

Ru(t,x) := Sl glializ . . . glinlinl My, My, M,

where M;; = 9;0,;¢(t,x), ¢ is a primary operator with dimension d/2 and all the j indices are
anti-symmetrized. For example, Ry (t,x) := (8'1/182/2 — §1/282J1) : M;, ;M j, :. For integer
d < n dimensions, at least one of the indices has to repeat itself, thus the operator becomes
trivially zero. For non integer d < n— 1 and for d > n, the operators are indeed nontrivial.

The operator R, produces a negative norm state (we are using the notion of state borrowed

from SL(2,R) invariant field theory, as explained in the appendix C.1) in a theory living on
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(1 —€)+ 1 dimensions with 1 > € > 0. The norm of R; is given by
(Ry(—%,0)R}(3,0)) =#(d+2)(d+1)d(d—1) (4.11)

where # is a positive number, determined by the two point correlator of ¢ and number of
independent ways to contract. Here we have also set T = % without any loss of generality. As
expected, the norm becomes zero as d = 0, 1. The norm is negative when 0 < d < 1. Similarly,

we find that

(R3(—1,0)RE(1,0)) = #(d +2) (d+1)d*(d —1) (d —2)
(Re(~3,0)R}(3,0))

=#(d+2)(d+1)d*(d—1)*(d—2)(d —?3)
(Rs(~3,0)RL(3,0))

—#(d+2)(d+1)d*(d—1)*(d—2)*(d—3)(d—4)

where # is a positive number, determined by the two point correlator of ¢ and number of

independent ways to contract. In general, the operator R,, produces a negative norm state:

n—1

(Ru(=3.0)R;}(3.0)) =#(d—n+3),[](d— ),
=0

where (d —n+3), = Faﬁi)fs) is the Pochhammer symbol. The norm becomes negative when

(n=2)<d<(n—1).
These negative norm states are robust and do survive at the Wilson-Fisher fixed point as

long as the fixed point can be reached perturbatively i.e. € << 1[103].

97



- 500p 6
Norm

- 1000

- 15007

Figure 4.3: The norm of Rs as a function of d. This becomes negative for 3 < d < 4. The
zoomed in version shows that the norm is non negative when d € (0,3) and becomes zero iff d
is an integer below Si.e. d =0,1,2,3,4.

4.4 Universality

(0+ 1)-D SL(2,R) invariant field theory has universal features, irrespective of the details
of the theory. They come out as a natural consequence of SL(2,R) invariance and crossing
symmetry. Schrodinger field theory, by virtue of being SL(2,R) invariant theory as well, inherits
these universal features, specially in the neutral sector. Following [105], we consider the 4
point correlator of four Hermitian operator {(O(0)O(t) O(1) O(x)) = =40 G(t), where, from the

SL(2,R) algebra, it follows that

6(%) = | dap(a)Ga(o), (4.12)
A A A
Ga(T) =12 2F <§,§,A,T> (4.13)

where p(A) is the weighted spectral density and given by |cooa|>p(A). Here p(A) is the density
of quasi-primaries at A, cpoa is the three point coefficient and Gy is SL(2,R) block. We refer to
the (C.12) in appendix C.1 for the generic form of three point correlator. The convergence of
this integral for finite T holds true for the same reason it holds true in (0 + 1)-D conformal field

theory. Now, as T — 1, the operator product expansion (OPE) of O(t)O(1) is dominated by the
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contribution from the identity operator, thus we have
G(l—1t)~t %, 150, (4.14)
Using the fact,

Ga(1—1) =~ 2A\/§KO (V7a), (4.15)

one can obtain [105]:

[2m 4140
A) ~ 27422 AZBo—1 4.16
PA) A T(Ap)? (10

The difference in factors of 2, as compared to Ref. [105], is coming from the definition of the
dilatation operator and A in Schrodinger field theory. We remark that Schrodinger group has
U (1) subgroup, invariance under which implies that each of the operator O carries zero charge
under U(1). Thus, we are in fact probing the neutral sector, where one can not define the notion
of Schrédinger primary. Furthermore, the non-zero asymptotics of p(A) in Eq. (4.16) directly

implies that there has to be infinite number of quasi-primaries.

Infinite number of quasi-primaries: One can prove the existence of infinite number of quasi-
primaries in the OO — OO OPE channel using the crossing symmetry as well. It might seem that
the existence of infinite number of quasi-primaries are trivial as in the charged sector, operators
that are some number of spatial derivatives acting on a primary do appear and they can be
written down as a linear combination of SL(2,R) descendants and quasi-primaries. But, here we
consider (O(0)O(t) O(1)O(e0)) and all the operators lie at x = 0. As a result, the operators that

appear in the OPE are not of the form of some spatial derivative acting on a primary.

99



The proof goes by noting that the crossing symmetry implies
(1-1)20G(t) =1*G(1 —1) (4.17)

where Ap is the dimension of the operator O.

As T — 0, the leading contribution to the left hand side of (4.17) comes from identity,
i.e. we have (1—1)20G(1) = 1+---. If we look at the right hand side in terms of blocks, we
realize that each GA(1 — 1) goes like log(t), thus the each term in the block decomposition of
720 G(1 — 1) behaves like T4¢1log(t), which goes to 0 as T — 0. If we have finite number of
quasi-primaries, since each of the summands goes to 0, we could never have (4.17) satisfied
in T — O limit. This proves the existence of infinite number of quasi-primaries which are not
descendants of a primary. Similar argument works for SL(2,R) primaries of conformal field

theories as well. This line of argument has first appeared in [92] (See also[106]).

Analyticity of Three point function: The three point function of Schrodinger primaries are

given by

(01(x1,21)02(x2,22)93(x3,13))

|x13]? 23| Ao
= exp {—Nl T3 -N; T3 HTij 2 F(V123) (4.18)

o3 | x* sl
23 T12 T13

where viy3 = % ( ) and x;; = x; — x;, T;j = T; — T;. I is a model dependent
function and zero if }; N; # 0, where N; is the charge carried by ¢;. By translation invariance,
we can set T3 = 0 and x3 = 0. As ¢(0,7) is a quasi-primary, upon setting x; = xp = x3 =0, we
immediately obtain that F'(0) is a finite number and given by three point coefficient c}3.

For simplicity, let us work in d = 1 dimension and set x; = x3 = 0 and investigate

the behavior of F as a function of x,. The SL(2,R) algebra guarantees that F is infinitely
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differentiable at x, = 0. This follows from noting that

(91(0, f1)¢2(xz,t2)¢3(070)>
—Z xz (01(0,11)9%,02(0,12)93(0,0)) (4.19)

and finiteness of (¢, (0,1 )BEZ $2(0,22)03(0,0)). The finiteness follows from finiteness of norm
and the fact that 8E2¢2(0,t2) can be written down as a linear combination of quasi-primaries and
descendants of quasi-primary. For example, we list out the first two quasi-primaries (in d spatial

dimensions), given ¢ is a primary (which is trivially a quasi-primary too):

D _ 5 (2) _ Nd 12
=90, B _2Aar¢+2v¢.

4.5 Discussion & Outlook

We have shown that the features of (0 + 1)-D conformal field theory is inherited by
the Schrodinger field theory. SL(2,R) algebra can be leveraged to derive the unitary bounds
and null conditions, to prove the convergence of operator product expansion in the kinematic
limit, where all the operators are inserted at same x, but at different times. Moreover, if we
consider the four point correlator of Schrodinger primaries with all but one inserted on (t,0)
slice and one operator inserted at some different x = 0, we can still prove the OPE convergence
by using SL(2,R) invariance. This happens because x dependence of the four point correlator
is simply given by exp [N| i } where N < 0 is the charge of the operator. The use of SL(2,R)
reveals the universal behavior of the weighted spectral density function and the existence of
infinitely many quasi-primaries. We emphasize the salient role of SL(2,R) in this context, as
concept of Schrodinger primaries and descendants break down in the neutral sector. Moreover,

one can easily deduce the analyticity of three point co-efficient function as a consequence of
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SL(2,R) . It worths mentioning that the usual oscillator picture also relies on SL(2,R) algebra in
hindsight. In fact, the state-operator correspondence using the oscillator picture work beyond the
primary operator: for every quasi-primary operator, one can define a state |0) = ¢~ 0|0) such
that (H +C)|O) = A|O), where H + C can be interpreted as a Hamiltonian for the same system
under harmonic trap.

The use of SL(2,R) algebra provides us with a neat way to define the Euclidean
Schrodinger theory. We refer to the appendix C.4 for more details. This justifies the Wick
rotation done in [107] to evaluate the heat kernel and the Weyl anomaly. Moreover, the use of
Euclidean Schrodinger operator in [80, 82] comes under question in this light as the correlator
obtained from the heat kernel of such operators do not satisfy the constraint coming from SL(2,R)
algebra. In this connection, it deserves a remark that the notion of parity (T — —7) and time
reversal (T — —T with charge conjugation) is subtle in (0 + 1)-D conformal field theory and the
same subtlety is also present in Schrodinger field theories (the details have been relegated to
the appendix C.3). If one can consistently impose parity invariance beyond (t,0) slice, such
theories should have anti-particles and are suspected to have a non-zero entanglement entropy in
the vacuum in contrast with its cousin where anti-particles are absent. One also wonders about
presence of Weyl anomalies in such parity invariant theories on coupling to a non trivial curved
background in the same spirit of [20, 21, 69, 22, 62, 64].

The most important take home message is that bootstrapping the Schrodinger field
theory on (t,0) slice exactly amounts to bootstrapping 0+ 1 D conformal field theory. Thus
one can extend the analysis for 4 point correlator of operators with different dimensions, not
necessarily the Hermitian ones with an aim to use SL(2,R) bootstrap [108, 109, 110, 111]
program to derive useful constraints for Schrodinger field theories. Furthermore, the four point
correlator (O(0)O(t) O(1)O(ee)) is analytic in complex ¢ domain. One might hope to gain more
mileage for (0+ 1)-D conformal field theory as well as the Schrodinger field theory using

analyticity in the complex plane [108, 109]. In fact, if one is interested in knowing the spectra
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of the dilatation operator, then bootstrapping on (t,0) slice is sufficient as well. Should one
consider a four point correlator of operators O; inserted at different x, the OPE would have
operators [P, [P, [P;,, Oc]] while on the (7,0) slice, we would only have Oy operator. But
the dimension of [P, ,[P,,,- - - [P;,, O]]] is completely fixed by O. This feature elucidates why it
is sufficient to bootstrap on the (t,0) slice to know the spectra of the dilatation operator. Similar
argument applies for knowing the OPE coefficients.

On a different note, the operator basis for the heavy quark effective field theory (HQEFT),
non relativistic QED/QCD [112] can be organized according to the representation of the
Schrodinger algebra (or of SL(2,R) algebra) like it is done for the Standard Model effective field
theory [113, 114, 115]. As the operators appearing in the Lagrangian of HQEFT are necessarily
neutral, the concept of quasi-primary is quintessential in that context as reported on a separate
paper [100] with an application towards construction of an operator basis[116, 117, 118] for
heavy particle effective field theory.

There are further questions which requires more attention. Fermions at unitarity [59] is
described by a nontrivial fixed point in 4 — € dimensions, it is important to investigate whether
there is any imprint of non-unitarity in the physics of that fixed point. A step towards this would
be to find out whether heavy enough operators acquire complex anomalous dimension at WF
fixed point. For a relativistic scenario, this has been done in [103]. It is also worthwhile to
investigate whether SL(2,R) constrains the properties of a thermal Schrédinger field theory [119].
At 0 temperature, one can calculate all the correlators using the OPE coefficients. For T > 0, the
OPE is expected to hold true for time |t| << kBiT[IZO]. Thus using the SL(2,R) algebra, it seems
possible to obtain sum rules involving conductivities as done in [120, 121, 122], particularly
for CFTs. Furthermore, the idea presented here is extendable to the theories invariant under a
symmetry group which contains SL(2,R) as subgroup. The natural question is to ask whether
the generalized z (z # 2) group can have a bound. It is shown[61] that the algebra does not close

with the special conformal generator C, if one has the particle number symmetry generator N.
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Thus SL(2,R) subgroup is absent and they can not be realized with finite dimensional basis of
operators [123]. Nonetheless, if one does not have the U(1) associated with particle number
symmetry, the algebra closes with C and it does have a SL(2,R) piece, so similar analysis can be
done for field theories invariant under such group. For sake of completeness, we write down the

algebra so that SL(2,R) becomes manifest:

[D,C| = —-2iC,|D,H| =2H ,|H,C] = —1D

[D,P) = 10P;,[D,K;| = 21(0.— o )K;, [H, K] = —iP;

[H, P = [P, Pj] = [Ki, Pj] =0
where o0 = % The commutation relations of these with the generators of rotation group are
the usual ones. Last but not the least, in 1 + 1 dimensions, SL(2,R) algebra gets extended to
infinite Virasoro algebra. One can then introduce Virasoro conformal blocks and one has more
analytical control over such theories. One wonders whether there exists any such extension for

the Schrodinger algebra. If exists, it would imply the possibility of borrowing the arsenal of

Virasoro algebra.

4.6 Acknowledgments

I acknowledge the support provided by the US Department of Energy (DOE) under
cooperative research agreement DE-SC0009919. It is a pleasure to thank Ken Intriligator,
Kristan Jensen, William Krempa, John McGreevy, Slava Rychkov for insightful comments
and discussions. I thank Slava Rychkov to point out that nonzero asymptotics of weighted
OPE coefficients directly implies existence of infinitely many quasi-primaries. I acknowledge
fruitful discussions with Andrew Kobach, Aneesh Manohar and Jaewon Song regarding using

Schrodinger algebra to construct operator basis for HQET/NRQCD. I also thank Peter Stoffer

104



and Brato Chakrabarti for help with Mathematica.
This chapter, in full, is a reprint of the material as it appears in Sridip Pal, Phys.Rev. D97
(2018) no.10, 105031.The dissertation/thesis author was the primary investigator and author of

this paper.

105



Chapter 5

Existence and Construction of Galilean

invariant z # 2 Theories.

We prove a no-go theorem for the construction of a Galilean boost invariant and z # 2
anisotropic scale invariant field theory with a finite dimensional basis of fields. Two point
correlators in such theories, we show, grow unboundedly with spatial separation. Correlators
of theories with an infinite dimensional basis of fields, for example, labeled by a continuous
parameter, do not necessarily exhibit this bad behavior. Hence, such theories behave effectively
as if in one extra dimension. Embedding the symmetry algebra into the conformal algebra of one
higher dimension also reveals the existence of an internal continuous parameter. Consideration
of isometries shows that the non-relativistic holographic picture assumes a canonical form,
where the bulk gravitational theory lives in a space-time with one extra dimension. This can be
contrasted with the original proposal by Balasubramanian and McGreevy, and by Son, where the
metric of a d + 2 dimensional space-time is proposed to be dual of a d dimensional field theory.
We provide explicit examples of theories living at fixed point with anisotropic scaling exponent

_ 2
z—m,ﬁez.
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5.1 Introduction

Gravity duals of non-relativistic field theories have been proposed in [61, 124]. It has
been observed in Ref. [61], that one can consistently define an algebra with Galilean boost
invariance and arbitrary anisotropic scaling exponent z. While the metric having isometry of
this generalized Schrodinger group has been used with the holographic dictionary to construct
correlators of a putative field theory[125, 126, 127, 128, 129, 130, 131], there is no explicit field
theoretic realization of such a symmetry for z # 2.! One surprising feature, noted as a “strange
aspect” in Ref. [61], is that, unlike in the canonical AdS/CFT correspondence, where the CFT in
d dimensions is dual to the gravity in d 4 1-dimensions, in the non-relativistic case the metric
is of a space-time with two additional dimensions. The (d + 2)-dimensional metric, having
isometries of the d-dimensional generalized Schrédinger group, is given by[61, 124]

dr*  2d&dr +dx*  dr*
| 2dedi v dx | dr

ds2 = L2 —_—— _— _—
72z 2 2

(5.1)

where & is the extra dimension having no analogous appearance in the relativistic AdS-CFT

correspondence. The metric is invariant under the required anisotropic scaling symmetry
Xi = A, £ — A%, r— Ar, E— A2TEE, (5.2)
and under Galilean boosts
Xi — X +vit E—&— % (2v,-xl~ + vzt) . (5.3)

For z = 2, an explicit construction of Galilean boost invariant field theory in (d — 1) + 1 dimen-

sions has been known. Thus a question arises naturally as to whether one can get rid of the

! 'We note that just matching the isometries is necessary but not sufficient for the existence of a holographic
description. Here we just seek a group invariant field theory, which may or may not have a gravity dual.
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extra § direction and reduce the correspondence down to a canonical correspondence between
a d-dimensional quantum field theory on flat space and a (d + 1)-dimensional gravitational
theory. This was answered positively in Ref. [132]. But for z # 2 we do not know of any explicit
d-dimensional field theoretic example having the generalized Schrédinger symmetry, nor do we
know an example of a (d + 1)-dimensional metric having the same set of isometries. Thus the
“strange aspect” of d-(d + 2) correspondence appears to persist for z # 2.

In this paper, we initiate a field theoretic study of z # 2 theories.> We prove a no-go
theorem for the construction of a space-time translation invariant, rotation invariant, Galilean
boost invariant,? and z # 2 anisotropic scale invariant field theory with a finite number* of fields
in d dimensions. Two point correlators in such theories, we show, grow unboundedly with spatial
separation. By contrast, correlators of theories with an infinite number of fields, e.g., labeled
by a continuous parameter, do not necessarily exhibit this bad behavior. Hence, such theories
behave effectively as a (d + 1)-dimensional theory. In the context of holography, this explains
the “strange aspect”; the z 7 2 theories indeed provide us with the possibility of a canonical
realization of holography, i.e., a (d 4+ 1)-dimensional theory is dual to a (d + 2)-dimensional
geometry. The z =2 case is special in that respect since it is possible to obtain a d-dimensional
theory with a finite number of fields such that the symmetries on field theory side match onto the
isometries of a (d + 2)-dimensional geometry. The special role of z = 2 has been emphasized in
the context of the holographic dictionary in Refs. [130, 131]. For z = 2, the dual space-time can
be made into a (d 4 1)-dimensional one via Kaluza-Klein reduction of the (d +2)-dimensional
metric [132]. This is possible since, for z = 2, the extra direction & does not scale by the
transformations given in Eq. (5.2). The scaling of & given in Eq. (5.2) can be verified on the

field theory side of the duality by embedding the d-dimensional generalized Schrédinger group

2Theories with z = 2 have been studied from a field theoretic point of view in many works; see, e.g., Refs. [59,
60, 81, 99]. The z = oo case without particle number symmetry has been explored in Ref. [133, 134].

3Here by Galilean boost invariance, we mean invariance under both the boost and a U(1) particle number
symmetries. The U (1) naturally arises as a commutator of generators of boosts and translations.

“More precisely, a finite-dimensional basis of operators as defined below Eq. (5.12)
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into the conformal group of one higher dimension i.e., SO(d,2). By contrast, since for z # 2
the § direction does scales, any attempt to compactify the extra direction § is at odds with the
continuous scaling symmetry. The no-go theorem that we have proved is consistent with the
argument in Ref. [135], based on consistency of thermodynamic equation of state, that a perfect
fluid with z # 2 Schrodinger symmetry and discrete spectrum for the energy and particle number,
H and N, can not exist. In Sec. 5.4, we present some fixed point theories with z = %, with
teZ.

Before delving into a technical proof, we present a physical argument for our main

result.’ Consider a theory invariant under z = 2 Schrédinger symmetry, where, under a boost[61]
0(x,1) — exp [—n(3v*t +v-x)] (x —vt,1), (5.4)

where [N, ¢] = nd. In turn, the state of a particle with momentum k =0 i.e., ¢£:0]0> transforms

under the boost by v as follows:

[v) = €770, 4/0)
= /dx exp [n(3vt +v-x)] ¢ (x — vr,1(0)

= exp [z%t} ¢£:nv|0> . (5.5)

This has the interpretation of having a boosted particle moving with momentum nv and kinetic
energy —%nvz. A positive value of n results in decreasing energy with increasing boost. There-
fore, negative semi-definiteness of n is required for stability. In case of more than a single species
of particle, the matrix N appearing in [N,®'] = —N®T has to be negative semi-definite. As we
will see, from the symmetry algebra it follows that for a theory with finite number of fields with

7 # 2 the trace of N must vanish, spoiling the negative semi-definiteness and the stability in the

>We thank John McGreevy for discussions leading to this argument.
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sense discussed above; by contrast, for z = 2 there is no constraint on the trace of N. The above

is merely a heuristic argument, giving intuition behind the technical result presented below.

5.2 Generalized Schrodinger algebra and its Representation

The Galilean algebra consists of generators corresponding to spatial translations, P;, time
translation, H, Galilean boosts, K;, rotations, M;;, along with a particle number generator, N,

such that they satisfy the following commutation relations [59, 60, 81, 99]:

[Mij,N] = [P;,N] = [K;,N] = [H,N] =0
[Mij, Pe] = 1(8acPj — 8 uPy)
[Mij, Kie] = 1(8ikKj — 8k Ki)
[M;j, M) = 1(8uM jy — & jxMy + 8yMy j — & ;iMyi)
[P,',Pj] = [Ki,Kj] =0, [Ki,Pj] = lsl’jN, (5.6)

[HvN]:[HaPi]:[H7Mij]:O> [HaKi]:_lPi-

The algebra can be enhanced by appending a dilatation generator D,® which scales space and

time separately, in the following way:
X; — Mi, r— At 5.7
The commutators of D with the rest of the generators are given by

[D,P|=1P;, [D,Ki|=(1-2)K;, [D,H]=zH,

[D,N]=1(2—2)N, [M;j;,D]=0. (5.8)

%This enhanced algebra corresponds to that of deformed ISIM(2) [136], with the following identification:
Hw P.,N— P_,K;—M;and D — —}N where b(z— 1) = 1.

110



The physical interpretation of N is subtle. For z = 2 it is usually thought of as a particle
number symmetry generator. The subtlety in the context of holography has been explored in
[132]. For rest of this work, we take an agnostic viewpoint and treat N as a generator of symmetry
without specifying its physical origin. This will enable us to explore all the possibilities, as
allowed by symmetries. The case z = 2 is very special in that one can append an additional
generator C of special conformal transformations. Thus one can have the full Schrodinger
algebra for z =2 [96, 93, 94, 98, 81, 99, 137]. When z # 2, the generator corresponding to
special conformal transformation is not available.

In what follows, we will assume (unless otherwise specified) that the field theory lives
ind = (d — 1)+ 1 dimensions and that the vacuum is invariant under Galilean boosts, i.e.,
K;|0) = (0|K; =0

The field representation is built by defining local operators @ such that H and P act

canonically,

H,®] = —19,®, [P, ] = 10:®. (5.9)

We consider representations of the little group, generated by D, K;, N and M;;, that keeps the

origin, (0,0), invariant. The fields ® have definite transformation properties under D, K; and N 7

[D,®(x =0, =0)] = 1DP(x =0, = 0), (5.10)
[N, ®(x =0, =0)] = N®(x =0, =0), (5.11)
[K;, ®(x =0, = 0)] = KP(x =0, =0). (5.12)

where D, A/, and %; are linear operators. We refer to the smallest non-trivial irreducible

representation in Eqgs. (5.10)—(5.12) as “the basis of operators”.® For Lagrangian theories the

"The fields @ also have definite transformation properties under M; j» but this will not play a role in the discussion
below.
8For example, the free Schrodinger field theory is invariant under z = 2 Schrodinger algebra and the single field
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basis of operators corresponds to the elementary fields from which the Lagrangian is constructed.
Henceforth, we restrict our attention to the basis of operators, and continue to denote by D,
A/, and X their linear representation. In the finite dimensional case, we denote these by finite
dimensional matrices , N and K;, respectively.

Consider Gup = (0|Pg(x,7)Pg(0,0)]0). Using Egs. (5.9), the commutator in (5.12)

translates, in the finite dimensional case, to
[K,',CI)] = (—ztail+xiN+Ki)CI> (5.13)

where x; = x'. Galilean boost invariance of the vacuum, K;|0) = (0|K; = 0, then gives

(O] [Ki, @ (x,1)Pp(0,0)] [0) =0

= (_ltaja(xc +xl'N(x(5 ‘I’ Ki(XG) GGB + KiBGGOCG = O .

Using the fact that [N, K;] = 0, the solution to the above differential equation is given by

‘x‘zl\l x-K x-K
GO‘B = (e P Nem i C(t)e " )
of

where C(t) is an as yet undetermined matrix function of #. The norm is defines as |x|> =
Y, (x))? while the dot product is defined as x- K = ¥, x;K;. Similarly, one can consider G&B =

(0]@o(x,1)@§(0,0)[0) which is given by

e

/ —lﬁl\l _lﬂ / [EaLAS
Gup=|e "7 e T C(r)e"
o

where C'(¢) is as yet undetermined.

¢ forms a one dimensional irreducible representation of the little group i.e. [D,9(0,0)] =:146(0,0), [N,9(0,0)] =
N¢(0,0) and [K;,¢(0,0)] =0.
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Since [D,N] =1(2 —z)N, we have
[ ,N]=(2—2)N.

and this leads to Tr(N) = 0; similarly, for z # 1 we have Tr(K;) = 0. Now using Jordan-Chevalley

decomposition, we can write

N =N;+N2z, [N;,Nz] =0,

K=Kj;+Kj, [K],Kz]:().

where K; and N are diagonalizable matrices while N, and K are nilpotent matrices (here and
below we suppress the vector index in K and Kj > to avoid clutter). Let us define diagonal

matrices Dy, and Dk, such that
PyDy,Py' =Ny, PxDg,Py' =K (5.14)

where Py and Px diagonalize N and K; respectively. The zero trace condition leads to Tr(K;) =
Tr(Dg,) = 0 and Tr(N;) = Tr(Dy, ) = 0, which in turn implies that either all the diagonal entries
of Dy, (or Dg,) are zero, in which case N (or K) is a nilpotent matrix, or there has to be both

positive and negative entries. We can then recast the correlators as follows:

ﬁ ﬁ x-Kl x-K2 x'K{ x'K{

Gas = (e SN BN T TR O ) e (5.15)

of

T T

ﬁ ﬁ xAKl x'K2 7x~K1 7x-K2
Gy = (e N BN T R O (e e (5.16)

of
2 2

It follows that when Ny # 0, e 27 N1 = Pye 27 PM Py ! has exponential growth for imagi-

nary time irrespective of how we do the analytical continuation of the correlator to imaginary
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time. This growth can not be overcome by any of the other terms as nilpotency of N, guarantees

that

1N L):%l (—zﬁ)ZNK (5.17)

=0 2t ? .
where NIZVI = 0 for some integer M. Also, terms like ¢ cannot suppress the exponential growth
arising from Nj.

If instead Ny = O then e_’%'\'z gives polynomial growth with x. We employ the same
technique to establish the effect of 5 If Ki # 0, there will be exponential growth for some
entries, while terms involving K; are polynomial in nature, giving exponential growth as a whole.
Alternatively, if K; = 0 then K is nilpotent and we have polynomial growth.

We note that only when z = 2 or the representation is infinite, we can not implement
the Tr(N) = O condition and the above argument fails. This is expected for z = 2 since the
two point correlator is well behaved in this case, that corresponds to Schrodinger field theory
[96, 93, 94, 98]. We conclude that in the finite dimensional case for z # 2 a quantum field theory
with the symmetry of the algebra in Egs. (5.6) and (5.8) is ill-behaved. For example, since
correlators grow with spatial separation cluster decomposition fails. The same conclusion can be
drawn via an independent argument in the case that is diagonal; see App. D.1.

Therefore, for z # 2 we are left to consider infinite dimensional representations. In this
case we can display explicitly an example that does not obviously lead to problematic quantum
field theories. To achieve this, we introduce fields y labeled by a new non-compact variable &,

such that

[N, y] = 10, (5.18)
[D, ] =1(2t9; + x'0; + (2 — 2)€0: + Ay) W, (5.19)
[K,',\]I] = (—ll‘al’ -+ lxia};) V. (5.20)
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Thus, D= (2 — z)ﬁag +Ay, N = zag, and &; = 0. Note that & must be a non-compact variable,

else scaling symmetry is broken. To be concrete,

€,0:] =—1, [E0g,0¢] = —0k, (5.21)

are well defined only when & is a non-compact variable. If we take a Fourier transform with
respect to &, it becomes obvious that Al is diagonal while D is not diagonal. This, however, is
immaterial, since in terms of a new variable &' = In ||, A’ is non-diagonal and D is diagonal.
We say Y is a primary operator if [K;,y(x = 0,r = 0;§)] = 0, that is, % = 0; this
was assumed in the commutation relations (5.20). Once again, one can invoke the Galilean
boost invariance of the vacuum to obtain the form of the two point correlator of primaries Y
and ¢. This is most easily computed in terms of the the Fourier transformed operators, e.g.,

V(x,1,my) = [d&y(x,1,E)e™S; we obtain

<O|W<x7 t ml)¢(0> 0, m2) ‘O>

h(r)d (m —f—mz)f(tz_zmzl)exp (lm12|[x|2> , 2#0
= (5.22)

B8 (i +ma) flm)exp ("5 2=0

where A(¢) is an as yet undetermined function of 7. Evidently, Eq. (5.22) is consistent with the

correlator of the z = 2 theory [81, 99]. For z # 2, rewriting in terms of &, we obtain:

(0w (x.1.6)9(0,0,0)/0)
o) 2o (B2E) 2 #0

212/

W7 (5 —g) = (B -2) ™7, <=0

<

(5.23)

where g(s) = [dy e ™*g(y), g(y) = f()°) and y* = m*>~%. When z = 0, we use the fact that f
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has to scale covariantly under z = 0 scaling, where f is the Fourier transform of f; here A(¢) must
be a power law of ¢ with ¢~ such that the scaling dimensions of y and ¢ add up to oz + (2 —z)

for z # 0 and A for z = 0 with /(¢) being any function of 7.

5.3 Null reduction and Embedding into Conformal group

A standard trick to obtain a d dimensional z = 2 Schrodinger invariant theory is to
start with a conformal field theory in d + 1 dimensions and perform a null cone reduction
[77, 22, 138, 139, 107, 140]. This is possible because the Schrodinger group, Sch(d), can be
embedded into SO(d,2). Next we show that the generalized Schrodinger group can also be
embedded into SO(d,2). A similar embedding has been considered in [136] in the context of the
Lie algebra of the deformed ISIM(2) group.

If the generators of SO(d,2) are given by Pp ,M,(,C),D(’) , Cf,r) where Pﬁ(,r) are translation
generators, M, ,Sf,) are Lorentz generators, D) is the relativistic scaling generator and Cl(,r) are
special conformal generators (here the superscript “(r)” denotes the relativistic generators), then

following generators generate the generalized Schrodinger algebra:

Ki=M" H=pP" N=p" (5.24)
M;; = Ml.(;) P, =p" (5.25)
D=D" 4 (1-7M") (5.26)

It is straightforward to verify that D scales x~ — A?>~%x~. Only for z = 2, does x~ not scale
and one is able to do a null cone reduction via compactification in the x~ direction, yielding a
discrete spectra for N. On the other hand, for z # 2, even via null cone reduction one can not
truly get rid of the x~ direction since any compactification in the x~ direction would spoil the

scaling symmetry. As a result, for z # 2 the null reduction always leaves a continuous spectra
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for the generator N.

5.4 Explicit d 4 1 dimensional examples

541 z=0

Here we provide with an explicit example of a generalized Schrodinger invariant theory
in (d — 1) + 1 dimensions with z = 0 and verify that the two point correlator indeed conforms to
the general form given in Eq. (5.23).

We consider a Lagrangian model given by
L =0"(20,0¢ — V> +219¢ ) (5.27)

and the two point correlator is given by’
d—1 d—1

(00) o< G)Texp [—u] (%— )_T (5.28)

In d + 1 dimensions, 45! = (d+;)_2

is precisely the dimension of a free relativistic scalar. This
is because the generalized Schrodinger algebra can be embedded into the conformal group of
one higher dimension, as mentioned in Sec. 5.3.

For z =0, ¢ does not scale. One may contemplate perturbing the gaussian fixed point
by marginal operators constructed out of powers of d;, for example, ¢ exp (19;) de¢. However,
Galilean boost invariance requires that d; appears in the combination with other derivatives
shown in Eq. (5.27). By contrast, in the models presented in Refs. [133, 134], where N = 0 and
the Lagrangian is invariant under x — x and r — Az, arbitrary powers of spatial derivatives are

allowed.

The correlator in (5.28) follows from (5.27) only after restricting the field ¢ to positive &-Fourier modes; see
the footnote below Eq. (5.30) for more details.
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542 z=750€Z,(>1

These series of examples are given by following Lagrangian
£,= 0" (20,05~ V2 +2g () ") 0 (5.29)
The two point correlators, after partial Fourier transformation is given by
G(x,t,m) o< t_d%lm% exp |:l (%:F — gm%)] (5.30)

where z = %. One can Fourier transform!? to obtain the correlator in position space-time only

depending on the analytical ease to do so. Ford =3,/ =2iez= %, we have

2 2
Gx,1,E) ot~ \/1g_texp {’(x 21) } (5.32)

which is consistent with Eq. (5.23) for z # 0. After performing a Euclidean rotation, t — —iTt,

& — i€, one finds good behavior of this correlator at large spatial separation (as long as g < 0).
One can add classically marginal interactions to the model in (5.29). For example, one

may add ((1)(1)T)”_](1)(185)1‘(|)Jr withk= ({4 1)[(d—1)B+d —2] and n = 2+ 3, where B is a non-

negative integer. Furthermore, one can have supersymmetric generalizations of z # 2 theories,

10Care is needed regarding the allowed values of m. The correlator in (5.30) is most readily obtained by Fourier
transform of

2
G(k,t,m) o< exp [—zt <|2le +gm€)] . (5.31)

For even, positive £, the integral over k is well defined only for Im(t/m) < 0, and the result can be analytically
continued to all values of #/m. The integral over m requires Im(t) < 0 (for g > 0), and again one analytically
continues to all values of ¢.

For odd (and positive) ¢, the Fourier transform with respect to m is ill behaved for any value of ¢, because there

2
is no deformation of the contour of integration that can render the integral of exp [z (m‘z'f‘ — gmft)} over m finite.

Both for ¢ odd and for ¢ = 0, a sensible way to make this integral well defined is to restrict it to m > 0. This is, in
fact, how we obtained the correlator for the z = ¢ = 0 in Eq. (5.28). Strictly speaking, these are not Lagrangian
theories; these systems are close analogues of the chiral boson, where the Fourier modes are restricted [141].
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much like the z = 2 case presented in [142] where supersymmetry is an internal symmetry

exchanging Fermionic and Bosonic fields.

5.5 Conclusion

The most natural way to realize the Schrodinger algebra and its z # 2 avatar in a gravity
dual of a d-dimensional non-relativistic field theory with Galilean boost and scale invariance with
dynamical exponent z is via isometries of the bulk metric. As it turns out, the dual metric is of a
(d 4 2)-dimensional space-time [61, 124]. By contrast, for the canonical notion of gauge-gravity
duality the bulk gravitational theory lives in one extra dimensional space-time. Above we have
expounded the presence of the two extra dimensions in the duality. We showed that on the
field theory side of the duality, for z # 2, one needs to have an internal continuous parameter,
effectively making the field theory (d + 1)-dimensional. Any attempt to construct a z # 2 non-
relativistic field theory with Galilean boost and scale invariance with finite number of fields is
bound to run into trouble, since correlators will grow with separation and will fail to exhibit
cluster decomposition. This result follows solely from constrains that the symmetry algebra
places on two point correlators. It is important to have the particle number symmetry for the
no-go theorem. Without particle number symmetry, there are indeed examples of Galilean boost
invariant z # 2 theories [143]. Examples of theories with z = co anisotropic scaling symmetry
based on warped conformal field theories, are discussed in Ref. [133, 134].

Only for z = 2 is a consistent d-dimensional field theoretic realization of the symmetry,
with finite number of fields, possible, and therefore a conventional (d + 1)-dimensional gravity
dual is available. On the gravity side, the metric dual to a z =2 Schrodinger theory has a direction
€ which does not scale, and can therefore be compactified. The Kaluza-Klein reduction of the
momentum conjugate to § generates a discrete spectrum for N that matches onto a d-dimensional

field theory. The & direction for z # 2 duals scales, forbidding any such compactification. One
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can also see this by embedding the generalized Schrodinger group into SO(d,2); see Sec. 5.3.

That there is no impediment to constructing a sensible z # 2 non-relativistic field theory
with Galilean boost and scale invariance for an infinite number of fields is most easily established
by giving explicit examples. Above we presented explicit examples of Galilean boost invariant
theories, with z = %.

Given that we have explicit examples and the generic form of the correlator, several
new questions come to mind. One can ask how one may couple these theories to gravity. Non-
relativistic theory coupled to gravity gives a natural framework to study Ward identity anomalies,
and scale anomalies [144, 145, 62, 64, 63, 18, 22, 66, 20, 69, 21, 107]. Since these theories are
intrinsically (d + 1)-dimensional, the use of Newton-Cartan geometry is not a natural choice. It

would also be interesting to understand the dispersion relation of Goldstone bosons, arising from

spontaneous breaking of z # 2 scale symmetry; the z = 2 case has been studied in [146].
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Chapter 6

Hilbert Series and Operator Basis for

NRQED and NRQCD/HQET

We use a Hilbert series to construct an operator basis in the 1/m expansion of a theory
with a nonrelativistic heavy fermion in an electromagnetic (NRQED) or color gauge field
(NRQCD/HQET). We present a list of effective operators with mass dimension d < 8. Comparing
to the current literature, our results for NRQED agree for d < 8, but there are some discrepancies

in NRQCD/HQET atd = 7 and 8.

6.1 Introduction

An operator basis for an effective field theory is a set containing all operators that give
rise to different scattering matrix elements, invariant under relevant symmetries of the theory.
The Hilbert series! can be used as a tool for enumerating the elements of an operator basis
for effective field theories. With it, one can impose symmetry requirements [147, 148, 149]

and account for redundancies between operators coming from the equations of motion and

'The Hilbert series is a generic concept, defined on any graded vector space. In our context, it is defined over
the ring of operators of the effective theory under consideration, as in Refs. [113, 114]. Our working definition is
given in Section 6.3.
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integration by parts [113, 114]. So far, the focus has been on relativistic theories, e.g., especially
the effective theory of the Standard Model [114, 150, 151], and nonrelativistic effective theories
have been unexplored using Hilbert-series methods.

We examine the specific effective theories of a single nonrelativistic fermion in an electro-
magnetic field or color field. These effective theories are called non-relativistic QED (NRQED)
and non-relativistic QCD (NRQCD), respectively. NRQCD is the same theory described by the
heavy quark expansion (HQET) [112], and we refer to this theory as NRQCD/HQET. One can
construct a list of effective operators, where operators are suppressed by the appropriate powers
of 1/m (where m is the fermion’s mass), in the rest frame of the heavy fermion without loss of
generality. These two effective theories have been used extensively over the past few decades.
For example, NRQED was originally formulated in Ref. [152], where higher-dimensional opera-
tors were listed by the authors of Refs. [153, 112, 116], and is used to explore the proton radius
puzzle (see, for example, Ref. [154], and references therein). NRQCD/HQET is a tool that can
be used to extract the value of |V,;| in inclusive semileptonic B decays, and the higher-order
terms in 1/m have been discussed in Refs. [155, 112, 156, 118]. These high-order terms in 1 /m
may become important when analyzing the high-luminosity data from the upcoming Belle-II
experiment [157, 158].

There is currently no disagreement in the literature regarding the number of NRQED
operators up to and including order 1/m*, and the Hilbert series we construct for NRQED agrees
with the results in Refs. [152, 153, 112, 116]. Also, our results for NRQCD/HQET agree with
those in Refs. [155, 112] up to order 1 /m?>, but we find discrepancies with other analyses at 1/m>
and 1/m*. Specifically, we count 11 operators at 1/m?> (as does Ref. [112]), and 25 operators at
1/ m*. However, at order 1 / m3, Ref. [159] says there are 5, and Refs. [156, 118] claim there are
9. Atorder 1/ m*, Refs. [156, 118] claim there are 18 operators. The differences between our
results and those found in Refs. [156, 118] could be explained by there being two symmetric

SU (3) color singlets for operators with two gauge bosons. We discuss this further in Section 6.5.
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6.2 Effective Theory for a Nonrelativistic Fermion

We consider a system where the relevant dynamics of a massive fermion in an external,
dynamical, gauge field occurs at energy scales well below the rest mass, 1, of a fermion.> The
following effective Lagrangian can be used to describe such a system with a heavy fermion:

L=vy'iDy+ Y cryfOpy. (6.1)
k=1
Here, y is a two-component Pauli spinor, ¢, is a coupling constant, and O, are Hermitian
operators, suppressed by the appropriate powers of 1/m. All operators O, must be rotationally
and translationally invariant, contain either zero or one spin vector s', and are built from time
and spatial components of covariant derivatives, i.e., iD; and iD | , respectively.

Listing all operators that satisfy only these conditions leads to over counting, since
some operators can be related to others via integration by parts or relations associated with the
equations of motion. In particular, operators with derivatives that act on y' can be related to

other operators with derivatives that act on Y by integrating by parts:

viio oy +yiidoy = o, 62)

yid oy+yid oy = 0, (63)

where O is some operator. Also, the equation of motion for  is

iDy+ ) Oy =0. (6.4)
k=1
Therefore, if D; acts on , it can be replaced by a series of operators, all at higher powers in
1/m:

v 0Dy =~ Y ey’ 00wy, (6.5)
k=1

ZPhysical theories are diffeomorphic, so if an operator is zero in one reference frame, it is zero in all other frames.
Therefore, we choose to work in the rest frame of the nonrelativistic fermion for the purposes of enumerating
operators and constructing a basis.
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where O is some Hermitian operator. A similar argument holds for the equations of motion
associated with y'. There are also equations of motion associated with the external gauge
field. We refer to antisymmetric combinations of covariant derivatives as E! = é[Dt,D"l] and
B = —ie’jk [D;,D ). The equations of motion for E’ and B' are Maxwell’s equations, or its

non abelian version:

D E = p, (6.6)
D B = 0, (6.7)
D, xE = —DB, (6.8)
D xB = J+DE, (6.9)

where p and J are the external charge and current densities, respectively. In summary, correct
enumeration of operators, when accounting for redundancies associated with integration by parts
and the equations of motion, amounts to removing: (1) total derivatives, (2) those of the form
\p"'iﬁt Oy and ' 0iD,y, (3) those with D | - B, and (4) those with either D | x E or D;B.
More symmetry is expected in a theory with a nonrelativistic fermion, such as reparame-
terization invariance [160, 112] or residual Lorentz symmetry [161]. Imposing this invariance
would require establishing relationships between the coefficients of operators at different orders
in 1/m. For this work, however, we focus only on a rotationally- and translationally-invariant
theory, since this can be readily encoded into a Hilbert series. In the particular examples of
NRQED and NRQCD/HQET, invariance under parity and time reversal transformations are also
expected, since the underlying theories are invariant under parity and time reversal, which we

discuss in Sections 6.4 and 6.5.
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6.3 Hilbert series for a nonrelativistic theory

The Hilbert series can be used to count the number of invariants under a group transfor-

mation, utilizing the plethystic exponential, defined as

Pqu)’OSO“S = exp Z %x (Z?,Z%...,Zﬁ)] : (6.10)
Ln=1

PEfermions = ex - >n+1 " n _n n 6.11

v = p Z (Z]7Z27“'7Zk) . ( . )

Here, yr is the character of the representation R of group G of rank k, ¢ and y are spurions
(complex numbers taken to have modulus less than unity) corresponding to the field associated
with the representation R, and the z;’s are complex numbers with unit modulus (called fugacities)
that parameterize the maximal torus of G. The plethystic exponentials are defined so as to
ensure, if Taylor expanded in ¢ or , that the nth power of ¢ or y will have a coefficient equal to
the character of symmetric (in the case of bosonic statistics) or antisymmetric (in the case of
fermionic statistics) tensor products, constructed out of representation R, n times. The Hilbert
series that counts the total number of group invariants is generated by performing the following

integral (often called the Molien-Weyl formula):

HS = ?{ [duG PEy, (6.12)

where the contour integral is done over the maximal torus of the group G with respect to
the Haar measure, [du|g, associated with the group G. The Hilbert series, as defined by
Eq. (6.12), is a polynomial in the spurions such that the coefficient of different powers of the
spurions counts the number of invariants under the group G.> For further details, we refer
o [148, 149, 147, 113, 114].

Using the machinery of the Hilbert series, we can construct all possible operators O in

3The invariants are counted using the character orthogonality relation:

}{[dﬂ]G XR Xr' = R, (6.13)
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Eq. (6.1). The characters for E, B, V, \VT, and s are (note that Py, P, , D, and D, are defined in
Egs. (6.21) and (6.22) and in the text thereafter):

Xe = PoPLYS <X§0(3)—9¢X§0(3)+@i), (6.16)
xw = PP (1577 - D1), 6.17)
Xy = PoPLGHy D (1—D), (6.18)
Xy = PP P (1—D), (6.19)
xo= 6505 (6.20)

where x§0(3>, in(z), and ng(z) are the characters for a 3 of SO(3), a 2 of SU(2), and a 3 of
SU(2), respectively. Explicit expressions for these characters can be found in Appendix E.1.
The characters X represent the way E, B, W, and y' are charged under the external gauge field.
For example, if the fermion has color, then xg and xg are both the characters for the adjoint
representation of SU(3), and xﬁ (xfﬂ.) is the character for the fundamental (antifundamental)
representation of SU(3). Py and P, generate all symmetric products of temporal and spatial

derivatives, respectively:

[ & 1
P = e =, 6.21
0 Xp ; n] 5 (6.21)
& D SO(3) 1
P = L m| = 22
1 eXp ,; 1 X3 (Z) (I_Z@L)<1_Q)L)(1_@i/2)7 (6 )

where 2 and D, are the spurions that correspond to time and spatial derivatives in the operator,

where ¥ and ¥ are characters of irreducible representations, R and R’, of G. When R’ is a trivial singlet
representation, using Xsinglet = 1, we have

%[dﬂ]G xr=1, iff xg = Asinglet- (6.14)

Therefore, using the definition of the plethystic exponentials, the Hilbert series we use, which counts the invariants
under group G is

HS = f[dy]c PE. (6.15)
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respectively. The characters in Egs. (6.16) - (6.19) take the form they do so as to remove terms
that are zero according to the equations of motion for the external gauge field, where we choose
to construct operators with dB/dt, in lieu of V x E, according to Eq. (6.8). We note that, we
have to add back iDi in Eq. (6.16), to enforce the constraint that V- (V x E) = 0. Without it,
Hilbert series will erroneously subtract off V- (V x E), which was not there to begin with before
the subtraction.

The general Hilbert series for a theory with a heavy fermion is

1
HS = f[d,u]SO(l%) y{[d:u]SU(Z) f[d‘u]c m PEE PEp PEy, PE\V-E' PE;. (6.23)

The bosonic plethystic exponential, i.e., Eq. (6.10), is used for E, B, and s, while the fermionic
one, i.e., Eq. (6.11), is used for y and \UT. The expressions for the Haar measures can be found
in Appendix E.1. The factor of 1/PyP, removes operators that are total time derivatives and total
spatial derivatives.* This method, however, will over-subtract operators that are total derivatives,
but which have already been subtracted by the equations of motion. Thus, this Hilbert series
will, in general, produce some terms with negative signs, all of which are redundant operators,
and can be ignored. One can expand the plethystic exponentials for y and y' to first order, and
perform the SU(2) integral by hand, which results in the Hilbert series for the operators Oy in
Eq. (6.1):

HS = 74 [dulsog) f [dulc %(1 +sxa” ) %5 PEE PE. (6.24)

Explicit expressions for the Hilbert series NRQED and NRQCD/HQET will be given in Sec-
tions 6.4 and 6.5, respectively, including discussions on how to impose invariance under parity

and time reversal.

4One can justify introducing the factor of 1/PyP, , by noting that one can always choose a basis of operators
where no time or spatial derivatives act on ', using integration by parts. This procedure should remove the PyP; in
the definition of the character for y'. The factor 1/PyP; can also be justified using differential forms, as discussed
in Ref. [114].
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6.4 NRQED

In NRQED, the relevant gauge symmetry group is U (1) Here, xg = Xg = 1, since

photons do not have any U (1) charge, and x\l, XW =1/ x T . Because of this, we have

7{ Aoy X = 7{ [y =1 (6.25)

The Hilbert series for Oy in Eq. (6.1) in NRQED is

f (diso(s P—i (14 5x°%) PEg PES. (6.26)

Again, we ignore any negative terms generated by this Hilbert series, since they are both total
derivatives and related to other operators by the equations of motion, as discussed in Section 6.3.
Since parity is a symmetry of QED, one can demand that Oy respects parity by requiring that
it is composed of any number of parity-even objects, i.e., 7, B, and s, and an even number of
parity-odd objects, i.e., D, and E. This can be automated without explicitly constructing the
operators Ok by hand.

The output for this Hilbert series for dimensions 5, 6, 7, and 8, before imposing invariance

under time reversal, is

HS;—s = D*+sB, (6.27)
HS;—¢ = 2ED, +sED,, (6.28)
HSy—7 = D} +E*+B*+BD} +5sBD?, (6.29)
HSy—g = SB*D,+sE*D;+2EBD, +3sED: +5ED} +7sEBD, . (6.30)

While the Hilbert series can count the number of operators that are invariant under the given
symmetries, it does not say how the indices within each operator are contracted. In general,
this needs to be done by hand. To do this, we choose to organize operators according to what

objects the derivatives are acting on. E and B have no electric charge, so derivatives acting on
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E and B are only partial derivatives. As such, objects of the form [0;...0, E] and [0;...0 | B] are
Hermitian, where the square brackets indicate that the derivatives only act on E or B. So as
not to introduce terms like V-B and V x E, we require that the SO(3) index of B cannot be be
symmetric with any index of d | acting on it, and the index on E must be symmetric with the
index of any d | acting on it. Because y does have electromagnetic charge, the derivatives acting
on it are covariant derivatives. Only spatial derivatives can act on V, due to the equations of
motion, and we use anticommutator brackets {A,B} = AB+ BA to construct fully Hermitian
operators O. One can impose invariance under time reversal by hand, as shown in Table 6.2 for
d =35,6,7,and 8. T-even operators are those with any number of T-even objects, i.e., E and d |,
and an even numbers of T-odd objects, i.e., d;, iD |, B, and s.

In the special case of NRQED, where the group is abelian, there is a method to impose T
invariance that is easily automated. This is done by modifying the Hilbert series to distinguish
those spatial derivatives 9| acting only on E and B from the spatial derivatives iD | that act on

y. Here, the former ones are always T-even, while the latter are always 7-odd. This results in:

HS;—s = D} +sB, (6.31)
HS;—¢ = ED, +sED,, (6.32)
HS;—7 = D! +E*+B*+BD? +3sBD?, (6.33)
HSy—g = SB*D,+sE>D,+EBD, +2sED} +3ED? +4sEBD, . (6.34)

This method agrees with the result when explicitly constructing operators and selecting by hand
only those that are T-even, and it agrees with the lists of operators up to and including d = 8 in
Refs. [152, 153, 112, 116]. It is straight forward, using the Hilbert series as a guide, to explicitly
list operators for d > 8. We show in Fig. 6.1 the total number of operators in NRQED up to

d =18, when T invariance is imposed, and list the total number of operators in Table 6.1.
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Table 6.1: The total number of effective operators in NRQED with mass dimension d up to

and including d = 18, which are invariant under parity and time reversal transformations.

Mass dimension (d) || 5|6 |7 | 8 | 9 | 10| 11

12

13

14

15

16

17

18

Number of operators || 2 |2 | 7| 12 | 37 | 73 | 218 | 474

1303

3077

7896

19359

48023

117625

Table 6.2: The output of the NRQED Hilbert series for mass dimensions d = 5,6,7, and 8.
We list the possible Hermitian combinations of these operators, distinguishing between those
that are even and odd under time reversal, where i, j, kI, m, ... signify SO(3) indices. Note that
these Hermitian operators O are those in the bilinear Wy’ Oy, and the square brackets indicate
that the derivative acts only on the object in the square bracket. Also, in the special case of
NRQED, time-reversal symmetry can be imposed in an automated way, without constructing
Hermitian operators by hand; see the text at the end of Section 6.4 for details.

‘ Order ‘ HS ‘ T even ‘ T odd
1 D (iD1)*
m sB s’BJS,»j
0 2ED, [0'E/)8;; {E',iD’ }§;;
m? sED| Sl{E/., iDli}S[jk
D} (iD,)*
E? E?
B? B?
X BD? {[0B7],iD Y&
{s'B7, (iD" )2}5;; {s'[0/B"],iD" }8;;8u
5sBD? {s'BJ,iD" iD', } (881 + 88 1) {s'[0/B",iD' }8x8 1
st [8281}6,']'
sBXD, s'B/[9,B e, jx
SEZD, S'ET[0,ENe 1
2EBD, {ElB-/,iDli}i-Z,‘jk E’[B-’Bk]si_/k
3ED? o {sEJ,iDF (iD 1) }eijx {s'[07EX],iD" iD" } (& j1Skm + € jmOus + €ixs jm + Eitmd 1)
L] {50/ E"], iD''} (&ijmk + Eikmd jt + EitmS k) 4
o {[alEJL(iDL)z}SI»j {E',?DiiDﬁiDi}(SijSkl+6ik8jl+6i/6jk)
SE@i {[al_E]LiDﬁ_iDﬂ_}(Biksjl+8i[8jk) {[alaJEkLl’Dﬂ_}(S,jSk[ +6ik8j[ +8i[8jk)
# [B’BJBI‘EZ](SUBH +6ik8j[ +8,’18jk)
S'E/ [a"B’]BikSﬂ {SlEjBk7 iDi}SijSkl
EJ[0*B')8;8 1 {s'E/B*iD', }8;181
TSEBD o 10 LB 1D ;0ixO;
s + s'B/ [8"E’] (8,‘](5_,‘1 + 8,‘18_,‘]() {S’E-’Bk7 tD]L}S,'lSjk
s'B/ [akE]]SijSkl
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Figure 6.1: The total number of rotationally-invariant operators in NRQED, which are even
under parity and time reversal, as a function of the operator dimension d. Explicit form of the
operators for d = 5,6,7,8 can be found in Table 6.2.

6.5 NRQCD/HQET

The construction of the Hilbert series for NRQCD/HQET is very similar to that of

(3), and x¢, = ng(3). The Hilbert series for

SU(3 N/
NRQED, where now xg = xg =g ( ), Xﬁ =3 v =

the operators O in Eq. (6.1) is

P
1S = fldslsor) fldulswe 50 +96°") 1" 13" PEs PEs. (639)

When invariance under parity is imposed, the output from this Hilbert series for operators of

mass dimension d =5, 6, 7, and 8 is:

HS4—s = D?+sB, (6.36)
HS;—¢ = 2ED, +sED,, (6.37)
HS;—7 = D} +2E>+2B*+sE?>+5sB*+BD? +5sBD?, (6.38)

HS;—y = B*D,+E*D+2sB*D, +25E*D, + 6EBD, +3sED3 +5ED; +21sEB15.39)
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Unlike NRQED, we have not found an automated way to implement invariance under time
reversal in NRQCD/HQET, because T acts as an anti-unitary operator, and counting 7'-invariant
operators requires keeping track of factors i while constructing Hermitian operators. This is not
an issue when constructing invariants in NRQED, since it has an abelian U (1) symmetry, but
when the group is non-abelian, like SU(3), the algebra’s structure constants, e.g., fup¢, bring
with them a factor of i, and imposing 7-symmetry is no longer straight-forward.

We take the output from this Hilbert series and explicitly contract indices by hand,
separating those that are even and odd under time reversal. The prescription is very close to
the one we used in NRQED. We choose to suppress color indices, and express E = E,T“ and

B = B,T“, where T“ are the eight generators of SU(3), which satisfy:

T4, 7% = i, (6.40)

1
{Te, 1%} = §S“b+d“bc7}. (6.41)

We utilize the following notation, where the letters i, j, k,l,m, ... are used for SO(3) indices, and

the letters a, b, c, ... are used to signify the SU(3) generators:
VD E3, T =y ([9LEL) + 8(AL) E” fure ) 87", (6.42)

where A# = AL T is the gauge field. When there are two SU (3) generators in an operator, one

can use the relation that results in adding Eqs. (6.40) and (6.41) together:

1 1
TaTb — 8Sab + E (dabcTc + l-fabcTc) ) (643)

From this, one can see that, for example, the operator E? in the Hilbert series can be contracted
in two ways:

ELE[8;T°T" — EE[8;;8" and E.E]8;;d""T,. (6.44)

A third contraction with f;. is completely antisymmetric in a, b, ¢, which results in an operator

equal to zero, in this case. Finally, it should be noted that £%*° should be thought of a odd under
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time reversal.’> The two contractions in Eq. (6.44) give rise to different matrix elements, since the
contraction of color indices would be different. A complete list of NRQCD/HQET operators can
be found in Table 6.3 for d < 8. Extending the list to higher orders would be straight-forward.
Our results agree with those in Ref. [112] for NRQCD/HQET operators up to and
including operators of order 1/m>. However, we find a different number compared to Refs. [156,
118] for operators at order 1/m? and 1/m®*. Specifically, Refs. [156, 118] claim there are 9
operators at 1/m?, and 18 operators at 1/m*, while we find 11 and 25, respectively. These
discrepancies are consistent with the possibility that Refs. [156, 118] count only once the two

symmetric terms, i.e., contractions with 8 and d?°, in Eq. (6.43).

6.6 Discussion and Conclusions

We construct a Hilbert series for an effective theory with a single non-relativistic fermion
in an external, and dynamical, gauge field, defining characters and using a method to subtract
operators that are related to others via the equations of motion associated with the heavy
fermion and the external gauge bosons, as well as integration by parts. We consider the specific
examples of NRQED and NRQCD/HQET, where the heavy fermion has electric charge or color,
respectively. Imposing invariance under parity can be easily automated. Invariance under time
reversal also can be automated in the case of NRQED, since it is an abelian theory, but not
for NRQCD/HQET, in which case we separate T-even and -odd operators by hand. For both
effective theories, we construct explicit contractions for effective operators at dimensions d < 8
that are invariant under parity and time reversal transformations, as enumerated in Table 6.2 for
NRQED and Table 6.3 for NRQCD/HQET. In a theory with a nonrelativistic fermion, additional
symmetry, e.g., reparameterization invariance [160, 112] or residual Lorentz symmetry [161], is

expected, in general. However, we do not impose such additional constraints, since it remains an

3This can be heuristically understood by noting that color is an internally symmetry, and must therefore be
invariant under spacetime transformations. Therefore, the matrix multiplication between two SU (3) generators must
be even under time reversal, which requires 7~ 1i f%°T = i f%¢, and £ can be therefore be thought of as T-odd.
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Table 6.3: Same as Table 6.2, but for NRQCD/HQET, separating those operators that are even
and odd under time reversal. See the text at the end of Section 6.5 for a discussion regarding

notation.
[ Order | HS T even T odd
1 D (iD1)*
m sB s'B}d; ;T
0 2ED, [AET), ;T {EL,iD’ }8;T°
m SED, s{E],iDk Y&, T
D} _(iD,)*
B2 E4Eyd;;d*T,
ELE]5;;8
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open question regarding how to encode such requirements with Hilbert-series methods.

Our results agree with those presented in Refs. [152, 153, 112, 116] for NRQED, which
discuss operators up to and including d = 8. The total number of operators in NRQED grows

exponentially, as shown Fig. 6.1 and listed in Table 6.1 for mass dimension d < 18. When
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using a Hilbert series for NRQCD/HQET, we count a total of 2 operators each at orders 1/m
and 1/ m?2, which agrees with Ref. [155], 11 operators at 1/ m3, which agrees with Ref. [112],
and 25 operators at 1/ m*. However, at order 1 / m3, other analyses claim that there are either
5 [159], or 9 [156, 118] total operators, and Refs. [156, 118] claim there are a total of 18
operators at 1/ m*. The differences between our results and those found in Refs. [156, 118] can
be explained by the existence of two symmetric SU(3) color singlets for operators with two
gauge bosons, as discussed at the end of Section 6.5. It is possible that analyses using the results
in Refs. [159, 156, 118], may need to be reevaluated, e.g., Refs. [157, 162, 158].

The authors of Refs. [113, 114] discuss a connection between enumerating operators in
a relativistic effective theory and the representations of the relativistic conformal group. Here,
selecting only primary operators constructed out of tensor products of the conformal group’s
short representations correctly accounts for redundancies between operators via integration by
parts and the equations of motion. We strongly suspect that our results can be reformulated in
terms of the non-relativistic conformal group [61, 81, 59, 22, 107], and we take this up as future
work.

Note: While this article was in review for publication, the authors of Ref. [118] updated
their work, and their results now agree with our enumeration of NRQCD/HQET effective

operators for d < 8.
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Chapter 7

Conformal Structure of the Heavy Particle
EFT Operator Basis

An operator basis of an effective theory with a heavy particle, subject to external gauge
fields, is spanned by a particular kind of neutral scalar primary of the non-relativistic conformal
group. We calculate the characters that can be used for generating the operators in a non-
relativistic effective field theory, which accounts for redundancies from the equations of motion

and integration by parts.

7.1 Introduction

If one can say that a particle, and not its antiparticle, exists in the laboratory, then the
length scale of its spatial wave function Ax is parametrically larger than its Compton wavelength
1/M. This hierarchy of scales leads to heavy particle effective field theories (heavy particle
EFTs), where one can systematically include higher powers of 1/(Ax M). Such systems are,
in fact, fairly common. For example, the b quark can be located anywhere within a B meson,
which has a spatial size of ~ 1 /Aqcp, and heavy quark effective field theory is an expansion in
powers of Agcp/my ~ 0.3. A more dramatic example is the electron in a hydrogen atom, whose
wave function has a size Ax ~ 1071 m, and 1/(Ax m,) ~ 1073, which is why the Schrodinger
equation for single-partial quantum mechanics works so well in describing this system, using

only the first-order expansion in 1/M. Sometimes these theories are called non-relativistic
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effective field theories, insofar as there is a inertial frame in which there are non-relativistic
particles.

Even though heavy particle EFTs describe common physical scenarios, enumerating
the independent operators that appear in the Lagrangian, i.e., defining the operator basis, takes
considerable effort. The reason for this is that defining the operator basis is more than just
requiring that the operators preserve certain symmetries - it also involves accounting for non-
trivial redundancies between operators from the classical equations of motion and integration by
parts [163, 164]. There are popular EFTs with Lagrangians containing heavy fields, e.g., NRQED
(external abelian gauge fields), and HQET and NRQCD (external color gauge fields). The
operator basis for NRQED was written to order O(1/M?) in Ref. [153] and to O(1/M*) in
Ref. [116]. The HQET/NRQCD operator basis was enumerated up to O(1/M?) in Ref. [112],
and to O(1/M*) by Ref. [117], which was later confirmed in Ref. [118].

A huge stride was taken recently by the authors of Refs. [113, 114, 115], where they
noticed that the operator basis for a relativistic EFT can be organized according to the represen-
tations of the conformal group. In particular, accounting for the redundancies from the classical
equations of motion can be mapped to the null conditions that saturate unitarity in the conformal
group, and choosing the operator basis to be spanned only by primaries of the conformal algebra
removes any redundancies associated with integration by parts. By embedding operators into
representations of the conformal group, one can use characters as inputs into a Hilbert series,
which then can generate the operator basis, counting the number of operators in the EFT with
the given field content. Constructing the explicit operators with contracted internal and Lorentz
indices, however, needs to be done by hand. Even so, the Hilbert series output provides an
invaluable tool for constructing a bonafide operator basis. For example, a Hilbert series aided
in constructing the first correct operator basis for dimension-7 operators in the standard model
EFT [114] and dimension-8 operators in the HQET/NRQCD Lagrangian [117].

In practice, the characters of particular group representations are used as inputs for the
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Hilbert series, which generates all possible tensor products of these representations. We refer
the reader to Ref. [150] for an introductory and pedagogical discussion regarding Hilbert series
and the underlying group theory. In Ref. [117], we constructed such a Hilbert series to help
write down the operator basis for NRQED and HQET/NRQCD to order O(1/M*). However,
we did not use any organizational principle associated with the representation of the conformal
group, since the equations of motion for non-relativistic fields are not those for relativistic fields.
Instead, the “characters” we used in the Hilbert series were constructed by hand. This begs the
question: Are they characters of a group representation? Perhaps unsurprisingly, the answer
is: “Yes.” In this work, we show that the characters used in Ref. [117] are those associated with
“shortened” representations of the non-relativistic conformal group, and the operator basis for
heavy particle effective field theories are spanned by a special category of primary operators.
While this does have some analogy to the relativistic scenario studied in Refs. [113, 114, 115],

there are important subtleties with non-relativistic theories, which we discuss in some detail.

7.2 Operator Basis for Heavy Particle EFTs

We consider operators that comprise an effective field theory that are singlets under
the symmetries of the theory, each constructed out of the relevant degrees of freedom and any
number of derivatives acting on them. Of such operators, two or more may give rise to identical
S-matrix elements, in which case they ought to not be counted as distinct. This occurs when two
or more operators: (1) differ by a total derivative, or (2) can be related via the classical equations
of motion (a kind of field redefinition) [163, 164]. Accounting for these redundancies amounts
to the program of constructing operator bases in effective field theories.

How these redundancies apply to heavy-particle EFTs is described in Ref. [117], and

we will briefly recapitulate it here. Consider every possible rotationally- and gauge-invariant
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operator in the rest frame! of a theory with only one heavy particle :

1
Md—l

L=vy'iDy+ Y vt oy, (7.1)
k

where the ¢;’s are dimensionless constants, M is the mass of the heavy particle, and the operators
O,Ed] are Hermitian operators of mass dimension d > 2, constructed out of field strength tensors
of gauge fields, covariant time derivatives, D;, covariant spatial derivatives, D | (and these
derivatives can act to the right as well at the left), and spin vectors. All covariant derivatives
must be symmetric under exchange of spatial indices, otherwise they are proportional to field
strength tensors, which have already been included.

Consider a set of operators that contain only one derivative. For a given operator O, the

relationship between operators by integrating by parts is
v 0oy + oy oy +yi 00y = 9y Oy) = total derivative, (7.2)

where d is a partial time or spatial derivative, and the square brackets indicate that the derivative

only acts on the operator within the brackets. Combined with the identity
v oDy + [Dy' oy +y'[DOJw = D(y'oy), (7.3)

where D is a covariant time or spatial derivative, and with the fact that D(y' Oy) = 9(y' Oy)

since Y Oy was defined to be a gauge singlet, we have the constraint:
v 0Dy + [Dy'| Oy + ' [DO)y = total derivative . (7.4)

This equation relates three operators to a total derivative, so to account for this redundancy, we
need to ignore one of them. One easy option is to only ignore operators O that contains derivative
that act on . But this solution cannot be generalized to the case with more derivatives in the

operator, and accounting for the redundancies associated from integration by parts between

'In general, a covariant derivative D, can be written in terms of the velocity 4-vector v: D, = (v- D) + D
In the rest frame, i.e., where v = (1,0,0,0), then D, = (D;,D ).
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operators with more derivatives becomes more challenging.

The equations of motion for y also give relationship between operators:

. I & d
zD;w+Wcho,£ ly=o0, (1.5)
k
and multiplying from the left by ' Oj[-d/]:
y oDy = — LY oyt 0ol (7.6)
J Y M1 - 144 j t V- .

Any operator O that contains a covariant time derivative that acts on Yy can be related to an
infinite set of other operators at higher order. Therefore, this single equation that relates operators
can be imposed if one ignores any operator that contains a covariant time derivative that acts on
. The same argument follows for .

Lastly, there are relationships between operators due to the equations of motion of the
field strength tensors associated with external gauge fields, i.e., D, F*¥ = ;¥ and Dyﬁ W =0,
where j* = (p,J). Because the effective theory defined in Eq. (7.1) is restricted to only the
sector with one matter degree of freedom, there exists the possibility that whatever gauge fields
appear in Lagrangian may have equations of motion that include external sources. Representing
the covariant derivative as D, = (D;,D ) in the rest frame of the heavy particle, we have the

non-abelian generalizations of Maxwell’s equations:

D -E = p, (7.7)
D B = 0, (7.8)
D, xE = —DB, (7.9)
D, xB = J+DE. (7.10)

So, if the operator O in Eq. (7.1) is constructed out of E and B (and covariant derivatives

acting on them), then Maxwell’s equations will make some operators vanish, as well as provide
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relationships between different operators. Accounting for these constraints, one must impose
D, -B =0, and choose to either express the operator O in terms of D | x E or D;B, but not both.

In summary, imposing the constraints on operators from integration by parts and equations
of motion of y, E, and B on the rotationally- and gauge-invariant Lagrangian density in Eq. (7.1)
will provide the operator basis for HQET. That is, every operator gives rise to different S-matrix
elements. There are additional symmetry constraints on such an EFT from residual relativistic
boost symmetry [160, 161]. This amounts to relating the coupling constants ¢, in Eq. (7.1) to

one another, but does not alter the operator basis.

7.3 Operator Basis and the Schrodinger Algebra

We show that the characters in Ref. [117], which were constructed by hand in order
to generate the operator basis for a heavy-particle effective theory, are, in fact, characters of
irreducible representations of the non-relativistic conformal group (this group is also referred to
as the Schrodinger group, and we will use these terms interchangeably). Furthermore, from this
one can determine that the operator basis for a heavy-particle effective field theory is spanned by
particular kinds of primary operators of the non-relativistic conformal group. For those readers
not familiar with symmetries of non-relativistic systems or the Schrodinger algebra, we invite
them to read the Appendix, which is an introductory review to some of its well-known features

that are relevant to the following discussion.
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The Lie algebra of the Schrodinger group is:

=igijli, [N, Kj| =igiuKe, |[Ji,Pj] = igjuPx,

[H.K)] = —iP;, [K;,Pj]=iN&;,

[D,K]| = —iK;, [D,P]=iP,, [D,H =2iH,

C,P]=iK;, [C,H]=iD,

[Ki.Kj] = [H,P] = [H,J]] = [P,,P}] = [N,any] =0,

ID,J;] = [C,J] = [C,Ki] =0,

(7.11)

where these are the generators of rotations (J;), non-relativistic boosts (K;), time translations

(H), spatial translations (7;), scaling transformations (D), special conformal transformations (C),

and number charge (N). States that transform as irreducible representations of the Schrodinger

algebra can be labeled with the eigenvalues of the Cartan generators for the group, i.e., D, N,

and J3:

D|A,n,m) = iA|An,m),
N|An,m) = n|An,m),

J3|An,m) = m|An,m).

(7.12)
(7.13)

(7.14)

The Schrodinger algebra has raising and lowering operators, analogous to those for angular

momentum, which raise and lower the scaling dimension A:

DP,|An,m) = i(A+1)P;|An,m),

DK;|A,n,m) = i(A—1)K;|An,m),

DH |A,n,m) = i(A+2)H|An,m),

DC|A,n,m) = i(A=2)C|An,m) .
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P; and H raise the scaling dimension, and K; and C lower it. Using the linear combinations:

Pi = P] :|:iP2, Ki = K] + iKz, (7.19)

the following eigenvalue equations following directly from the algebra:

BPL|An,m) = (mE£1)Py|An,m), (7.20)
JP3|An,m) = mP3|An,m) (7.21)
BKy |Anm) = (m*+1)Ky|An,m), (7.22)
BK3|An,m) = mKz|An,m), (7.23)
JH|An,m) = mH|An,m), (7.24)
JC|A,n,m) = mC|An,m). (7.25)

More such relations exist, but we only list the ones here that we will use. The Cartan generator
N commutes with everything, and the action of other generators on the state does not change its
number-charge. This allows us to consider states sector-wise depending on its number charge. In
the sector of states with number charge n # 0, one can lower the scaling dimension by action
of K; and C, but the unitarity bound restricts the lowest possible dimension. For details, see
Appendix F.3. There can be lowest-weight states of scaling dimension (in group theory literature,

this is known as highest-weight state), such that:

Ki|Ai,n,m) = 0, (7.26)
Cl|Ag,nm)y = 0, (7.27)
where m = —j,—j+1,---, j where j is the total spin of the highest-weight state. We note that
even though the highest-weight states can be assigned a total spin j, this is no longer true once

we act on these states by Py or P3, since acting on a state with spin j, they produce a linear

combination of spin j+1,j,---,|j— 1|. If the state’s scaling dimension is A, > d/2, where
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d is the number of spatial dimensions, then an irreducible representation of the Schrodinger
algebra can generated by acting repeatedly on |A,,n,m) with P; and H. Thus all the states in the

representation are of the form:
|A,n,m)y = H' P PP P{|A,,n,m) , (7.28)

where, specifically, A=20+r+p+q+A, m =r—p+mandm=—j,—j+1,---,j. The
character for this representation is a trace over all its states (following the procedure for relativistic

conformal representation, as detailed in Ref. [165]):

X[a>d/2nz0,5) = Tr [eieDDHeNNH%h}, (7.29)

_ einGN Z <adj0int| eiGDD+i93J3H€PS_PBP3‘1 |A*,n,m> , (7.30)

Im|<j
4,r,p,g>0
oM AA ng(z) (2)
— (7.31)

(1—-22A)(1—=A)(1—-A/Z2)(1 - A2)’

% 7 =¢9/2 and (adjoint| means the complex conjugate of the state, created by

where A =e~
the action of H ZP:_P_p P3q on |A,,n,m), such that the norm of the state is unity. Here, ij{;(z) (z) is
the character for an SU(2) j—plet, i.e.,
SU(2 . .
K@= Y Gl jm). (7.32)

Im|<j

For example, the character for an SU(2) doublet is X‘;U(z) = z+ 1/z, and the character for an
SU(2) triplet is ng(z) =72+ 1+1/z%, and so on. Since P; and H are the generators for spatial
and time translations, respectively, we can identify the term [(1 —z2A)(1 — A)(1 — A/Z?)] !
as the generating functional for all possible symmetric products of spatial derivatives, and
(1 —A?)~! as the generating functional for all possible products of time derivatives. To make

this more clear, we can put in the numbers 2, and D, (of modulus less than unity) to flag where
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and how many derivatives are generated, e.g.,

1

1
PLUN = 2D (1= ADL) (1= ADL/2) (733

— 1+ AD V@ 4+ A2 (1 +X§U(Z)> yo

We can illustrate the behavior of these generating functionals with an example. Consider that
the generating function for spatial derivatives acts on an object that is a singlet under rotation,
call it ¢, then the rotational indices can be reintroduced by hand, and generating derivatives can
be represented as: P ¢ = ¢+ ;¢ + 0;0;¢ +9;0;0 + - --. Note that there is no term like €;jx0;0 ;0
generated; it is trivially zero.

If the scaling dimension of the highest-weight state |A,,n,m) in the representation is
A, = d /2, then the unitarity bound is saturated, leading to the fact that the following state has

zero norm (see Appendix F.3 and Refs. [59, 81, 137]):

P2
(H - 2—) Ay =d/2,n,m) =0. (7.34)
n

Therefore, the character for the representation when the highest-weight state has A, = d/2

should not contain the contribution coming from the state (H — 1;—;) |Ax =d/2,n,m) and any
power of H or P; acting on it. This can be achieved by removing the tower of states generated
by H acting on |A, =d/2,n,m). As discussed in Section 7.2, this is precisely the requirement
that when defining an operator basis with a heavy particle, taking into account the equations of
motion, that one can choose a basis with no time derivatives act on heavy field y. The character

for such a shortened representation is can be easily calculated:

Xis o) = " A2 PLA) 107D (2). (7.35)

This is the character used in Ref. [117] for the heavy particle degree of freedom, modulo the

multiplicative factor of eO¥ A9/2, Therefore, for the sake of defining an operator basis, one can
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say that the heavy-particle state is a highest-weight state with scaling dimension A, = d/2 and

n # 0. And, in particular, if it is a heavy fermion, then x?%(z) = ng(z)

. This is a scenario when
the equation of motion can be derived using the algebra and the constraint from unitarity, though
this does not always have to the case.> The representation for y' is the same as , but with the
sign of n flipped.

In the heavy particle EFT, the Lagrangian is expressed using external electric and
magnetic fields (or their non-abelian generalizations). We are interested in embedding these
fields within an representation of the Schrodinger group, where they would have well-defined
charges under scaling transformations, number charge, and z-component of angular momentum.
To begin, one must take care to reinstate the location of the speed of light constant c. Because
space time scale differently under scaling transformations, i.e., x — Ax and r — A%¢, the speed
of light is not invariant, behaving as an intrinsic scale in the theory. As such, £ =E/c and B
are the fundamental fields that appear in the field strength tensor F*V. Since they are externally
defined, they can be taken to scale in a similar way, both with scaling dimension A = 2. Also,
£ and B transform as vectors under rotation, so they are both spin-1. Lastly, since the electric
and magnetic fields are Hermitian, they can not carry any number-charge, so they have n = 0.
As noted in Appendix F.2, the representation of the Schrédinger group for operators with n =0
differs from the n # 0 sector. For example, consider a highest-weight state |A,,n = 0,m) such

that K;|Ay,n = 0,m) = C|A,,n = 0,m) = 0. The Schrodinger algebra then leads to the following:

KiPi|Ax,n=0,m) = 0, (7.36)

CP|Ac,n=0,m) = 0. (7.37)

Therefore, the state P; |A,,n = 0,m) is also a highest-weight state in scaling dimension. In order

to embed £ and B in the Schrédinger representation, we can choose to define the following kind

2To cite a specific example, at the interacting fixed point of a relativistic ¢* theory, the equation of motion is not
associated with a unitarity bound, since, in 4 — € dimensions, the field ¢ acquires an anomalous dimension, which
no longer saturates the unitarity bound [166].
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of state |A,,n = 0,m), where: (1) C|A,,n=0,m) =0, and (2) |Ax,n =0,m) # P;|A,,n=0,m’),
where |A,,n = 0,m’) is some other state in the Hilbert space. This is the definition of the state in
the Schrodinger group that we associate with the electric and magnetic fields. As before, one
can build up a representation of the Schrodinger group (two towers of states) by acting by P;
and H on this |A.,n = 0,m). In d = 3 spatial dimensions there is no constraint from unitarity
regarding how high these towers can go. However, these towers do not extend forever, since two

of Maxwell’s equations are:
1
D, -B=0, D, x&=—-DB. (7.38)
C

The other two Maxwell’s equation with source term do not constrain or relate the tower of states,
since both the current and charge density are externally defined. If we take the ¢ — oo limit, then
Eqgs. (7.38) gets contracted from the Poincaré representation to the N = 0 representation of the
Galilean group (for some details regarding this ¢ — o contraction, see Appendix F.1), and end

up being invariant under scaling and special conformal transformations:
DJ_‘B:O, DJ_X(S’ZO. (7.39)

Therefore, these are the shortening conditions for the states in the Schrodinger group associated

with the electric and magnetic fields. So, the the characters for £ and B are:
sU(2 SU(2
Ufs,—2nojo1] = A>Po(A)PL(A) (x3 @AD" +A2@i> ., (740)
sU(2
X anoojoy = AP Po(A) PL(A) (x3 @ _ A l) . (7.41)

The additional A? Q)i term in the character for £ is due to the fact that if one subtracts out
AD ngU(z), then one will also subtract out A2 Q)i, but this term was never there to begin with,
since derivatives are symmetric under interchange of their spatial indices. These are precisely
the characters used in Ref. [117] for the external gauge fields.

We have established how the requirements of defining an operator basis for a heavy
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particle EFT can be associated with the relevant degrees of freedom in the theory, i.e., the
heavy particles, electric and magnetic fields, and the time and spatial derivatives that act on
them, falling into irreducible representations of the Schrodinger group. In particular, we have
shown that characters of certain representations of the Schrédinger group match those we used
in Ref. [117], where we only had in mind the constraints from the equations of motion. At last,
we can take tensor products between these representations of the Schrodinger group to generate
operators that appear in the Lagrangian. Illustrating this with the following cartoon (including

the details of the shortening conditions for £ and B is a bit cumbersome):

il £ B W 0]
Dy D E D, B Dy D, 0
® ® ® - ® = +
DIy’ DI E, DE DIB, DB D3y D3 0,D,0

(7.42)
Because the right-hand side of Eq. (7.42) are also representations of the Schrodinger group, only
the highest-weight operators are not associated with total derivatives. These highest-weight
operators have the properties that [C, O] =0, and O # [P;, O], where O’ is some other operator
in the Hilbert space. Therefore, it is exactly these highest-weight operators that span the operator
basis for the EFT with one heavy particle. This connection between representations of the
Schrodinger group and a heavy particle EFT can be made for EFTs with multiple heavy fields. If
there are no interactions that cause heavy fields to transform into other types, then each heavy

field can be labeled with a different charge n, and operator basis is required be invariant under N.

7.4 Discussion and Conclusions

The operator basis for a heavy particle EFT, subject to external gauge fields, can be
organized according to the representations of the non-relativistic conformal group (often called

the Schrodinger group). Such an organization allows one to easily remove any redundancy
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between operators due to integration by parts and the equations of motion for the individual
degrees of freedom. Specifically, we discuss that the heavy particle states are highest-weight
states that saturate unitarity in d = 3 spatial dimensions, and this leads to a representation of the
Schrodinger group that removes any time derivatives acting on the heavy field, which amounts
to the same imposition on the operator basis due to the equations of motion of the heavy field.
The external gauge fields are associated with the n = 0 sector of the Schrédinger group, and this
necessitates an extended classification of highest-weight states [137]. Maxwell’s equations in the
¢ — oo limit produce the shortening conditions for the external gauge fields. Taken together, the
tensor products of these Schrodinger representations is itself a representation of the Schrodinger
group, and the highest-weight (with n = 0 and j = 0) operators of this are exactly those which
are not total derivatives, and therefore are the operators that span the operator basis for an EFT
with a heavy particle.

We have shown the characters of representation for the neutral sector and charged
sector of the Schrodinger group to be precisely those used in Ref. [117], which used a Hilbert
series to help tabulate the operator basis for NRQED and HQET/NRQCD, up to and including
operators at O(1/M*). An analogous situation occurs in relativistic theories, and the authors of
Refs. [113, 114, 115] discuss why it may not be unreasonable to intuit a connection between an
operator basis and the representations of a conformal group. It is also worth mentioning that
since the Schrodinger group is non-compact, it has similar subtleties associated with character
orthogonality as in the relativistic conformal group. Operationally, this does not hamper the
operator counting program, nonetheless it would be interesting to explore further the subtleties
associated with character orthogonality of Schodinger algebra in the same spirit as done in
relativistic case.

The methodology introduced here could be leveraged to also describe the operator content
beyond the realm of heavy particle effective field theory with a single heavy field, for example,

fermions at unitarity [2, 1], two nucleon systems [4, 3], and it could have potential application
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in writing an operator basis for anisotropic Weyl anomaly, i.e., the anomaly associated with

nonrelativistic scaling upon coupling the theory with curved space-time [20, 69, 21].
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Chapter 8

Nonrelativistic Conformal Field Theories
in the Large Charge Sector

We study Schrodinger invariant field theories (nonrelativistic conformal field theories) in
the large charge (particle number) sector. We do so by constructing the effective field theory
(EFT) for a Goldstone boson of the associated U (1) symmetry in a harmonic potential. This EFT
can be studied semi-classically in a large charge expansion. We calculate the dimensions of the
lowest lying operators, as well as correlation functions of charged operators. We find universal
behavior of three point function in large charge sector. We comment on potential applications to

fermions at unitarity and critical anyon systems.

8.1 Introduction and Summary

Symmetry has always been a guiding principle in characterizing physical systems. While
weakly coupled field theories are known to be tractable in terms of perturbation theory in
coupling, often the strongly coupled ones can only be constrained by symmetry arguments.
For example, the physics of low-energy quantum chromo dynamics (QCD) is captured by an
effective theory of pions, whose low-energy interactions are fixed by the broken chiral symmetry.

Conformal field theories (CFTs) are especially beautiful examples of how one can
leverage the symmetry group. While generically strongly coupled, conformal symmetry almost

completely fixes the behavior of correlation functions and gives non-trivial insights into the
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structure of their Hilbert spaces. In some cases, the conformal bootstrap [92] can provide us
with rich physics of such theories entirely based on symmetry principles. However, we are
still lacking many concrete calculational tools for these theories. In CFTs with an additional
global U (1), recent progress has been made by constructing effective field theories for their large
charge (Q) sector. Generically, the large charge sector can be horribly complicated in terms of
elementary fields and their interactions, but one can set up a systematic 1/Q expansion to probe
this strongly coupled regime. This has been useful in finding the scaling of operator dimensions,
and many other meaningful physical quantities [167, 168, 169, 170, 171, 172].

In this work, we will be dealing with systems with non relativistic scale and conformal
invariance i.e. systems invariant under Schrodinger symmetry. While in CFT, one needs to have a
external global symmetry to talk about large charge expansion, the nonrelativistic conformal field
theories (NRCFTs) come with a “natural” U (1), the particle number symmetry. The Schodinger
symmetry group and its physical consequences have been studied in [94, 60, 59, 173, 99, 137].
The physical importance of Schrodinger symmetry lies in varied realisation of the symmetry
group, starting from fermions at unitarity[1, 2] to examples including spin chain models [95],
systems consisting of deuterons [3, 4], 133cs161, ¥ Rb [51,°K [7).

Such theories, similar to CFTs, admit a state-operator correspondence[174, 173] in
which the dimensions of operators correspond to energy of a state in a harmonic potential'.
Specifically, the scaling generator D, which scales x — Ax and # — A%t for A € R gets mapped to
the Hamiltonian (Hg) in the harmonic trap i.e. Hy = H + 0*C where C = % [d%x x*n(x) is the
special conformal generator and n(x) is the number density and H is the time translation generator
of the Schrodinger group. The parameter ® determines the strength of the potential and plays an
analogous role to the radius of the sphere in the relativistic state-operator correspondence.”.

Given this set up, we consider an operator ® with large number charge Q. For example,

IThis state-operator map is different from the one discussed in [137] to explore the neutral sector. In [137], the
map is more akin to the (0+ 1) dimensional CFT.
2Here and also subsequently, we will be working in non-relativistic “natural” units of m = h = 1
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one can think of ¢% for o(x) = :\p;(x)\pj(x): in the case of fermions at unitarity in d = 3
dimensions. By the state-operator correspondence, the operator is related to a state |®) with
finite density of charge (n) in the harmonic trap. There’s an energy scale set by the density
Ayy ~u~ n%, u being the chemical potential which fixes the total charge to Q. There is also
a scale set by the trap Ajg ~ ® which controls the level spacing of Hg,. The limit of large
charge Q > 1 then implies a parametric separation of these scales. This allows us to set up a
perturbatively controlled expansion in 1,/Q and probe the large charge sector of a theory invariant
under Schrédinger symmetry.

In this limit it becomes appropriate to ask, what state of matter describes the large charge
sector? Such a state with finite density of charge necessarily breaks some of the space-time
symmetries e.g. scale transformations, (Galilean) boosts, special-conformal transformations.
That these symmetries are spontaneously broken also implies that they must be realized non-
linearly in the effective field theory (EFT) describing the large charge sector. We expect the
low-energy degrees of freedom to be Goldstones.

One possibility is that the U (1) symmetry remains unbroken. This is the case for a system
with a Fermi surface. There the low-energy degrees of freedom would also include fermionic
matter in addition to any Goldstones. The simplest candidate EFT, Landau Fermi-Liquid theory,
is incompatible with the non-linearly realized Schrodinger symmetry[175] and therefore this is a
fairly exotic possibility.

Another possibility is that the U(1) symmetry is also spontaneously broken, leading to
superfluid behavior. This has been the case most studied in the literature and seems like the
most obvious possibility for a bosonic NRCFT. Additionally, both unitary fermions and the
scale invariant anyon gas at large density are suspected to be superfluids. Therefore we focus

exclusively on this symmetry breaking pattern.
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Summary of Results

We compute the properties of the ground state |®) with finite density of charge, under
the assumption it describes a rotationally invariant superfluid, via an explicit path integral

representation:
(@le~ T |@) = / Dy & Sers it dx () (8.1)

where 7y is a Goldstone boson describing excitations above the ground state, u is the chemical
potential and n(x) is the number density which is canonically conjugate to . This integral can
then be computed by saddle point in the large u limit. The chemical potential i can then be fixed
semi-classically in terms of the charge Q. Thus self-consistently, we are obtaining a large Q
expansion. We employ the coset construction to write down the most general effective action for

the Goldstone which is consistent with the non-linearly realized Schrodinger symmetry.

e For the case with magnetic vector potential A = O (the one that is relevant for the NRCFT
in harmonic trap), we find the effective Lagrangian given by

d d

Leff = cOXZ+1 + 1 e 0;Xd'X + 027(81'140)2
xs+l 441

+0373ia’A0+C4 <2

(8.2)
(9:9'%)°

where X = o, —Ag — %Bixaix. However this is not the full set of constraints. It can be
shown that imposing ‘general coordinate invariance’ will reduce the number of independent
Wilson coefficients even further[176]. In particular there are the additional constraints:
¢> =0 and ¢3 = —d?c,4. Additionally, in d = 2, one can have parity violating operator at

this order:
1 ..
Ccs )—(e”(aiAo) (BJ-X) (8.3)

The details can be found in Section 8.4.
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e The dispersion relation of low energy excitation above the ground state is found out to be:

1
4, 4 4 2
e(n,l)=+m (an +4n+ Eén - En—|—€> (8.4)

where / is the angular momentum and 7 is a non-negative integer and €(n,{) is the
excitation energy. The dispersion determines the low-lying operator dimensions explicitly.
Since, e(n =0,/ =1) = +wand ¢(n = 1,/ = 0) = +2, they can be identified with two
different kinds of descendant operators appearing in the Schrodinger algebra. The details

can be found in Section 8.6.2.

e In the leading order in Q, we find the ground state energy i.e. dimension Ay of the

corresponding operator ®:

1 T(¢+2) d
0 (d+1)E’Q where = Tag 1) %) 85)
where cg is UV parameter of the theory, appearing in the Lagrangian (8.2).
Specifically, we have
Ag (§Q3/2> +c1—§ (Qz log Q) +0 (Q ) ford =2. (8.6)

Ag = (Z) £0*3 <c1 + ) (3v2r2)E20*3 1 0 <Q5/9> ford=3.  (8.7)
The details can be found in Section 8.6.1.

e We find the structure function F appearing in three point function of two operators with

large charge Q and Q + ¢ and one operator ¢, with small charge g goes as follows:
8

A 2
F(v:icoy2>o<Q23( C;ya Q”d) e (8.8)

where y is the insertion point of ¢, in the oscillator co-ordinate and Ay is the dimension ¢y.

The details can be found in Section 8.7.2.
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Note: While this work was being completed a paper appeared with some overlap[177].
They identify many of the same operators we do, through different means and without couplings
to the background gauge field. The primary tool we utilize is the state-operator correspondence
for NRCFTs, therefore directly compute properties of the NRCFTs in harmonic trap in large

charge limit.

8.2 Lightning Review of Schrodinger Algebra

The Schrodinger algebra has been extensively explored in [94, 60, 59, 173, 99, 137].
Here we take the readers through a quick tour of the essential features of Schrodinger algebra, that
we are going to use through out this paper. The most important subgroup of Schrodinger group
is the Galilean group, generated by time translation generator H, spatial translation generators P;,
rotation generators J;; and boost generators K;. One can centrally extend this group by appending
another U (1) generator N, which generates the particle number symmetry. As a whole, these

generators constitute what we call Galilean algebra and they satisfy:

ij,N] = [P;,N] = [Ki,N] = [H,N] =0
[Jij, Pc] = i(0yPj — O P;)
[Jij, K] = 1(8yKj — 8jxK;)
ijsJk) = 1(8id j — O it + Oiudij — 8 j1Jki) »
[P, Pj| = [Ki,K;] =0, [K;, Pj] =id;;N, (8.9)

[H,N|=[H,P]=[H,M;]=0, [HK]=—iP.

The Galilean group is enhanced to Schrodinger group by appending a scaling generator

D and a special conformal generator C such that they satisfy the following commutator relations:

[D,P] =iP;, [D,K]|=—iK; (8.10)
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ID,H] =2iH, [D,C]=—2iC,[H,C]=—iD, (8.11)

The state-operator correspondence for an NRCFT is based on the following definition

[173]:
10) = e 607(0)[0) = O (—%,0) 10) (8.13)

where O is a primary operator of number charge Qo+ = —0Q0 > 0. By the Schrodinger algebra,

this state satisfies:
N|O) = Qpi|0) Hy|0) =wAp|0) (8.14)

where Hy, = H + *C is the Hamiltonian with the trapping potential.

It is natural to define a transformation from Galilean coordinates x = (,x) to the “oscil-
lator frame” y = (t,y) where the time translation T — T+ a is generated by Hy,. Explicitly this is
given by

X

Y= —F—
V14 w?t?

and allows us to map primary operators and their correlation functions in the oscillator frame to

T = arctan ¢, (8.15)

the Galilean frame via the map[173]:

- el i olxt
_ 2.2\ 72 -
O(x) = [cos(r)]*? exp {—%Qom|y|2tan(0)‘c)} o(y) (8.17)
In this paper, we will be interested in matrix elements of the form:
(@lo1(v1) - G () |P) (8.18)
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where @7 is a primary of charge Q >> 1 and ¢; are also charged ® primaries with ¢; < Q.*

In the Galilean frame, the general form of a two point function is fixed to be

2

exp [iQZ %}

8.19
CEL (8.19)

(O1(x1)02(x2)) = ¢Ba, 2,00, -0,

where c is a numerical constant, A; is the dimension of the operator O;, Q; is the charge of O;.
The symmetry algebra constrains the general form of a three-point function upto a arbitrary

function of a cross-ratio v; jx defined below:

(O1(x1) O2(x2) 03(x3)) = G(x1;x25x3)

2 2 A_A-A;
=F(vip3)exp | —i=—-—2 —i=="2  ]r7 (8.20)

where A=} ;A;, x;j =x;—x; , and F(v,-jk) is a function of the cross-ratio v; j; defined:

2 2 2
1 (X, x5 X5

Vijk == Tk, Y (8.21)
2\ttt

We note that the three point function becomes zero unless ) Q; = 0.

8.3 Lightning Review of Coset Construction

A symmetry is said to be spontaneously broken if the lowest energy state, the ground
state, is not an eigenstate of the associated charge. The low-energy effective action, describing
the physics above the ground state, is still invariant under the full global symmetry group but the
broken subgroup is realized non-linearly. Typically this means the effective action describes
some number of Goldstones.

The coset construction gives a general method for constructing effective actions with

3The state-operator correspondence breaks down for neutral operators as they actually trivially on the vacuum
and their representation theory is not well understood. [137] explores how to circumvent this issue.

“Here we point out that if an operator is explicitly written as a function of oscillator co-ordinate, it is to be
understood that we have already employed the mapping (8.16). Thus ¢;(y1) in (8.18) should technically be written
as §;(y1), albeit we omit “tilde” sign for notational simplicity.

159



appropriate non-linearly realized symmetry actions. It was developed for internal symmetries by
CCZW [178, 179] and later generalized to space-time symmetries[180]. Here we give a nimble
review of the method and its application to the superfluid. We refer to the original literature and
the recent review [181] for more details. The primary objective of the coset construction is to
write down the most general action, invariant under a global symmetry group G but where only
the subgroup Gy is linearly realized. Let us consider a symmetry group which contains the group
of translations, generated by P,. Let us denote the broken generators as X}, corresponding to
associated Goldstones 7, (x). We denote unbroken generators as 7.

We can define the exponential map from space-time to the coset space G /Gy
U = etFa X6’ (1) (8.22)

With this map we can define the 1-form, known as the Maurer-Cartan (henceforth we call it MC)

form, on the coset space. Under a G-transformation (8.22) transforms as
g:U(x)— eipa(x/)aeixbnb(x,)h(n(x),g) (8.23)

where h(nt(x),g) is some element in G, determined by the Goldstones and g € G, that “com-
pensates” to bring U (x) back to the form in (8.22). This determines how the Goldstone fields
transform?.

Expanded in a basis of generators the MC form looks like:
Q= —iU"'0,U = E}(Py+ (Van®) Xy + AST,) (8.24)

where each of the tensors {Efj, vV, n? , T. } is a function of the Goldstone fields m,. Here Eﬁ isa
vierbein, V,7” are the covariant Goldstone derivatives and A¢ transforms like a connection.
Several remarks are in order. Once space-time symmetries are broken the quantity d“x

is no longer necessarily a scalar under those transformations. However the quantity d?xdetE

SFor space-time symmetries there’s a translation piece even though P, are unbroken. This is because, on
coordinates, translations are always non-linearly realized as x — (x+a)
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can be used to define an invariant measure for the action. On the other hand, contractions of
the objects V,7’, in a way which manifestly preserves the Gy symmetry, also provides us with
G invariants and form the Goldstone part of the effective action. The connection, A¢, and the

vierbein, can be used to define the following “higher” covariant derivative
VH = (E71)H9, +iAST. (8.25)

An object like VE V1 also transforms covariantly and Go-invariant contractions with other
tensors should be included. The other primary use of (8.25) is for defining covariant derivatives
of “matter fields”. For example, suppose Y is a matter field transforming in a k-dimensional
linear representation r of Gy as ¥ — ' = r(h)y. The coset construction provides multiple
ways to uplift Gy representations to full G representations. The one of importance to us is
when r appears in the decomposition of a K-dimensional representation R of G. Defining the
field ¢ = (v, 0) in the K-dimensional representation, one can show that the field ¥ = R(Q){
transforms linearly under the full group G. If a subset of the symmetry is gauged then we just
covariantly replace d, — D, = 9, + iAl‘f T, in the above. The tensors will then depend on the
gauge fields A but otherwise everything goes through.

One last important aspect of space-time symmetry breaking is that not all the Goldstone
bosons are necessarily independent [182]. This occurs when the associated currents differ only
by functions of spacetime. A localized Goldstone particle is made by a current times a function
of spacetime, so we can not sharply distinguish the resulting particles. This redundancy also
appears in the coset construction. Suppose X and X’ are two different broken generators in
different Go-multiplets and we denote their associated Goldstone bosons 7 and 7'. Let P, be an
unbroken translation generator. Let us also assume that there’s a non-trivial commutator of the
form [Py, X]| D X ’. One can see, from calculating the Maurer-Cartan form via the BCH identity,
that this implies an undifferentiated T in the covariant Goldstone derivative Vy,7'. The quadratic

term is then (Vy7')> ~ ¢?n? ; this is an effective mass term for the © Goldstone. Thus we are
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justified in integrating it out by imposing its equation of motion. A simpler, but equivalent up to
redefinitions, constraint is setting Vy7t' = 0. This is a covariant constraint, completely consistent

with the symmetries. In the literature it is known as an “inverse Higgs constraint” .

8.4 Schrodinger Superfluid from Coset Construction

In this section, we will use the coset construction to construct the most general Goldstone
action consistent with the broken symmetries of a rotationally invariant Schrodinger superfluid.
For the purpose of determining local properties of the superfluid state in the trap we can first
work in the thermodynamic limit defined by Ajg ~ ® — 0. The symmetry generators are then
just those of the usual Schrodinger group.

The superfluid ground state |®) spontaneously breaks the number charge N. As men-
tioned in the introduction, this state also breaks the conformal generators and boosts. It is
simplest to describe such states in the grand canonical ensemble. We remark that in the thermo-
dynamic limit, one can leverage the equivalence between canonical ensemble with fixed chrage
and grand canonical ensemble®. Thus, in what follows, we define the operator H = H — uN
such that H |®) = 0. The parameter u plays the role of a chemical potential; it is a Lagrange
multiplier to be determined by the charge density. By assumption, |®) is not an eigenstate of
N. It therefore cannot be an eigenstate of H while satisfying A |®) = 0. The unbroken ‘time’

translations are therefore generated by H[183]. The symmetry breaking pattern is then given by:
Unbroken: {H = H —uN,P;,J;j} Broken: {N,K;,C,D}, (8.26)
for which we can parameterize the coset space as:

U = elHte—1P~xel'r]-Ke—lkCe—chemN _ elHte—lP-xelT]~Ke—l7\.ce—lGDelXN. (8.27)

Here we use 4 distinct Goldstone fields:

6As a result, one can always view the large charge expansion as a large chemical potential expansion
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7 is the ‘phonon’, the Goldstone for the charge. It defines the shifted field y = 7w+ ur

1 is the ‘framon’, the Goldstone for (Galilean) boosts. It transforms as a vector.

A is the ‘trapon’, the Goldstone for special conformal transformations.

o is the ‘dilaton’, the Goldstone for dilations.

To allow for a background field A,,, we define the covariant derivative D, = d,, +iA,N. From

this group element we can calculate the MC form:
—iU™'DU = E) [Py + (Vy)K; — (VyA)C — (Vy6)D + (V) Q] (8.28)

where P, = (—H,P), and we’ve anticipated the absence of a gauge field for J;;. We remark that
the relativistic notation is just for ease of writing; because space and time are treated differently

we have to treat those components of the MC form separately. Explicitly we have the following:

EQ=¢, E)=-nmle®, E’=0, E/ =8¢, (8.29)

Von' =M/ 4+m-n/), Vi = (0m’ —Ad!), (8.30)
Voh=e**(A4+n-0A+A%), Vik=e%00, (8.31)

Voo =e*°(64+M-96—1), V,0=e¢%00, (8.32)

Vor = e (§ — Ao — e ° +1 'aX+%ﬂ2)’ Vit =e®(dix —Ai+mi), (8.33)

which can be used to construct the effective action.

There are 4 commutators that each imply a different constraint

[Pi,Kj] = —i8,-jN = Vin=0, [H,D] = —21(1‘_[ —I—,uN) — Vo =0, (8.34)
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[A,C]=—iD = Vo6 =0, [P,C]=—iK;§;; = Vm’/=0. (8.35)

Imposing them allows everything to be written in terms of a single Goldstone field . Upon

defining the gauge invariant derivatives:
Dy =0ix—Ao, Dix=09ix—Ai, (8.360)
the simplest pair can be solved as:

Vin=0 = n;,=-Diy, (8.37)

1 ,
Voi=0 — mfszm—EDmUx. (8.38)
The other two involve the trapon A:

V=0 — A8/ =9m/=—aD’y, (8.39)

Voo=0 =— A=6+M-00, (8.40)

which can be written together as:

_ 1 10X 1Dyo'X 1, .,

This is simply the leading order equation of motion for y as we will show below.
The leading order action comes from the vierbein (8.29) which can be expressed with

as
1 N\ 51
detE = ¢ 4120 (Dtx — ED,-;CD’X) . (8.42)
Defining the variable X as

1 .
X =Dix— EDiXD'X, (8.43)
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we can write the leading order effective action as
d d 241
So = /dl‘d xco Oy = /dl‘d xcoX2T, (8.44)

where ¢ is a dimensionless constant. The leading order theory (8.44) is time reversal invariant

as it acts as:
T: t——t, ®1— —n, Ayg— —Ap. (8.45)
Higher derivative terms are constructable from contractions of the following objects:
Von', Vok, Vik, Vic. (8.46)
as well as contractions of the ‘higher covariants’

VH = —¢%°9)+¢n/9;, VI =¢%);, (8.47)

1

acting on the tensors (8.46). All of these objects can be expressed in terms of ) by the constraints
(8.34) and (8.35). Even though we are interested in large Q expansion eventually, to touch the
base with the EFT written in [176], we emphasize that the power counting is done with X, being
taken to be O(p?), which implies that objects like [(9;%)(9;x)]*, 9:x and Ag are also order one.
Additional derivatives then increase the dimension. In what follows, the field strengthsE; and F;;

are defined as
E,' = a()A,' — al‘Ao E’j = a,'Aj — ain. (848)

At O(p?) we have following operators:

: x5+l .
O; = detE V,oV'o e 0;Xd'X , (8.49)
X%—H
0, = detE (Von; —2V;6)? o e [E> +-2E:F;;(Dx) + FijFx(Djx)(Dx)],  (8.50)
. . g+1 . 1 ,
03 = detE V,’G(Vonl — 2VIG) o< X2 [8,-E‘ + [B,F,]] (D]X) - EEjFlj] , (8.51)
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d
4+1

Oy = detE Vo) o (3:D'y)?, (8.52)

XZ

where the second expression of (8.51) is obtained via integration-by-parts and the (8.52) is
obtained by a straight forward application of the identity (8.41) and integration-by-parts. These
operators were found in reference[176] for d = 3 by very different means. Additionally, in d = 2,
one can construct following parity violating operators at this order:

x5+
—€" [E;— Fi(Dix)] (9,X) (8.53)

Os = detE €7(Von;)(V;0) o

N x4+1
Og = detE €'V (Vin; —2V0) o<

X2 Eijai(Ej — ij(DkX)) . (854)

Similarly in d = 3 we have €/¥ but that means the parity violating operators will be higher order

in the derivative expansion.

8.5 Superfluid Hydrodynamics

In this section, we study the superfluid hydrodynamics. As a warm up, we first consider
the fluid without the trap, thus there is no intrinsic length scale associated with such a system.

The leading order superfluid Lagrangian is known to take the form [176]:
L=P(X) (8.55)

where P stands for ‘pressure’ as function of the chemical potential u at zero temperature and X is
the same as defined in the previous section. Due to the absence of any internal scale, dimensional

analysis dictates that:

NI
+
—_

P = cou , (8.56)
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which we get from (8.44) by evaluating on the groundstate solution X.; = ut. The number density

is conjugate to the Goldstone field x and at leading order is:

P(X) = ¢ (51+1) X9, (8.57)

One can then define the superfluid velocity in terms of the Goldstone as:
vi=-—-Dit= _DiX ="M (858)

where we have used the inverse Higgs constraint (8.37). This gives a simple interpretation of the

equation of motion:

oL o
a“a(a—ﬂx) = a,n—i—ai(nv ) = O, (859)

which is the continuity equation of superfluid hydrodynamics. Using equations (8.37), we can

write:

dun — cog (g + 1) X471 (0,X) = —dn(d,0) o = —a;Dix =31 (8.60)

The equation of motion (8.59) thus comes out to be as follows:
on+0;(m') = —dné —dn(n-96)+nd-n =0 (8.61)

and becomes equivalent to the constraint (8.41). Thus the superfluid EFT is consistent with the

symmetry breaking pattern we discussed in the previous section.

8.5.1 Superfluid in a Harmonic Trap

Now we turn on the harmonic trap and study this superfluid EFT in the trapping potential

by taking:

1
Ag = szrz, A=0. (8.62)
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In the presence of a harmonic potential, the ground state density is no longer uniform. The

number density is given by the conjugacy relation (8.57) and to leading order is:

d 1
n(x) = co (§+ 1) (,u—§0)2r2)%, (8.63)
which is vanishing at the “cloud radius” R = % This defines an IR cutoff for the validity

of our EFT in the trap. Semi-classically, we can fix g in terms of the number charge Q by

imposing”:
d
N c0(2n)d/21"(4 —|—2) (ﬂ) u 1
0= (QINI0) = [ d'x(Qln(x)]0) T E_tol o4
The naive effective Lagrangian up to next-leading order is then:

d d d d
Leff = C()X2+] +cq X3 0;X0'X +c> X3 (aiA())z +c3 X2 0;0'Ag +ca X2 (aialX)Q(S.65)

For d = 2 we have an additional parity violating operator at this order:

(0;A40)(9;X

Lopr3 cﬁ:”% (8.66)

However, this is not the full set of constraints. It can be shown that imposing ‘general co-
ordinate invariance’ will reduce the number of independent Wilson coefficients even further[176].

In particular there are the additional constraints:
=0 c3=—dc (8.67)

Obtaining these from the coset construction would require additionally gauging the space-time
symmetries [184]. The requirement of gauging the space-time symmetries is expected as a
consequence of the number operator being part of the spacetime symmetry algebra and the fact
that the number symmetry has been gauged. We leave this refinement for future work. For

reasons that will become clear in the next section it is not necessary to work beyond this order in

"This is equivalent to fixing Q by differentiating the free energy given by the action
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the derivative expansion.

8.6 Operator Dimensions
8.6.1 Ground State Energy & Scaling of Operator Dimension

The ground state energy is readily computed by a Euclidean path integral, in the infinite
Euclidean time separation, the path integral projects out the ground state, from which one can read
off the ground state energy. A nice pedagogical example of this technique can be found in [169]
in context of fast spinning rigid rotor. On the other hand, from the state operator correspondence,
we know that the ground state energy translated to dimension of the corresponding operator.
Thus, equipped with the effective Lagrangian (8.65) obtained, the operator dimensions can be

calculated via the path integral (8.1):
llm <Q|e—HmT|Q> ~ e_Seff[Xcl]_ldeDx n(x) ~ e—AQ(DT , (868)
T—o0

where to leading order we have

(ST

o emPr(§+2) (

R a 1 52 d+1
—SefXet] = COQdT/O drr u— 5(0 r = <o T(d+2) 0—)) oT .(8.69)

Here, Q; is the volume factor. Combining the results of (8.69) and (8.64) then gives the leading

order operator dimension:

H Sefr PSS
Aop="0—|-——"L ) =— ) i
0 ooQ ( mT) d+1&Q ‘ (8.70)

This predicts Ag ~ Q% ind=2and Ag ~ Q% in d = 3, as in the relativistic case. That these
leading order results are finite implies we can trust the EFT prediction. In general, however, the
ground state energy in the trap is an infrared (IR) sensitive quantity. This becomes apparent at
higher orders in the derivative expansion.

For example, we consider the case of d = 2. The simplest operator at next leading order

is (8.49). To analyze its contribution, define the distance from the cloud s as r = R —s. Its
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contribution to the energy, and hence the operator dimension via (8.69), would go like:

. i R
/d%wN/ drr—— /ds— (8.71)
X 0 M= 3 —w2r2

which is log divergent for small s, close to the edge. For d = 3, noticed in reference [176], a
divergence first appears at next-next leading order associated with the operator:

(0,X9'X)?
T

detE(V;oV'c)? o (8.72)

This leads to a power-law divergence, implying an even greater sensitivity to IR physics compared
to d = 2. Ultimately these divergences originate from the breakdown of our EFT as the superfluid
gets less dense. This occurs in a small region before the edge of the cloud at radius R* =R —
where 0 is roughly the width of this region. Following [176], we can estimate the size of this
region as follows. One interpretation of (8.63) is that the chemical potential is now effectively

space dependent. At the cutoff radius R*, there is then an “effective chemical potential”
1
p(r)=p—-0*r*,  uyr=u(r=R") = S8(2R— 8)w’ ~ Rw?*§. (8.73)

There is a length scale set by u. s which controls the EFT expansion parameter in this region.
Once that length is comparable to the distance 9 itself we cannot claim to control the calculation

semi-classically. Using (8.73) this gives the estimate scaling:

1 1
:>8N

O~ -
Meff (@2u)s

(8.74)

We can estimate the contribution of this region to the energy by cutting off the divergent

integrals at R*. For d = 2 the effective action contains a term:

R* 0)4 2 13 2
—Serr 2 c1(2m)T dr rl—r = 4nT ucy (_ —log { H }) 4. (8.75)
0 p— >0%r? 8

where the --- terms vanish as & — 0
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Substituting the relations (8.64) and (8.74) gives:

13 1 | 2
Ag > —4mEQ7 ¢y (@3 ~ log2— 1logQ - §1og§) (8.76)

Changing the cutoff relation (8.74) by a factor can then change the O(Q%) contribution, but not
the logarithmic divergence which is universal. This translates to an uncertainty of order O(Q%)
in the operator dimension in d = 2. A similar analysis[176] for d = 3 and (8.72) translates to
uncertainty of order O(Qg).

Unlike d = 2, the operator (8.49) gives a finite correction to leading order scaling of
dimension of operator in d = 3. This can be found by figuring out the contibution to S,y [see

Eq. (8.65)]

R 4.2 2
—Seffacl/dr’f/ aranr | ——— | =c1(3v2@) (&) o1 8.77)
f i

Similar contribution® comes from (8.51):

— d dr 4mr* (00 u_122%__ —32 K2 8.78

) o (o S10) —) ol :
7 03/ /0 () (u=507) 63(\/§> <(o> (8.78)
To summarize, using (870), we have

§(§Q4/3> (c1+2) 6var)Ee* P +0(0%) ford=3, (879
>
3

Ap = (§Q3/2>+c1 g(QzlogQ)+o<Q ) ford =2. (8.80)

The Eq. (8.70), (8.79) and (8.80) constitute the main findings of this subsection.

8.6.2 Excited State Spectrum

We can also analyze the low energy excitations above the ground state. These correspond
to low lying operators in the spectrum at large charge. To compute their dimension, we expand

the leading action (8.44) to quadratic order in fluctuations T about the semi-classical saddle,

8Contribution should have come from (8.50) as well, but as we mentioned earlier, c; = 0 [176].
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X, = ut + 1. The spectrum of 7 can then be found by linearizing the equation of motion (8.59):

2 1
o <,u—§0)2r2> ’n+o’r-on=0 (8.81)

Expanding 7t(¢,x) = €' f(r)Y; where Y, is a spherical harmonic, one can show (8.81) reduces to
a hypergeometric equation. Details can be found in Appendix A. The dispersion relation is given

by:
1

4 4 4 2
e(n,l) =+tm (3n2+4n—|—3€n— En+€> (8.82)

where / is the angular momentum and 7 is a non-negative integer. In the NRCFT state-operator
correspondence, there are two different operators which generate descendants. In the Galilean
frame, these are the operators P and H. While P raises the dimension by 1 and carries angular
momentum, acting by H raises the dimension by 2 and carries no angular momentum. In the

oscillator frame, this corresponds to:

1.1
P.=——P+i K Li=-(—H—oC+iD) (8.83)

\/— 2'®

which then satisfy
[H(D,Pi] = :I:(DP:t [Hm,Li] = :|:20)L:t (884)

One can check by equation (8.82) that e(n =0,/ =1) = +m and €¢(n = 1,/ = 0) = 2.
This allows us to identify these Goldstone modes with the descendant operators in (8.83)
as M(,—o,=1) ~ P+ and T(,—1 y—o) ~ L+. The other modes generate distinct primaries and
descendants, including higher spin. We remark that in a strict sense, the above is the leading
order result for the difference in dimensions between low-lying operators in this sector and the
dimension of the ground state found in the previous section. It is also subject to corrections

suppressed in 1/Q from subleading operators and loop effects.
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8.7 Correlation Functions

In a relativistic CFT, the form of two and three point correlators is entirely fixed by
symmetry. However, the four-point function depends on two conformally invariant cross ratios
of the coordinates. The Schrodinger symmetry is less constraining, as there exists an invariant
cross ratio even for a three-point function. This implies only the two-point functions of (number)

charged operators is completely determined by symmetry.

8.7.1 Two Point Function

Following [169], we start with analyzing two point function. In path integral approach,

when the in and out states are well separated in time, we have

(E) (E))

(E) _(E)
(@, Tale Holm" 1)@y, 1)) = B0 1) (8.85)

where t(£) is the Euclideanized oscillator time. This is obtained from T by doing Wick rotation
i.e. ©F) =it. This is evidently consistent with (G.13) upon doing the Wick rotation and taking
(’cgE) — ‘cgE)) — oo, One subtle remark is in order: the Hamiltonian Hy, generates the time (T)

translation in oscillator frame. Thus the states prepared by path integration corresponds to

operators in oscillator frame.

8.7.2 Three Point Function

We consider the matrix element that defines the simplest charged® three-point function

(Po+4]04(y)[Po) (8.86)

where ¢, is a light charged scalar primary with charge ¢ and both of ®y and ®p., has O(1)
dimension, given by Ap and Ag, 4. By assumption, ¢, transforms in a linear representation R of

the unbroken rotation group. To enable calculation in our EFT, we can extend this to a linear

The additional charge of (®| is required for the correlator to be overall neutral and therefore non-vanishing.
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representation of the full Schroedinger group using the Goldstone fields. In what follows, we

take ¢, as the “dressed” operator[169]:
q)q(y) — R [eiKvnefiXCefiGDeixN] &)q (887)

where, by the assumption of ¢, being a scalar primary, is trivially acted on by K and C. This,

combined with (8.37) gives
A¢ .
Og=cgX 2 ™ (8.88)

where ¢, is a constant, which depends on UV physics. Upon evaluating (8.86) semi-classically
about the saddle we found before, the leading order result for the correlator comes out to be:
)
] %0

2. .
<CI>Q+q(‘Cz)|(|)q(‘C,y)|CDQ(‘C1 )> =y (y— immzyz) ewq(r—rz)e—lAQ(m—n)

Ay

A 2\ 7 (E) (E)
— Cq,uTq) (1 _ %) eﬂq’t(mem(*AQ%-qu +AgT) > (8.89)

where we have used the following identity, which can be derived using the leading order operator
dimension (8.70) and (8.64):

WT_%:ao(l+$)Qi+O<é)z%:g (8.90)
as expected since u is a chemical potential and WAy is the energy. We note that the operator
insertion should be away from the edge of the cloud |y — R| > 9, where § is the cut-off imposed
to keep the divergences coming from the y — R limit at bay.

Now we use (the details can be found in appendix [G.2.1])

: ! (E) _ n—Agrqoia/2
lim ex <—0)A T > = 27 B0+q(y 0+q/ ,
B0 (14 @213 010/ P Qta™2
: 1 (E)\ _ n—Agmho)2
lim —————=exp (O)A T > — 2 Ao glo/ ,
By (1+ @2 )20/ eh
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to write down the correlator in terms of operators in Galilean frame (we repeat that the path
intergral in oscillator frame prepares a state corresponding to operator in oscillator frame):
N
. : 2 Y\ P it ® oy —Ag—Ag1q g Ag+Borg)/2
(@014 1/0)/04(5,) [ Po(—i/@) = cu™ (1-27 )~ 2780 Bonug(Bathon)2,
(8.91)

This can be matched onto the three point function, which is constrained by Schrédinger

algebra:

(®014/04(z.y)|Pg) = F(v)exp (Lan?) (2)% (?w) Teelboton)i (go2)

The appendix [G.2.2] has the necessary details. Now, upon comparing (8.92) and (8.91), we

deduce the universal behavior of F(v) in the large charge sector:

A

A 2 v
Flo=io?) o 0F (1 Gro 1) " b (393)

which can be rewritten as following, using (8.44):
A %

2 Z(djtl) (l)yz d+1 _L 2 1 2
F(v=ioy) o A} ( -5 (ae) d+1) o240y (8.94)

The (8.93) and (8.94) are the main results of this subsection. This shows the universal

scaling behavior of the structure function F' in the large charge sector.

8.8 Conclusions and Future Directions

We have studied the large charge (Q) sector of theories invariant under Schrodinger group.
We have employed coset construction to write down an effecive field theory (EFT) describing the

large Q sector in any arbitrary dimension d > 2 assuming superfluidity and rotational invariance.
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The effective Lagrangian is given by

g+1 , 2+1 5 x4+ g+1
0;X0'X + ¢ e (0iAp)” 4¢3 0,0'Ao+ c4 e

_ oy, X
Lorr = coX +cq X2

X3 (aiaix)Z

where X = d;( — Ao — %aixaix and y is the Goldstone excitation of the superfluid ground state.
We emphasize that the general co-ordinate invariance, as discussed in [176] will put more
constraints on the Wilson coefficients, we leave that as a future project. The EFT is then studied
perturbatively as an expansion in 1/Q. This is to be contrasted with the EFT written down in
[176]. While EFT in [176] is controlled by small momentum parameter, ours is controlled by
1/Q expansion, which enables us to probe and derive universal results and scaling behaviors
in large Q sector. In particular, when Q is very large, we find the scaling behavior of operator
dimension with charge, consistent with that found very recently in [177]. We also find that in the
large charge sector, structure function of three point correlator has a universal behavior. Last but
not the least we derived the dispersion relation for the low energy excitation over this state with
large Q and identify the two different kind of descendents as two different modes of excitations.
A summary of the results can be found in the introduction.

The theory of conformal, and even superconformal, anyons has been studied before
in great detail [185, 186, 59, 187]. In these systems there exists a simple n-particle operator

O = (®)" whose dimension is given as

Ao=n+n(n—1)6 (8.95)

where 0 is the statistics parameter that arises from the Chern-Simons term of level k as 6 = 21—k
for bosonic theories. For large & relative to n, close to the bosonic limit, this is known to be the
ground state in the trap. It is known as the “linear solution” in the literature due to the linear
dependence on 6. For the superconformal theories it is a BPS operator and the dimension (8.95)
is exact. A state corresponding to such an operator is not a superfluid and our theory cannot

capture the physics of the system in that regime. However, it is known there is a level crossing
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for smaller £ where the ground state corresponds to an operator whose dimension is not protected
by the BPS bound. For those operators the classical dimension scales as n%, in agreement with
our results. We are then led to believe the effective field theory we’ve constructed may apply to
anyon NRCFTs in that regime.

Another family of NRCFTs can be defined by the holographic constructions of McGreevy,
Balasubramanian[61] and Son[188]. It would be interesting to study these on the gravitational
side in the large charge limit, as there might exist a regime where both the EFT and gravity
descriptions are valid. The analog of this for the relativistic case was carried out recently[189].

One can envision to extend our results in several ways. One possible extension of these
results would be to study operators with large spin as well as charge. If the superfluid EFT
remains valid, for sufficiently large spin, one naively expects such operators correspond to
vortex configurations in the trap. This was studied in CF T3, where multiple distinct scaling
regimes were shown to exist [190]. Moreover, one can generalize these results to NRCFT's
with a larger internal global symmetry group or study systems where the symmetry breaking
pattern is different. Potentially interesting examples include “chiral” superfluids [191], where
the rotational symmetry is additionally broken by the superfluid order parameter, or the vortex

lattice [192] where the translation symmetry is spontaneously broken.
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Chapter 9

The Spinful Large Charge Sector of
Non-Relativistic CFTs: From Phonons to
Vortex Crystals

We study operators in Schrodinger invariant field theories (non-relativistic conformal
field theories or NRCFT's) with large charge (particle number) and spin. Via the state-operator
correspondence for NRCFTs, such operators correspond to states of a superfluid in a harmonic
trap with phonons or vortices. Using the effective field theory of the Goldstone mode, we
compute the dimensions of operators to leading order in the angular momentum L and charge
Q. We find a diverse set of scaling behaviors for NRCFTs in both d = 2 and d = 3 spatial
dimensions. These results apply to theories with a superfluid phase, such as unitary fermions or

critical anyon systems.

9.1 Introduction and Summary

Superfluid states of matter are one of most fundamental examples of spontaneous symme-
try breaking and appear in countless systems from Helium-4 [193, 194, 195, 196] to neutron stars
[197]. Superfluidity is also a possibility for finite density states of scale invariant critical systems
[198]. Recently this observation has been used to perform explicit calculations of relativistic

conformal field theory (CFT) data, despite strong coupling[167, 168, 169, 170, 171, 199]. The
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key idea behind this is the fact that the large charge operators of the CFT correspond to finite
density states on the sphere, which spontaneously break the conformal invariance and U(1)
corresponding to the charge. Superfluid phenomenology then becomes relevant for describing
the large charge sectors of these CFTs. For example, another hallmark of superfluidity is the
formation of vortices upon insertion of angular momentum. Therefore states with vortices
correspond to large charge operators with spin, and calculating the energy of these vortices reveal
the spinning operator spectrum in CFT [190].

However, many interesting critical systems do not possess Lorentz symmetry. This
includes ultracold fermi gases at “unitarity”’, where observation of vortex lattices is perhaps the
most dramatic evidence for a superfluid ground-state in a system which exhibits an emergent
scale invariance[200]. At this critical point the system has a non-relativistic conformal symmetry,
or Schrodinger symmetry. This symmetry algebra plays a pivotal role in understanding numerous

physical systems!

. Examples include the aforementioned “fermions at unitarity”’[1, 2], as
well as systems comprised of deuterons [3, 4], 133¢s16], ¥ Rb [5],°°K [7], and various spin
chain models [95]. There has been significant progress in understanding the consequences
of Schrodinger symmetry and its realization in field theory.[94, 60, 59, 173, 99, 137] These
non-relativistic conformal field theories (NRCFTs) admit a state-operator correspondence akin
to their relativistic cousins. Operators with “particle number” charge are related to states in a
harmonic potential.[174] This has been exploited to calculate the energies of few-body quantum
mechanics systems in a harmonic trap. This correspondence also implies a way that the spectrum
of NRCFTs can be determined. The operators with large charge correspond to finite density states
in the trap. These states of matter sometimes admit a simple effective field theory description,

enabling semi-classical calculations controlled in the large charge limit [201, 177].

The simplest and most physically relevant possibility is that of a superfluid ground-state,

't is important to mention that Schrodinger symmetry is not simply the non-relativistic limit of the conformal
symmetry but rather an entirely distinct algebra [98].
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which is the situation we will explore here.> Extending upon the results of [190, 201], we study
NRCEFT operators which have both large charge and spin. Such operators correspond to either
phonon or vortex excitations of the superfluid. We then compute the leading order scaling of
their dimensions Ag ;. as functions of their angular momentum L and number charge Q and find

a diverse range of behaviors ind =2 and d = 3.

Trailer of the Results:

We compute the leading scaling dimension Ag ;, of spinning operators of a non-relativistic
conformal field theory as a function of U(1) charge Q and angular momentum L in the large
charge limit. The answers are determined up to a single Wilson coefficient ¢y in the EFT
description. We leverage the state operator correspondence to arrive at the result that depending
on the range of angular momentum, the spining operators correspond to different excitation
modes of the superfluid. For a smaller range of angular momentum, we find that they correspond
to phonon with angular momentum L. As we increase the angular momentum, we pass through
a regime where a single vortex becomes energetically favorable. If we further increase the
angular momentum, multiple vortices develop and the superfluid exhibits an effective “rigid

body motion” where we can neglect the discrete nature of the vortices.

2Tt should be emphasized that this is not the only possibility. Ultimately the question “Given this NRCFT, what
state of matter describes its large charge sector?”” depends on the NRCFT, which we treat as UV physics. However
we expect our results to be valid for a wide set of NRCFTs, including some of physical relevance such as unitary
fermions [200].
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In d = 2, the leading behavior has 3 regimes and is given as follows:

)
VL+Ag 0<L<Q'3
d=2 Agr=1/9LlogL+Ay Q' <L<Q 9.1)

2
V295 (&r) +a0 0<L< 0"

where Ag = % <\/#—CO> 03/ is the contribution from ground state energy in d = 2.

In d = 3 dimensions, we have 4 regimes, given by:

(
VL+Ag 0<L<Q
o (ghs) + 40 P <L<ohs
d=3 A= 9.2)
st /3 123 13
Ve L7 logL+Ag Q/"<L<Q
1024 (323N 0 [ 2 4/3
VB () (gn) vae  @<L<o

where Ag = %\/szn ( : 5\%%) ' 0*/3 is the contribution from ground state energy in d = 3 and
o is an undetermined O(1) coefficient. We make two remarks at this point. The first one is
that while for d = 2, the transition happens from a single phonon regime to vortex regime at
L~ Ql/ 3 for d = 3, there is a regime Q2/ I<L< Q3/ 9 where neither vortex nor the single
phonon solution gives the lowest energy. It is a cross-over describing the physics of a vortex

string forming near the boundary of the trap where our EFT is strongly coupled. The only well
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defined configuration in this angular momentum regime contains multiple phonons, and we
determine the scaling from that. The second remark is that the EFT description breaks down
whenever Ag ; —Ag ~ Ag , s0 we can not probe operators with larger angular momentum with
this method.

The rest of the paper is organized as follows. We briefly review the superfluid hydro-
dynamics and large charge NRCFT in section 9.2. The section 9.3 details out the contribution
coming from phonons and derives the regime where it is energetically favorable to have them.
Subsequently, we discuss the single vortex in d = 2 and d = 3 in section 9.4. The multi-vortex
and rigid body motion is elucidated in section 9.5 followed by a brief conclusion and future
avenues to explore in section 9.6. Some of our results and validity regimes are more appar-
ent in dual frame using particle-vortex duality which we elaborate on in appendix H.1. The
appendix H.2 contains a contour integral useful for calculating interaction energy of multiple

vortices in d = 3.

9.2 Superfluid Hydrodynamics and Large Charge NRCFT

In this section we briefly review the superfluid hydrodynamics in the Hamiltonian
formalism, specialized to the case of a Schrodinger invariant system in a harmonic potential
Ao = %mzrz. All of our results will be to leading order in the derivative expansion. For a more
in-depth review of the formalism, we refer to [176, 201, 177].

The low-energy physics of a superfluid is determined by a single Goldstone field ). The

leading order Lagrangian determines the pressure of the system:
d+2 1 2
L=coX 2T =P(X) X=doy—Ao— E(aix) (9.3)
The number density and superfluid velocity are defined respectively as:

oL d
n:aZCQ (§+1)Xg vi = =0 9.4)
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The action (9.3) has a U (1) symmetry of x — % + ¢ whose current can be written as:
JH= (n,nvi) (9.5)
The Hamiltonian density comes out to be:

H=nj—L=n <X +Ag+ %#) —P(X) (9.6)

Now, using the thermodynamic relation nX — P(X) = €(n): we can simplify (9.6) and express

the Hamiltonian as:

H= / dxH  H = %nv2+8(n) +nA 9.7)

Note that the presence of the harmonic trap implies the density is non-uniform and
vanishes at radius Rrr = ,/%. For most values of r the density is large and varies slowly

compared to the UV length scale \/Lﬁ However, the large charge expansion begins to break down

at R* = Ryr — & where d ~ ((02]#) T [201, 176]. There is a boundary layer of thickness & where
the superfluid effective field theory (EFT) cannot be trusted as it is no longer weakly coupled.
At leading order in the derivative expansion this does not effect the observables but leads to
divergences at higher orders.’

Given this set up, the ground-state at finite density corresponds to the classical solution

of %¢; = ut. The number charge of this configuration is determined from u by:

0= [ dxnalx) = co (%H) [ & (=40t %(g)d 9.8)

d
where L = [3+2)
o I'(d+1)

d
(2n€?)2. We can then compute the ground-state energy as function of Q

3These are UV divergences which can be canceled by counter-terms localized at this edge, as suggested by
Simeon Hellerman in a private communication.

183



using (9.7):

d d+1
EQ = /ddx [S(I’lcl) —f—l’lclA()] = 0)& (m) Qd 9.9)

Via the state-operator correspondence of NRCFTs, this semi-classical calculation deter-
mines the dimension of a charged scalar operator to leading order in Q as Ap = %Q. In particular,
we have obtained [201]:

280%?% for d=2
Ap = (9.10)

2EQY3 for d=3
In this work, we’ll be interested in excited state configurations which carry some angular
momentum. These will correspond to spinful operators in the large charge sector of the NRCFT's
which the superfluid EFT describes. The simplest of these excitations are phonons; smooth
solutions of the equation of motion with )., = ut + 7. Expanding 7 in modes 7, ¢, the Hamiltonian
can be written to leading order in the derivative expansion as:
H=Hy+ Y on0On T+ 9.11)
n,l
where o(n, /) is the dispersion relation for phonons:

1
(4, 4 4 2
on,l)=o <En + (4 3) n+ 3n€+€) (9.12)

for n is a positive integer and ¢ is the total angular momentum. The phonon wavefunctions are
given as f, s ~ (ﬁ)an,g(r)Yg where G, ¢ is a hypergeometric function and Y; is a spherical
harmonic. A state with M phonon modes of {n = 0,¢ = 1} can be identified as the descendant
operator 0" Op with dimension Ag + M. Additionally, NRCFTs have another generator of
descendants d; which corresponds to the phonon with {n = 1,/ = 0}. States that can be created

by adding phonons with other values of 7 and £ correspond to distinct primaries [201].4

4They are primary as they are by construction annihilated by the lower operators K and C which correspond to
Tp—0,0=1 and 7,1 y—o respectively.
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The other configuration of a superfluid that can support angular momentum is a vortex,
which gives rise to a singular velocity field of the condensate. This is a distinct semi-classical
saddle point which is not simply related to the ground state. It must therefore correspond to a
unique set of spinful charged operators present in all NRCFTs whose scalar large charge sector
is described by the superfluid EFT.

These two excitations, phonons and vortices, are the configurations of the superfluid we
know support angular momentum. In the rest of the paper we answer the question, what is the
lowest energy configuration of the superfluid for a given angular momentum? By answering
this and using the superfluid EFT defined above we compute the scaling behavior of operators

carrying charge and angular momentum.

9.3 Phonons

The simplest excited state(s) with angular momentum are phonons. From the dispersion
(9.12), we can see that the lowest energy configuration with angular momentum L is a single
phonon with n = 0 and ¢ = L. This is known as a “surface mode” as the wavefunction is nodeless

and supported mostly at the end of the trap. The energy cost of this single phonon is given by>:
AE = L2 . (9.13)

However the validity of (9.12) rests on the assumption that the phonon modes do not carry large
amounts of momentum. In particular, the surface mode wavefunction has fy ~ (%)ng which
for large / is increasingly concentrated at the edge of the trap. Once the support of the phonon
wavefunction is mostly within the boundary region of thickness &, we can no longer trust the
solution or the dispersion (9.12). This occurs when 1% becomes comparable to & [202]. This

. . 2
yields a maximum angular momentum for phonons: ¢,,,, ~ Q3.

Note this is parametrically lower in energy than in the relativistic case studied in [190], as the phonon spectrum
on the sphere is (¢) = y/3£({+1).
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Thus we have the following scalings for operator dimensions:

d=2 Agr=L*+Ay 0<L<QS 9.14)

d=3 Agr=L1+Ay 0<L<Q’ (9.15)

where Ag is the operator dimension determined from (9.9).

We can also consider multi-phonon configurations and ask ourselves whether it is en-
ergetically favorable to have a single phonon rather than multi phonon configuration, given
total angular momentum. In order to answer this, we assume that phonon interactions are
negligible, suppressed to leading order in the Q-expansion, so the energy and angular momentum
of multiple phonons add linearly. In particular, suppose we have Ny phonons, each carrying

angular momentum /. The energy and angular momentum to leading order is:
AE = oNyl> L =Ny 9.16)

This tells us that for a given angular momentum L, it is energetically favourable to have
a single phonon carrying the entire angular momentum rather than multiple phonons carrying it
altogether.%

As we’ll see below, naively a single phonon of ¢ = L would always be the most energeti-

One can also arrive at the same conclusion by considering Ny phonons, each carrying angular momentum ;.
The energy and angular momentum to leading order is then given by:

9.17)

AE=oY |67 L= ‘Zz,-

‘We have

AE = wZI&-\% = w\/2£i|+2\/|&||€,-| > co\/|):é,»| +Y 0\ /14l1e] > oV (9.18)

Hence, the minimum value is obtained when all the /; = 0 except one i.e. we land up with single phonon case.
On the other hand, if all the £;’s are along same direction, then using Cauchy-Schwartz inequality, one can obtain
AE < o(Ny) 1/2\/L, which implies that the energy would be maximized if each phonon carries angular momentum
of L/Ny.
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cally favorable configuration per angular momentum. However the cutoff of £,,,, ~ Q% means
we cannot trust this conclusion beyond L = ¢,,,,,. Multi-phonon configurations are in principle
valid for larger values of L.” The most energetically favorable of which has Ny phonons with

¢ = a5, Which gives the scaling:

AE = @LUppl?  Lypax ~ Q3 (9.19)

where we cannot determine the dimensionless coefficient from /,,,, as it depends on how we
regulate the cutoff region of size d. Nevertheless, the linear scaling in L means we can compare
to other configurations such as vortices. In particular, we will arrive at the conclusion that
whenever L > Q'/3, the minimum energy configuration with a given angular momentum starts
to be attained by vortex solutions.

For d = 2, the transition happens from a single phonon regime to vortex regime at L ~
Ql/ 3 while for d = 3, there is a regime QZ/ I<L< Ql/ 3 which is inaccessible by both the vortex
string and the single-phonon configurations. The most energetically favorable configuration,
consistent within the leading order EFT analysis, is therefore the multi-phonon configuration
above with a macroscopic number of phonons Ny ~ Qé at the upper bound L ~ Q%.

This would imply the following scaling for the operator dimension:
d=3 Agr=0lQ 1Ay 0¥ <L<Q'? (9.20)

where o is an unknown order one coefficient.

However the exact nature of this state appears to be related to UV physics of how a vortex
string configuration forms from surface mode phonons in the boundary region of the condensate,
which is inaccessible within our formalism. We therefore cannot give a full accounting of
this regime of angular momentum. Beyond L > Q% we can be confident the lowest energy

configuration is a vortex, as we’ll now discuss.

7Ny cannot be made arbitrarily large as the assumption that phonon interactions are suppressed breaks down.
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9.4 Single Vortex in the Trap

A vortex is a configuration of the superfluid with a singular velocity field carrying
angular momentum. The singular nature arises because of the relation (9.4) implying that v; is
necessarily irrotational except due to defects in the field ); configurations where [~dy = 2ms
for some integer s. In d = 2 these are particle like excitations while in d = 3 they correspond to
strings, these will be the dimensions we focus on in this work. In fact this language can be made
precise via particle-vortex duality, where vortices are “charged” objects under some dual gauge
field. Adapting this duality to the Schrodinger invariant superfluid has been done in Appendix
H.1 but it is inessential for describing the leading order results.

The simplest configuration in the trap is a single static vortex for which the condensate
order parameter changes by only 27.% The approximate velocity profile v; of such a configuration
is:

_e/(rj—R))

Vi = (r—R)2 (9.21)

where r is the radial coordinate in d = 2 or the axial coordinate in d = 3, and R is the location of
the vortex and we assume that the vortex is streched along the z axis.

The presence of the vortex changes the semi-classical number density, making it singular
at r = R. Before that point the density vanishes, implying a short distance cutoff for the superfluid
EFT. This is the ‘vortex core size’ a whose scaling dimension we can determine as follows.

One interpretation of the non-uniform density (9.8) is that the effective chemical potential

is distance dependent. In the presence of a vortex at r = R it is given as:

1 11
pefr(r) =p— Emzrz A RE (9.22)

This determines a locally varying UV length scale \/#;W The EFT, which is controlled in the

8This is in contrast to the CFT case where a minimum of two vortices are needed on the sphere to ensure
compatibility with the Gauss law.
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1

limit of large density, becomes strongly coupled at the length @ when a ~ Solving this

VHeff
equation for a gives the scaling relations’
1 1 1 1
d=2 a~ ———— d=3 a~— (9.23)
CRVIR Y R
TF TF TF

L
v

approaches the boundary of the trap, either in its placement R or along the length of the vortex

Near the center of the trap, a is on order the UV length scale However as the vortex

string in d = 3, the fact the density is depleted due to the trap implies the cutoff near the
vortex string must happen sooner [203]. As mentioned previously, the EFT is already strongly
coupled in the boundary region of size 8. Therefore the largest placements of the vortex we

can confidently study have R = Ryr — & where the core size scales as a ~ —— which is still

(hw?)3

parametrically suppressed in p.

Regulating this divergence as described above, the correction to the semi-classical number
density due to the vortex is subleading in y and therefore negligible for leading order results.
This implies the dominant contribution to the energy of a vortex configuration comes from the
kinetic energy of the velocity field.

The velocity field (9.21) does not define a stationary flow in the sense that 9;(mv') # 0
because of the inhomogeneity of the density. This inhomogenity will cause the vortex to precess
in a circle [204]. However since the density varies slowly, as previously discussed, the correction
to the velocity field due to this is suppressed in the large-charge expansion. Using particle-
vortex duality, this is equivalent to the assumption that particle sourcing the gauge field in
dual description has suppressed velocity, hence we are effectively dealing with an electrostatic
scenario. The details are relegated to the appendix H.1, in particular, the discussion after (H.15).

We remark that in dual frame, the cloud boundary is like a conductor, hence the tangential

electric field should be vanishing. This means the velocity field of the vortex should be such that

This is an equivalent condition to cutting off the theory when the velocity field sourced by the vortex becomes
comparable to the local speed of sound in the superfluid ¢? ~ % ~X.
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there is no radial outflow of particles out of the trap. Given this condition, one might worry that
the velocity field above does not vanish at the boundary Rrr. However, since we require the
normal component of the flow to vanish at the boundary i.e. N - (nv) = 0 where N is a vector
normal to the trap at boundary, the inhomogeneity of the superfluid comes to rescue and the
condition is trivially met by the vanishing of the density 7(x) at Rz [205]. 10

In what follows, we will be evaluating the energy and angular momentum of vortex

configurations in d = 2 and d = 3 spatial dimensions.

9.4.1 Single vortexind =2

Let’s first work in d = 2 with the velocity field given by (9.21). The difference in energy
between the vortex state and the ground state can then be computed from the kinetic energy of

Hamiltonian (9.7) as:

1 r? 1
AE = [ &®x —m? = /d2 1— 24
/ X 2nv col X R%F (r—R)? (9.24)

As mentioned, there is a divergence at r = R which we will regulate by assuming a vortex core

size of a(R) ~ —L_ where y, ff=Mu < — RRT2). Evaluating the integral (9.24) gives:
TF

HMeff
R? Rrr 1 R?
AE = 2comu (1——) {10g< ) + ~log (1—— — 1| +comu+0(a)  (9.25)
Rip 2a(R)) 2 Rip

We can also compute the angular momentum via the integral:

L— / xny X r (9.26)

10T his is generically known as a “soft boundary”. Had we been dealing with homogenous fluid with non vanishing
density at boundary, we ought to consider a mirror vortex configuration to ensure the imposition of N - (nv) = 0,
this is just like considering the mirror charge while solving for electric in the presence of a conductor. Regardless,
such modifications to the velocity field in the boundary region of the inhomogenous condensate give suppressed
corrections to our leading order results below.
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For our configuration the angular momentum is entirely in the Z direction with magnitude:
Ry 2 e R2\?
L:47tc0y/ drr(l—T) :27tc0—2 <1_T> (9.27)
R R7F (’) R7F
where we’ve used §,v-d€ = 2 for a circle centered at the origin of radius > R, and otherwise
vanishes.

As one can see, it is energetically favorable for the vortex to appear at the edge of the
cloud R ~ Rrr. However we cannot trust the solution in the regime of low density near there for
reasons previously discussed. Therefore the largest distance the vortex can be where we have
confidence in the validity of the semi-classical approximation is R* = Ry — 9. This gives a
minimum angular momentum, of the vortex configuration Ly, ~ Q%. The largest value of the
angular momentum occurs when the vortex is in the center at R = 0 with L, ~ Q.

Combining these results gives the leading order expressions for the operator dimensions

in terms of L and Q as:

1
d=2 AQL:,/?\/ZlogHAQ 03 <L<0Q (9.28)

9.4.2 Single vortex ind =3

Let’s consider the case of d = 3 now. The minimal energy excitation is a single vortex
string. The string must necessarily break the spherical symmetry of the trap. We will consider
the string being stretched along the z-axis, ensuring that all the angular momentum is L = L..!!

The energy of the vortex string again comes from the kinetic energy and can be evaluated

as:

3 1 2 Z(R)
AE = / &Px = = / dz T(2,R) (9.29)
2 ~Z(R)

A curved string will generically have to be longer in order to carry the same angular momentum, as parts of
the velocity field it sources will cancel against each other. The longer strings will be energetically more expensive,
making the straight line configuration energetically favorable to leading order.
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where T'(z,R) is the tension of the string and Z(R) = Ryp (1 R2 > defines the integration
TF
bound along the length of the string.

The tension can be computed via a similar integral in d = 2 as:

rer) =~ [Par [Ta !
(Z7 )_E/O rr 0 ¢n(r,z)< _R)Z

— (R, 2) {log (;Zg) “log (1 + FE’Z(Z;))} 4o (9.30)

3
where - - - refer to the non logarlthlmlc pieces. Here n(r,z) = 3cop? (1 — —( +z )) * is the
T

number density, r(z) = Rrp/1 — 5— 1s the radial (radius in cylindrical co-ordinate) size of the
trap at a height z and r(z,R) = RTF1 / 1— ZRéTf' Integrating the leading logarithimic piece along

the string length gives the energy:

AE = /Z(R) dz nn(R,z)log (r(z,R))

~Z(R) a(z,R)

2\ 2 2
D cot’*Rrp (1 - RR—> {log (1 - RR—) +log (RTF\/_)} (9.31)

16 TF TF

Evaluating the angular momentum of this configuration is similar to d = 2 and yields:

3
Z(R) r(z) 5 2 2\ 2 5 3 R2 3
L= / dz / drr —co,u% (1 - #) _ 2T <E> (1 - T) (9.32)
-Z(R)  JR 2 R7p 8v2 \© Rip

Again the lowest allowed value of the angular momentum occurs for a vortex at R* =

1 . . .
Rrr — 0 and scales as L,,;,, ~ O3 while the maximum occurs at R = 0 with L, ~ O.

Together these results imply the scaling:

d=3 A —(5“4CO>1/3L2/310 L+A, Q3 <L<Q (9.33)
Q.L 8\/§ g 0 = .

This determines the leading order dimension for the operator which creates the vortex
string but we can also study the spectrum of operators above it. For example, the presence of a

vortex string along the Z-direction should split the phonon m degeneracy in (9.12). Treating this
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perturbatively, such a splitting is suppressed in the charge'? Q [203].

Besides phonons, there are unique excitations of the vortex string related to displacements
of position. These are known as “Kelvin modes” and they define another set of low-lying
operators above the one which created the vortex string. These modes are basically the radial
displacement of the vortex core from the original axis. For long wavelength modes ka(z,R) < 1
and in the regime where z < Ryr, we can effectively assume that density is uniform!3. Under
this assumption, followed by considering a situation where the amplitude of the displacement is

small, we have the standard result quoted in superfluid literature i.e. (k) ~ %kz log m, where

a(R) = \/iﬁﬁ is the vortex core size via (9.23). We remark that the boundary conditions
R
on the string should quantize k ~ , so there is an approximate continuum of such operators

above the gap to create a single vortex string. The spacing of these modes and exact dimensions

are only visible at higher orders in the Q expansion.

9.5 Multi-Vortex Profile

Consider a collection of N,, vortices at locations R; with winding numbers s;. The velocity

field of such a contribution is additive and described by:

Ri)
v:Zi:V, Zsz ]r RP :>V><v:zi:si6(r_Ri) (9.34)

Because the angular momentum is linear in the velocity field, this implies the total angular

momentum of the system is given by the sum of the individual ones:

2N\ 2
2mco () gsi (1— =) d=2
L=Y1= RO 9.35)

120ne could also consider the energy of a vortex-phonon configuration. The “interaction energy” between the
two is given as [ d?x Viorrex - 0T which is also suppressed in the Q expansion.
B3For work going beyond this approximation in non-uniform condensates, see [206].
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For vortices far from the boundary, where % ~ O(1) (as opposed to Q suppressed number),
we have that L; ~ s;0.

We can compute the energy of a generic multi-vortex configuration explicitly from
this velocity field (9.34). The energy breaks up into single-vortex contributions and pair-wise
interaction energies:

AE = %/ddx n? :;EiJr;j;Eij (9.36)

where the single vortex energy is already computed as

N ® %s?\/LilogL,- d=2
E; = E/d xnv; = 13 y (9.37)
5
w(é‘—ﬁ) 2L logl; d=3

and Ej; is the interaction energy given by:
El'j = /ddx nvi-vj (9.38)

In d = 2 this integral evaluates to:

E;j 1e,~-1ej)10 (R‘}F+R$R§—2R§FR,~-RJ~>

= =Tcou | 1—
SiSj H < R%‘F (Ri _Rj)4

(9.39)

1
- 27TCO,URT (R? + R —R7p)

TF
1 R, X R;
+2mcou——|R; X Rj| arctan <2|l—J|>
R7p R7r —Ri-R;

where R; and R; are the positions of the vortex pair with R; > R; assumed without loss of

generality. To leading order in the charge and small vortex separation this simplifies to:

RrF

—_ 4 ... (9.40)
[R; — R}|

E,'j ~ S,’SJ"LIIOg

This piece is the result of the singular nature of the vortices and describes their interaction. The

analogous result of (9.39) for d = 3 is not analytically tractable, but the leading interaction piece
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in the charge and small vortex separation is given by:

RrF

S L (9.41)
|Ri — R

EU ~ sl-sj,u%RTF log

One can extract several physical features of the multivortex profile using the expressions
above for the energy. First of all, the minimum energy configurations per angular momentum
will have s; = 1 for every vortex as the energy scales quadratically in the charge but the angular
momentum only scales linearly. The angular momentum for the entire configuration then scales
as L ~ N, Q assuming % ~ O(1). Secondly, we remark that the logarithmic terms (9.40)
and (9.41) imply that the minimal energy configuration will generically be a triangular array of
vortices[207, 208]. Empirically this structure persists as the number of vortices is made large,
even in the presence of a harmonic trap[200].

In principle the energy, and therefore the operator dimension, should be found by
fixing the angular momentum and varying over the positions R; to find the minimum energy
configuration. However, for N, ~ O(1) the interaction is negligible and the energy will scale as
E ~ N,E, where E, is the energy of a single vortex placed in the center of the trap. To consider
L parametrically larger than Q we must consider N, > 1. While we cannot exactly analyze
(9.36) in this limit, we are justified in approximating the vortex density as a continuous quantity,
corroborated by the fact that in this limit the interaction energy dominates and has terms which

go as sz,u%R‘%;z ~ L?/I, where I is the moment of inertia, given later by Eq. (9.47).

Continuum Approximation: We can take advantage of the fact the vortices are dense to

coarse grain (9.34) and replace it with a continuous velocity field which satisfies:
7§ v-d€ = 27N, (C) (9.42)
C

where N, (C) is the number of vortices in the area enclosed by the curve C. Let L be the angular

momentum (to be precise the z component of the angular momentum) of the configuration. We
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take a variational approach, minimizing the energy over smooth v with fixed L. To this end,

define:
1
:—/ddxnvz—g(/ddxn(rxv).z—l,> (9.43)
/ dhxn(v— Q2 x r)? / dx i+ OL (9.44)

where Q is a Lagrange multiplier to fix the angular momentum. From (9.43), we can see that the
minimum energy velocity field is that of a rotating rigid body with uniform vortex density:

Q2 Q2
v:szr:>AE:7/ddxnr2:71 (9.45)

where [ is the moment of inertia of the condensate, computed from the density as:

1= / d%x n(r)r?. (9.46)

and Q can be determined via its relation to L as Q = % Now the moment of inertia I evaluates to

3
5 (Gramel) d=2
I= 9.47)

51 4_1 25 (25mt\ /0 4 _
| 53900 (m(ﬁg) Q3 ) d=3

Using (9.42) and (9.45) we can also determine that the angular momentum of the configuration

scales as L ~ N, Q as expected from (9.35). Consequently, the energy is that of a rigid body with

angular momentum L and is given by:

LZ
AE ==, (9.48)

Notice that this leading order result is independent of the trap and the inhomogeneity of the

density. Corrections will arise from the inhomogeneity of the trap and the discreteness of the

vortices, but they are subleading in N, and suppressed in R7r [204]. Indeed, that there are terms
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in the energy which scale as NV, being neglected is visible in (9.36).
We remark that there are constraints of the vortex density of the system. The vortex

spacing A should be larger than the vortex core size i.e. A > a ~ ——. Beyond this limit we

VHeff”
expect interactions to be strong and the EFT description to break down [209]. Now, in a scenario
where we have multiple vortices, a rough estimation yields that

Ry VO d=2

Ny~ =h (9.49)

(0" d=3

where / is the typical angular momentum of a vortex in the multivortex configuration. Thus in
d = 2, the maximum angular momentum configuration that one can reach within the validity
of the EFT corresponds to a maximum density of N, ~ Q. Physically this means most of the
vortices are near the center and ¢ ~ Q and the total angular momentum L ~ Q. Ford =3
this corresponds to N, ~ Q%3 which is less than Q because the vortices are extended objects
and the total angular momentum amounts to L ~ Q5/3. But our EFT breaks down before this.
Using particle vortex duality as in H.1, one can see that the EFT breaks down when the electric
field becomes comparable to magnetic field. This means that the EFT breaks down when the
contribution coming from rigid body rotation becomes comparable to Ap. Hence, the maximum
angular momentum that can be attained within the validity of our EFT is L ~ 03/?ind =2 and
L~0*3ind=3.

These determine the absolute limits on the angular momentum accessible within our EFT

and together with (9.48) and (9.47) imply the following operator dimension scaling:

9con [ L?
d=2 AQ’L:’/CT()(W) Ag Q<L<Q? (9.50)
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The above constitute the main results of this section.

9.6 Conclusions and Future Directions

To summarize, we have calculated how the dimensions of operators in NRCFTs scale
with number charge Q and spin L in the limit of Q >> 1 via the state-operator correspondence.
The NRCFTs under consideration exist in d = 2 and d = 3 and by assumption are described
by the superfluid EFT. This allows for explicit calculations by studying phonon and vortex
configurations of the superfluid. We expect applicability of our result to “fermions at unitarity”
and certain conformal anyon theories, as well any other NRCFT with this symmetry breaking
behavior in its large charge sector[174, 186, 185, 187]. In fact the superfluid state of unitary
fermions in a harmonic trap has been experimentally observed, including the formation of
vortices [200].

The most direct extension of these results would be to go to beyond the leading order
scaling. To do so would require reasoning about the divergences associated with the vortex core,
the size and structure of which is entirely determined by UV physics. It should be possible to
regulate such divergences by considering operators localized on the vortex. Such a procedure in
the relativistic effective string theory was worked out in [210, 211] and the effective string theory
of vortex lines in superfluids was explored in [212]. A similar analysis has also been applied to
divergences of the superfluid EFT near Ry, associated with the dilute regime of size o [213] .

It would be especially interesting to study other possible symmetry breaking patterns,
such as those relevant for chiral superfluids [191]. As mentioned in this large angular momentum
regime the vortices are arranged as a triangular lattice. Deformations of this vortex lattice are

a novel excitation in this limit, known as “Tkachenko modes’ [214]. Presumably these excited
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states would correspond to a tower of low-lying operators above the operator which creates the
vortex-lattice. However, treatment these modes and corrections to the results (9.50) and (9.51)
would require us to think about a new EFT which captures the spontaneous breaking of spatial
symmetry by the vortex lattice. This EFT has been worked out by [192] and may be adaptable to
the Schrodinger invariant case in a trap. Especially interesting would be systems with a Fermi
surface, however such a critical state must necessarily be a non-fermi liquid following the results
of [175].

While our EFT is not valid at larger angular momentum'#, it is interesting to ask if there
is an analog of the large spin expansion when L ~ A for NRCFTs. The techniques for NRCFT
bootstrap are not well developed, but see ref [173]. It is interesting to note that unlike in CFT,
there is no unitary bound restricting L < A as spin can be treated as an internal degree of freedom.

Another interesting direction would be to consider correlation functions of charged
spinning operators in these NRCFTs. The universal scaling of the 3-point function and higher
are all explicitly calculable within this EFT, as was done for scalar charged operators in [201].
In relativistic CFTs this was worked out in [190, 169] for certain operators. We leave this and

other questions for future work.
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14A similar issue occurs in this approach to CFTs [190]
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Chapter 10

Modular Invariance and Cardy Formula

The symmetry algebra of conformal field theory (CFT) in different dimension is highly
constraining in determining the behavior of various physical quantities. In fact, knowing the
operator spectra, the three point coefficients and making sure that crossing symmetry is satisfied
is powerful enough to completely specify a CFT. In 2 dimensions, the conformal algebra gets
extended to its infinite dimensional avatar, named as Virasoro algebra This provides us with
immense analytical control over 2D CFT. It so turns out that one can consistently define 2D CFT
on any Riemann surface of arbitrary genus, the simplest non trivial of which is a genus 1 surface,
also known as torus.

In this chapter and the next one, we consider a 2 dimensional CFT on a torus. Physically
this means that we are considering a thermal CFT living on a spatial circle of length L, at an
inverse temperature 3: it can be thought of as obtained by doing a path integral over a square
torus. The two cycles of the torus represent the thermal cycle of length  and the spatial circle
of length L. Since the CFT is scale invariant the thermal partition function satisfies following

functional form:

Z(B,L)=Z (%) (10.1)
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On the other hand such a square torus can be assigned a modular parameter t,which is defined as

_B
L

T (10.2)

The eq. (10.1) implies that the partition function of a CFT on a torus is a function of modular
parameter T only.

One can generalize the square torus to a non-square one by extending the domain of
definition T from the positive imaginary axis to whole upper half plane. We require Im(7) to be
positive since the cycle length is a positive number. The statement of the scale invariance of CFT
remains the same: the partition function Z is still a function of 7. In fact, this fact is manifest
in the definition of the torus partition function of 2 dimensional CFT. In particular, the torus

partition function of 2D CFT is defined as
Z(t,x) =Y "5 % (10.3)

where we have used the fact that 2D CFT has two copies of Virasoro symmetry, the holomorphic
and the antiholomorphic one. Here we have ¢ = exp (2m:t) and § = exp (—2mT) and the sum is
over the spectrum of the operators with conformal weight (h, /). From here on, without loss of

generality, we will assume L = 27 and consider a square torus:
C
Z(B) =) exp [—B <Ai - ﬁ)] (10.4)
A;

= /OoodA p(A)exp [—B <A— %)} , p(A)= ;S(A—Ai) (10.5)

where A; = h; + h; is the scaling dimension of the operators in the CFT spectra.
Now let us understand the torus in a more geometric way. A torus can be thought of as a
plane with points identified if they are separated by a vector of the form n;0t; 4 n,0; for two

linearly independent vectors @; and two integers n;. Now one can do a following transformation
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on the basis vectors 0;:

Bl a b (0 5
= , where ad —bc=1, a,b,c,d € Z (10.6)

Bz c d (05)
This transformation forms a group SL(2,Z) and maps the torus to itself. The action of SL(2,2)
on the modular parameter T is given by

at+b
’_> )
cT+d

a,b,c,de Z& ad—bc=1 (10.7)

and known as modular transformation. Since under modular transformation the torus gets
mapped to itself, the partition function stays invariant. Hence we arrive at the statement of

modular invariance of torus partition function:

_ at+b at+b
Z =7Z| — — 10.8
(%.7) (c’c-l—d’c"c-l—d) (10.8)

The Cardy formula [217] for asymptotic density of states is then derived by leveraging the above
modular invariance of the torus partition function.
There are two basic kind of modular transformations, which can be used to compose any

arbitrary modular transformation:
1
S:it— — p (10.9)
T:1—1t+1 (10.10)

For a square torus, which we will be interested in, the S transformation exchanges the thermal

and spatial circle and does the following mapping (shown in fig. 10.1)

2
B 4% (10.11)
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Torus with t=3*f

Modular transformed torus with t=2*§

Figure 10.1: S modular transformation on square torus. The torus on the top has T = % while

the bottom one has T = %

In terms of inverse temperature 3, the statement of the modular invariance boils down to:

Z(B) :z(%) . (10.12)

We emphasize that the above equation is at the heart of the Cardy’s analysis. It relates the
low temperature behavior of Z with its high temperature behavior. At low temperature Z(p) is

dominated by the ground state i.e. A = 0 (and controlled by the universal parameter c, the central
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charge of the 2D CFT) and we have

c

2(p) = ew [Bﬁ} (10.13)

Now in order to obtain the high temperature expression, we note that 3 — 0 implies that
B’ = 4n? /B — oo, thus we have the high temperature behavior of the partition function:
2B) = Z(B) = exp|Bs5| =exp |5 (10.14)
B—0 B/ —eo

On the other hand, the eq. (10.5) gives us a formal expression for density of states as an inverse

Laplace transform of partition function:

p(8) = [ dBz(B)exp [B(a- )] (10.15)

For B — 0 limit, the partition function Z(3) is dominated by the heavy states with large scaling
dimension A — . Thus in the eq. (10.15), if we substitute Z(p) with its high temperature
approximation, given by the eq. (10.14) and are able to perform the integral, we should obtain

the expression for asymptotic density of states. The result of these procedure gives us

p(A) ~ n\/gll ( ;((AAIS» (10.16)

The true density of states is a sum over Dirac delta function and it can never be equal to

the smooth function appearing in the eq. (10.16). To emphasize on this point, let us rename
(following the convention in [232]) the density of states appearing in the right hand side of the

eq. (10.16) as pp(A) to distinguish it from the actual density of states i.e. we define

po(A):n\@h< %(A_TCZ)>. (10.17)

As the eq. (10.16) is only an approximate formula, one legitimate question is to ask how

accurate the formula. One way to circumnavigate this problem is to integrate the density of
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states upto some cut-off dimension A and then compare with the actual number of states below
that cut off.

It is clear that even after integrating the po(A’) upto some cut-off A, we should trust
the expression only for large A. The question that arises naturally at this point is upto which
order we should trust the Bessel function appearing in the expression for pp(A). In short, the
above method is completely blind to the error term. Nonetheless in the leading order, it does an
amazing job as can explicitly be seen from the fig. 10.2 and fig. 10.3. On the vertical axis of the

plots we have F(A) defined as

A
F(A) = /0 A p(A)) (10.18)

On the other hand, if we try to go on including the subleading approximation of the
Bessel function appearing in the eq. (10.16), we can see that the error goes up as witnessed
in fig. 10.4. We remark that the difference between the red curve and the black curve is not a
constant shift, rather a function A, which goes to 0 from the negative side as A — oo, this can be
seen from fig. 10.5. This motivates us to perform a more careful refinement of Cardy’s analysis.
This is where the techniques inspired from Tauberian theorems come handy. The usefulness of
Tauberian theorems in the context of CFT is pointed out in [228]; subsequently, its importance
was emphasized in Appendix C of [219], where the authors used Ingham’s theorem [229]. The
fact that going out to the complex plane while using Tauberian theorems would provide extra
mileage in controlling the correction terms in various asymptotic quantities of CFT, has been
pointed out in [230]. In particular, the use of [231] turned out to be extremely useful in this
context.

In what follows, we consider an energy window of width 20, centered at some large A.
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Figure 10.2: Integrated density of states upto A as a function of A and its approximation due to
Cardy formula for 2D Ising model, the figure on the bottom is the zoomed version of the one

on the top.

We estimate the number of states lying in that window i.e we estimate the following quantity:

A+d
fis

dA p(AN) = /OmdA’ p(AN® (A € (A—8,A+3)) (10.19)

and the microcanonical entropy associated with the interval

The rest of this chapter is a brief review of [232], which acts a precursor of the following chapter.

A+
Ss = log </A—6 dN p(A’)) (10.20)

The result of [232] which is going to be relevant for our purpose is as follows:

A+5
Ss = log (/A—8

o) o[ L (S
dA p(A)) = o 3+4log(3A3 +5(8,A), (10.21)

206



—— Monster — Cardy formula

4x1075 -
3x1075 -

2x1075 -

1x1075 J
L L L )

50 100 150 200

—— Monster — Cardy formula
F(B)
8x10% -

6x10% -

4x10%

2x10%

99 100 101 102 103

Figure 10.3: Integrated density of states upto A as a function of A and its approximation due to
Cardy formula for Monster CFT with ¢ = 24, the figure on the bottom is the zoomed version of
the one on the top.
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Figure 10.4: Difference between Integrated density of states upto A and its approximation due
to Cardy formula as a function of A for 2D Ising model and Monster CFT, the figure shows that
including the subleading term from the naive analysis actually increases the error.
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Figure 10.5: The difference between the error using the right Cardy formula and the wrong one
as a function of A for 2D Ising model and Monster CFT, the figure shows that the difference

goes to 0 from the negative side as A — oo.
For O(1) energy width, the O(1) correction s(3,A) is bounded from above and below:
d=0(1): s_(3,A) <5(8,A) <s54+(3,A)

and these functions s+ are given by

where MZ(9) is defined as

x (7)) (o (m)) ay

202, 8> % ~0.54.

MZ(8) =

Here, a, ~ 3.38 satisfies a, = 3tan(a,/4). The function mz(d) is defined as

2®-2%)
%, V3 <5< 3 ~095,
mz(8) =
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Furthermore, it is shown in [232] for A — oo:

dAN p(A) >0if §>

A+d
/ ! V3 (10.27)
A5 T

i.e. the asymptotic gap between operators is bounded above by 2\/% . Even though this is trivial
due to the presence of descendant operators since within a window of width just greater than 1
there would always be one descendant, the nontriviality comes from the fact that the same bound
applies to the asymptotic gap of Virasoro primaries. This led them to conjecture that the optimal
asymptotic gap of Virasoro primaries is exactly 1. And this has to be the optimal one, since
Monster CFT saturates the bound. The following chapter proves this conjecture made in [232]
involving the asymptotic gap between primaries and improves the bound s+ on O(1) correction
to the Cardy formula.

We start with two bandlimited functions ¢+ such that they are just above and below the

indicator function @ centered at A with width of 23 i.e. we have
0_(A) <O < (A (10.28)
One can obtain from the above the following inequality
PADBN o (A) <@ < PATHBNG (A7), (10.29)
which, upon integrating against the density of states p(A) gives
P(8=3) /0 TAN o (A)p(A)e P < explSy] < PA+D) /0 Tdn o (M)p(A)e Y (10.30)

Let us go to the Fourier domain to analyze the terms that are bounding from the above
and the below. This is exactly where the bandlimited nature of the functions ¢+ plays a huge

role. In terms of ¢ (A') = [ e " (t), we have
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eP(A=3) /oo dt O_ ()Y (B+11) < exp[Ss] < PO /°° dt o ()Y (B+ut) (10.31)

where we have

c

12] Z(B+1t) (10.32)

Y(B+u)=exp [(B +1t)

At this point B is arbitrary, but we know that at the end of the day we are interested in asymptotic
density of states and hence we expect to set 3 to be very very small. In the naive analysis, we
have seen that the expression for partition function for small B is obtained by doing modular

transformation. Here also we implement a similar transformation and obtain:

- 2 “ ’
eB(A5+c/12)/ It &)(I)ezzc/uz( an ) <% < eB(A+8+c/12)/ dt §_(1)e"/?z (ﬂ)

B+ u P+u
(10.33)
Now we write the partition function as
Z(B) =2ZL(B)+Zu(B) (10.34)
Z1(B) = exp|—B (A — = (10.35)
‘ A,<AZH">1C2 [ ( 12”
Zn(B) = exp|—B (A — = (10.36)

Now from the naive analysis, we know that the smooth function py(A’) actually reproduces the
leading term of the partition function at small . To make sure that this is indeed the leading
expression i.e. to say that the contribution to the partition function coming from the heavy states

i.e Zy is suppressed, we need the bandlimited functions ¢ . In fact, one can show that if the
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A~

0.+ (¢) has support within [—27,27], this is indeed the case and we have for B = 1,/53 — 0:

exp[B(A~3)] [ da po(a)e Po_ (&) < ¢ < exp[B(A-+3)] [ da po(a)e Mo, ()

(10.37)
By evaluating the above integrals by saddle point approximation:
A+0
c_po(A) g/ dA p(A') < cipo(A), (10.38)
A—d

This equation would be one of the key equations that is used in the next chapter. Here c4 is

defined as

1 loe)
o= E/w dx 0 (A+ 8%). (10.39)

The details of the the subleading nature of Zy and the derivation of the eq. (10.39) can be found

in [232]. The functions leading to the eq. (10.23) is given by

F (AT T (AL-a)\1?
) (A’) B sm( ) > sin (—4 ) (10.40)
R AL AL (A=A) ’ '
i 7 7
L (A (A-A)\T?
SN | ——4——~ AN —A 2
A=

It turns out that the bound on the O(1) correction to the Cardy formula, obtained in [232]
is not the optimal one. One can improve the bounds by choosing different ¢ subject to the
constraint (10.28) and the bandlimited nature of the functions ¢. This will be the main topic of

our next chapter.
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Chapter 11

Bounds on density of states and spectral
gap in CFT,

We improve the recently discovered bounds on the O(1) correction to the Cardy formula
for the density of states in 2 dimensional conformal field theory at high energy. We prove a
conjectured upper bound on the asymptotic gap between two consecutive Virasoro primaries
for a central charge greater than 1, demonstrating it to be 1. Furthermore, a systematic method
is provided to establish a limit on how tight the bound on the O(1) correction to the Cardy
formula can be made using bandlimited functions. The techniques and the functions used here
are of generic importance whenever the Tauberian theorems are used to estimate some physical

quantities.

11.1 The premise and the results

Modular invariance is a powerful constraint on the data of 2D conformal field theory
(CFT). It relates the low temperature data to the high temperature data. For example, using
the fact that the low temperature behavior of the 2D CFT partition function is universal and
controlled by a single parameter c, the central charge of the CFT, we can deduce the universal

behavior of the partition function at high temperature and thereby deduce the asymptotic behav-
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ior of the density of states, which controls the high temperature behavior! of a 2D CFT [217].
Similar ideas can be extended to one point functions as well, where the low temperature behav-
ior is controlled by the low lying spectra and three point coefficients [218, 219]. Yet another
remarkable implication of the modular invariance of the partition function is the existence of
infinite Virasoro primaries for CFT with ¢ > 1. Significant progress has been made in recent
years towards exploiting the modular invariance to deduce results in 2D CFT under the umbrella

of modular bootstrap [220, 218, 219, 221, 222, 223, 224, 225, 226, 227].

Recently, with the use of complex Tauberian theorem, Mukhametzhanov and Zhiboedov
[232] have explored the regime of validity, as well as corrections, to the Cardy formula with
great nuance. In particular, they have investigated the entropy Sg associated with a particular

energy window of width § around a peak value A, which is allowed to go to infinity, and found

A+d cA 1 cd*
. / / ~ = - 7
Ss =log (/AS dA p(A)) A:WZJT:\/ 3 —|—4log<3A3) +5(3,A), (11.1)

where p(A) is the density of states, given by a sum of Dirac delta functions peaked at the
positions of the operator dimensions. It is shown in [232] that for O(1) energy width, the O(1)

correction s(9,A) is bounded from above and below:
§=0(1): s_(5,A) < 5(5,A) < 5:(5,A) (11.2)

The purpose of the current note is to improve the bound and provide a systematic way
to estimate how tight the bounds can be made using bandlimited functions. We also prove the
conjectured upper bound on the asymptotic gap between Virasoro primaries, which turns out to

be 1. This gap is optimal since for the Monster CFT, the gap is precisely 1.

"The fact that the modular invariance of CFT can predict the asymptotic density of states is explicitly stated in
[215]. One usually takes the inverse Laplace transform of the partition function to deduce such behavior; similar
techniques also appeared in [216]. We thank Shouvik Datta for pointing this out.
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Figure 11.1: Exp|s4] as a function of §, the half-width of the energy window. The blue line
is the existing bound. The orange line denotes the improved bound that we report here. The
green line is the analytical lower (upper) bound on the upper (lower) bound, while the brown
dots stand for the lower (upper) bound on the upper (lower) bound obtained from enforcing the
positive definiteness condition on the Fourier transform of +(¢;. — ®) via Matlab. The bound
on bounds represented by the green line is thus weaker than that represented by the brown dots.
The brown shaded region is not achievable by any bandlimited function.

Our results can be summarized by figure [11.1], where the green line and dots denote
the lower (upper) bound on the upper (lower) bound. The orange lines denote the improved
achievable bounds. The brown dots stand for the lower (upper) bound on the upper (lower)
bound obtained from implementing the positive definiteness condition on the Fourier transform
of £(¢+ — ®) via Matlab. The bound on bounds represented by the green line is thus weaker
than that represented by the brown dots. In short, the brown shaded region is not achievable by
any bandlimited function.

In particular, we show that the upper bound on s(3,A) is given by

.

MZ(8), §<0.73

expls(8,4)] = § 3 (1182+i—§) . 0.73<5<0.785 (11.3)

1.7578, &> 0.785

\
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where MZ(9) is a function introduced in [232] and defined as

() = T (?)3 (sin (”75))4 L 8<% 054 G

202, 8> % ~0.54.

Here, a, ~ 3.38 satisfies a. = 3tan(a./4). Eq.(11.3) is an improvement of the upper bound for

0 > 0.73, as evident from figure [11.4].

The lower bound s_ (8, A) is given by

165
mz(3), L <d< ¥V 0094,
52745 165
expls_(8,A)] = 3<“4053 )7 T _5<1, (11.5)
0.5, d>1

mz(8) = § (11.6)
T ~046, &5>3.

The eq. (11.5) is an improvement of the lower bound for & > 0.94, as evident from figure [11.4].
One can verify the above bounds against 2D Ising model, Monster CFT and k = 2
extremal CFT, as witnessed in the series of figures 11.2 and 11.3 for different values of 8. The
rest of the paper details the derivation of the above. In section 11.2, we derive the improvement
on the bound on the O(1) correction to the Cardy formula. Section 11.3 describes a systematic
way to estimate how tight the bound can be made. We derive the optimal gap on the asymptotic

spectra in section 11.4 and conclude with a brief discussion in section 11.5.
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Figure 11.2: 5. as a function of J, the half-width of the energy window. We verify the bounds
against the value obtained from 2D ising model, where the partition function and its g expansion
is known explicitly. This is done for various arbitrary values of . The black line denotes the
upper bound while the red line denotes the lower bound.

11.2 Derivation of the improvement

The basic ingredients for estimating the asymptotic growth of the density of states are

two functions ¢ such that the following holds:
0_(A) <O (A €[A-3,A+3]) <o (A). (11.7)

We refer the readers to section 4 of [232] for details of the procedure leading to a bound when A
goes to infinity. The basic result can be summarized as:
A+3

c-po(&) < [ dn p(&) < cipo(8) (11.8)

216



Monster,5=0.875 — Upper bound — Lower bound Monster,6=1 — Upper bound — Lower bound
$(0.875,4) s(1,4)
05f 0sF
00 1000 2000 3000 4000 5000 6000 7000 800 . . . ! ! A
200 400 600 800 1000
-0.5F
05
-1.0F
-1.0F
150
sk
Monster,6=1.7 — Upper bound — Lower bound k=2 Extremal,6=1.05 — Upper bound — Lower bound
s(1.7,8) $(1.05,0)

0.5+

I | I L I | i N
1000 2000 3000 4000 5000 6000 7000 8000

b

1 | I I I I I ]
A
1000 2000 3000 4000 5000 6000 7000 8000

Figure 11.3: s, as a function of J, the half-width of the energy window. We verify the bounds
against the value obtained fromMonster CFT and k = 2 extremal CFT where the partition
function and its ¢ expansion is known explicitly. This is done for various arbitrary values of d.
The black line denotes the upper bound while the red line denotes the lower bound.
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where po(A) reproduces the contribution from the vacuum at high temperature and is given by

po(A):n\/gh <2n g(A:%)>®<A_£>+8<A_1_Cz>' 11.9)

12

The above is in fact the leading result for the density of states at high energy. Furthermore, c is

defined as

1 e}
ci:i/_w dx ¢4 (A+0x). (11.10)

The eq. (11.8) holds if the Fourier transform of ¢+ has a support on an interval which lies entirely

within [—2m,27]. With this constraint in mind, we consider the following functions:

L (A(A-A)\7°©
sin <+T> (A’—A)2

(11.12)

L (A=A
Sin (T) (A/ —A)2
0-(A) = TAE (“T)-

In order to ensure that the indicator function on the interval [A — 8,A + §] is bounded above by

04, we need to have
OA <4.9323. (11.13)

The number in the eq. (11.13) is obtained by requiring that ¢ (A+3) > 1. The functions ¢
have Fourier transforms with bounded supports [—A+, A1 ], respectively. Thus, in order for this
support to lie within [—2m, 27|, we also require that A+ < 2w. The bound is then obtained by
minimizing (or maximizing)

3 (118%A3 +180)
2083A%

cizzis/dx¢i(A+x): (11.14)
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for a given d by varying A subject to the constraint given by the eq. (11.13), as well as A < 2.

From the eq. (11.8), one can conclude [232] that
c_ <expls(8,A)] <cy. (11.15)

Since for a fixed 0, ¢ is a monotonically decreasing function of A, we deduce that ¢ should

be minimized by

21, §<0.785,
As :min{zn,%} - (11.16)

5
128 5> 0.785.

This explains the number 0.785 appearing in the bounds in the eq. (11.3). The final bound can be
obtained by combining these results with the result of [232]. A similar analysis can be performed

on c_. These procedures yield the eq. (11.3) for the upper bound, while the lower bound is given

b
y ) —
mz(8), L <§< ¥ 094,
3(118°-% 165 3/ 8
exp[s—(8,A)] = ( 4053"2>7 D5 <V L 112, (11.17)
1 /11 Wit
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Figure 11.4: Exp|s1] : The orange line denotes the improved lower (upper) bound while the
blue line is the one from the literature.

The lower bound can be further improved for d > 1 by considering the following function
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whose Fourier transform has a support over [— %, 5.

(N -A)) N\ 2
¢§Phere( A’) — - ( LSA>2 sin S(A/:A ) > .

This yields ¢ = 0.5, which is an improvement over the above; see figure 11.5.

(11.18)
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Figure 11.5: The orange line represents the improvement on the lower bound by using the
. Sphere . . .
function ¢~ appearing in the sphere packing problem.

Serendipity — connection to the sphere packing problem: The function in the eq. (11.18)
also appears in the context of one dimensional sphere packing problem [233]. In fact, there is an
uncanny similarity between the functions required in the two problems, especially if we look at
the requirements on the function producing the lower bound?. In the sphere packing problem,

one has a Fourier transform pair f, f satisfying

f(x) <0 for |x| > 1, (11.19)

f(k)>o0. (11.20)

In our case, we have x <> A and k <> ¢ and we require that f (k) has bounded support. In both
scenarios, the goal is to maximize f(0). In the case of sphere packing, we also normalize f(0)
to one. For more details on the relevance of sphere packing to CFT, we refer the reader to the

recent article [234].

2SP thanks John McGreevy for pointing to [234], where sphere packing plays a pivotal role.
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It turns out that only in one dimension [233], where the sphere packing problem is trivial,
the relevant function as given in the eq. (11.18) has bounded support in the Fourier domain and
is positive>. This seems to suggest that if we want to further improve our bound, we need a
bandlimited function whose Fourier transform becomes negative within the band.

Before moving on to the discussion of the bound on bounds, we pause to remark that
the following class of functions parameterized by o can not be used to improve the bound from

above:

(AT T T (A=A T®
SIH<T> Sll’l(T

(0) a7y _
0 (M) = | =25 A o> 2. (11.21)

o o

Within this class of functions, o = 4 gives the tightest bound as found in [232].

11.3 Bound on bounds

In this section, we provide a systematic algorithm to estimate how tight the bounds can
be made using bandlimited functions ¢+. This provides us with a quantitative estimate of the
limitation of the procedure which produces these bounds on the O(1) correction to the Cardy
formula. If one drops the requirement that the function be bandlimited, one might hope to do

better. For the rest of this section, we will restrict ourselves to bandlimited functions only.

We recall that the functions ¢ are chosen in such a way that they satisfy

0_(A) <O (A €[A—8,A+8]) <o (A). (11.22)

3For higher dimensions too, bandlimited functions are used (see, for example, Proposition 6.1 in [233]);
nonetheless, they do not provide the tightest bound for the higher dimensional sphere packing problem. Forn =1,
the function appearing in the said proposition is related to the one that we have used. For other values of n, we
obtain bounds strictly less than 1/2. We thank Tom Hartman for pointing this out.
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This inequality gives a trivial bound on c4 :
c- <1<cy. (11.23)

In what follows, we make this inequality tighter. In this context, the following characterization of
the Fourier transform of a positive function in terms of a positive definite function turns out to be
extremely useful. Before delving into the proof, let us define the notion of positive definiteness
of a function. Unless otherwise specified, here we will be dealing with functions from the real
line to the complex plane. A function f(¢) is said to be positive definite if for every positive
integer n and for every set of distinct points ?1,...,#, chosen from the real line, the n X n matrix

A defined by
A,‘j :f(l‘i—tj) (11.24)

is positive definite. A function g(A) is said to be positive if g(A) > 0 for every A. One can
show that the Fourier transform of a positive function is positive definite*. Now, let us explore
how this characterization can improve the eq. (11.23). Without loss of generality, we set A =0

henceforth, and define
g+(A)==+[0L(A) -0 (A €[-8,9])]. (11.25)

At this point we use the fact that ¢+ is a bandlimited function, i.e., it has a bounded support
[—A+,A4], and that AL < 2m. This requirement stems from the procedure followed in [232].

Thus we arrive at the following:

8+(0) = £28(c+ — 1), (11.26)

gu(t) = 28 (%) for [t| > 2. (11.27)

The eq. (11.23) states that g(0)/28 > 0. In order to improve this, we construct 2 x 2 matrices

“The proof is given in a box separately at the end of this subsection for those who are interested.
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with t, > 2m:

S0 7
thz): g+(0) g+(n) . (11.28)

g+(2) 8+(0)
For a fixed 8, we consider the first positive peak of g1 outside # > 2. If this occurs at t = #(9),

we choose 7, = #(8). Subsequently, the positive definiteness of the matrix thz ) boils down to the

inequality
8+(0) > g+ (1(3)), (11.29)

where #(d) is the first positive peak of g1 outside t > 2m. For example, we can show that (see

the green lines in Fig. 11.6):

— Mz Improved Lower bound on Upper bound — Mz Improved upper bound on Lower bound
Expl[s.] Expl[s.]
10
24}
09f
2.2
0.8f
20f
07}
181
161 06
141 0sf
12 04
10 . . . ' 503 . . . . . . s
0.5 1.0 15 2.0 0.6 0.8 1.0 1.2 14 16 1.8 2.0

Figure 11.6: Exp[s.| : The green line is the analytical lower and upper bound on upper and
lower bound i.e. c4 respectively. The green shaded region is not achievable by any bandlimited
function.

;

12172, §<0.715,

c+>191.0913, 1.735>8>0.715, (11.30)

1.0579, 2.74 >8> 1.736,
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0.872, &< 1.229,
o < (11.31)

0.9291, 2.238 >8> 1.229.

We will take a detour now and show that the Fourier transform of an even and positive
function is a positive definite function. Consider a function g(A) and let us define the Fourier

transform as
3(1) = /_ Zdr 2(A)e ™ =2 /O " dt cos(An)g(A). (11.32)
Now, we construct the matrix
Gij=glti—1;) = 2/0°°dz cos [A(ti—1;)] g(A). (11.33)

In order to show that G is a positive definite matrix, i.e., ) ; ViV iGij > 0 for v; € R such that
Y, vl-2 # 0, we think of an auxiliary 2 dimensional space with n vectors v;), (for clarity, we remark

that i labels the vector itself, not its component) such that we have
V(i) = (|vi| cos(AL;), [vi| sin(At;)) . (11.34)
Thus, we have
Y viv,Giy = 2/0°°dz (Zvivjcos [AG —tj)]> ¢(4) (11.35)
ij ij
:2/000dt (V-V) g(A)>0 (11.36)
if t1,...,t, are distinct. Here, V is given by
V= Zsign(vi) V(i) (11.37)

This completes the proof that the Fourier transform of an even positive function is a positive
definite function. First of all, it is easy to see that c1, and hence the inequality, is insensitive

to the midpoint of the interval, i.e., A, so we set it to 0 and this makes the functions ¢+ and
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@ even. In particular, we will be applying this theorem to ¢+ (A') — @ (A’ € [A —§,A+3]) and
O (A €[A—8,A+3]) — d_(A"). We make one more remark before exploring the consequences
of this. The above result is true for any function, not necessarily even. The converse is also true

due to Bochner’s Theorem, but in what follows, we do not require the converse statement.

Matlab implementation

We implement the above argument using more than two points and making sure that
|t; —tj| > 2m. For a fixed 5, we use a random number generator to sample the points #; with the
mentioned constraint. We do this multiple times and each time, we test the positive definiteness
of the matrix G by providing as an input the value of £(c+ — 1). The range of +(c+ — 1) is
chosen to be from the first peak 7(9) till some value larger than the achievable bound given in
(11.3) and (11.17). This in turn yields a lower bound (or upper bound) for c+ for each trial’.
Subsequently, we pick out the best possible bound among all the trials. For example, we provide
a table [11.1] showing the outputs from a typical run for improving the bound on the upper
bound. The tables [11.1] and [11.2] improve the lower (upper) bound for ¢4 and this is shown in
the figure [11.1], where the brown dots are the stronger bounds over the green lines and disallow

a larger region.

11.4 Bound on spectral gap: towards optimality

In this section, we switch gear and explore the asymptotic spectral gap. In [232], it has
recently been shown that the asymptotic gap between Virasoro primaries are bounded above
by 2\/% ~ 1.1 and it has been conjectured that the optimal gap should be 1. The example of
Monster CFT tells us that the gap can not be below than 1, hence 1 should be the optimal number.
In this section, we show that the previous bound 2\/% can be improved and made arbitrarily

closer to the optimal value 1. Ideally, to prove this one should find out a function f (which

>We assume that the mesh size for ¢ — 1 is small enough that one can safely find out a lower bound.
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Table 11.1: Typical output from a run yielding lower bounds for the upper bound c,.. The
Max(c4) column contains a number that is greater than or equal to what can already be

achieved.

O | Number of iterations | # points | Max(cy) | Lower Bound
0.4 10000 300 2.2 1.7042
0.5 1000 300 2.02 1.6905
0.5 10000 200 2.02 1.7002
0.5 10000 300 2.02 1.7179
0.6 1000 200 2.02 1.6086
0.6 10000 200 2.02 1.5917
0.7 10000 200 2.02 1.4246
0.7 10000 250 2.02 1.4270
0.8 10000 200 1.757 1.3692
0.8 10000 200 2.757 1.3698
0.9 10000 200 2.757 1.3798

1 20000 200 1.757 1.3759
1.1 10000 200 2.757 1.3331
1.20 10000 150 2.757 1.2597
1.25 10000 150 2.757 1.2581
1.3 10000 170 2.757 1.2531
1.4 10000 150 2.757 1.2581
L.5 10000 150 1.757 1.2599
1.5 10000 150 2.757 1.2597
1.5 10000 150 2.757 1.2597
1.6 10000 150 1.757 1.2313
1.7 10000 150 1.757 1.1933

will eventually play the role of ¢_ in this game, to be precise f(A") = ¢_(A+ A’)) such that

following holds:

and

_ 2
f(t):Of0r|t|2§,£>1

f(0)>0
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Table 11.2: Typical output from a run providing upper bound for the lower bound c_. The
Min(c_) column contains a number that is smaller than or equal to what can already be

achieved.

O | Iteration Number | # points | Min(c_) | Upper Bound
0.6 1000 200 0.173 0.5738
0.6 10000 200 0.173 0.5535
0.7 10000 200 0.362 0.5604
0.7 10000 250 0.362 0.5559
0.8 10000 200 0.44 0.5567
0.9 10000 200 0.46 0.5853

1 10000 200 0.48 0.6960
1.1 10000 200 0.49 0.7112
1.2 10000 150 0.49 0.7161
1.2 10000 180 0.49 0.7161
1.3 10000 170 0.49 0.7111
1.4 10000 150 0.49 0.7243
1.5 10000 150 0.49 0.7788
1.6 20000 150 0.49 0.7895
1.7 20000 150 0.49 0.7861

This would have implied

A+8
/ 5 dA'p(A') >0 (11.41)
A—

Now what would happen if £(0) =0 ? One need to go back to the original derivation and

reconsider it carefully. Hence instead of the eq. (11.8), we consider a more basic inequality[232]:

2 _
expB(a )] [ anpo(a)e o)~z (0 e ¥ [ ar o)

A+3
< / dAp(A) (11.42)
A—d

where A_ = & and Zy (B) is the contribution from the heavy states and defined as

)= Y e Pl1) (11.43)

A>Aﬁ>ﬁ
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Now we make the following choice for ¢_:

COS COS2 TCTA/
0_(A") = ( 2 , fA)= L{ (11.44)

14 <—) 14 (%)

This function f has following properties:
, €

f(A)<®( [ 33 D (11.45)
f(t)=0 for \t!>§ (11.46)
f0)=0 = ¢ =0 (11.47)

Since ¢_ = 0, one can not readily evaluate the integral appearing in (11.42) by saddle point
method and deduce exp [B(A — 8)] [ dApo(A)e P O_(A") = c_po(A), so we look for sublead-

ing corrections to the saddle point approximation. We find that the leading behavior is given by,

after setting B = 1 /35,
exp[BA—8)] [ dapo(a)e P9 (&) = Cpo(a). (11.48)

where C turns out to be

cos? ) —x?
C= d —_— _ . 11.49
R

We remark that C > 0 for any finite A and it becomes 0 only at infinitely large A. The second
piece in the eq. (11.42) for large A goes as po(A)lf%Of&z). The analysis for this second
term is exactly same as done in [232]. For sufficiently large A, it can be numerically verified
that po(A)l_% <1_€L2> is subleading compared to Cpo(A) as long as € > 1 (we also provide an
analytical proof later on). Here we have

c \1 cA
po(4) = (m> exp [2m | 5 (11.50)

(1
In fact one can analytically show that pg (A)l 2 <1 82) is subleading to Cpo(A) for large
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A. One way to show this is to have an estimate for C. We start with the observation that the

€

integrand is positive in (0,%) and negative in (5,c0). Furthermore, we have

/ dA’f(A'):() (11.51)
0
Using the above facts, one can always choose 0 < €] < % and % < €y < oo such that

" an Fa) =— [ an pa (11.52)

0 5}

ZAN F(A) =0 (11.53)

€1
This is basically guaranteed by the continuity. We choose €; such that 0 < €; < 5 and consider
the function F(y) = [ dx f(x). Now F(y) is a continuous function. It is positive when y = 5
and negative when y — co. Thus by continuity, there exists § < &, < co such that the eq. (11.52)
holds. The shaded region in the figure. 11.7 is the area under the function f restricted to the

interval [€1,€;] so that the eq. (11.52) is satisfied.

— Function for Spectral Gap

&2
restricted to the interval [g;,€;]. Here €y = 0.25,&€ = 1.01,&, = 0.819. These are chosen to

ensure the shaded area is 0.

2 (X
Figure 11.7: The function (CT gt?) the shaded region is the area under the function
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Now we note that

1) —X2
dx f(x)exp | ———= | >0 (11.54)
€| 21, /542
and
£ i 2 ] [ _e2 T e
/ dx f(x)exp >exp | —— / dx f(x) (11.55)
0 27:\/_A2 | 2m, /A2 | Jo
oo [ 2 ] e
/ dx f(x)exp >exp|—2 | [ dax f(x) (11.56)
& 275\/_A2 |21, /SA2 | Je

where in the second inequality, we have used negativity of f(x) for x > §. Combining the last

four equations i.e (11.52),(11.54),(11.55),(11.56) we can write

2 2 2

—€ —€2 g5 —¢€7)Q

C>Qlexp| — 2| —exp| —2+| | ~ M>o (11.57)
2n\/§AZ 275\/_A2 A—eo 2n\/§AZ

where Q = f(f "dx f(x) > 0 is an order one positive number. This clearly proves that as long
as € > 1, we can neglect the second piece i.e. contributions from the heavy states due to its

subleading nature. In fact, one can do much better and show that® C falls like A3/4 by noting

the following:
ET 1 1
C=—exp|——=—= | Bifi | —
5 [ 81/54%2 2,/2m 503/
v Vi (2 5280 1/4
— 8—ﬁe snv/ea’/2 Im | Brf zan%/z ~ £ i A3 (11.58)
8 V3 —o 8 \ 64c
A3/2
To summarize, we have proved that for sufficiently large A,
A+5
/ _dA p(A) > Cpo(a) >0 (11.59)

Therefore we have been able to show that the asymptotic gap between two consecutive

operators is bounded above by €, where € > 1. Now one can choose € to be arbitrarily close to 1,

%We thank Alexander Zhiboedov for pointing this out in an email exchange.
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which proves that the optimal bound is exactly 1. The analysis can be carried over to the case for
Virasoro primaries, as pointed out in [232]. This implies that the asymptotic gap between two
consecutive Virasoro primaries is bounded above by 1, thereby proves the conjecture made in

[232].

11.5 Brief discussion

In this work, we have improved the existing bound on the O(1) correction to the density
of states in 2D CFT at high energy and proven the conjectured upper bound on the gap between
Virasoro primaries. In particular, we have shown that there always exists a Virasoro primary in

the energy window of width greater than 1 at large A.

We have provided a systematic way to estimate how tight the bound can be made using
bandlimited functions. Since there is still a gap between the achievable bound and the bound
on the bound, there is scope for further improvement. Ideally, one would like to close this gap,
which might be possible either by sampling more points and leveraging the positive definiteness
condition on a bigger matrix, or by choosing some suitable function which would make the
achievable bound closer to the bound on the bound. Another possible way to obtain the bound on
bound is to use a known 2D CFT partition functions, for example 2D Ising model and explicitly
evaluate 5(8,A). It would be interesting to see how the bound on bound obtained in this paper
compares to the one which can be obtained from the 2D Ising model. For example, one can
verify that the bound on bound obtained here is stronger than that could be obtained from 2D

Ising model’ for 8 = 1. It would be interesting to further explore this.

The utility of the technique developed here lies beyond the O(1) correction to the

"We thank Alexander Zhiboedov for raising this question of how our bound compares to s(1.7,A) for the 2D
Ising model, as found in [232].
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Cardy formula. We expect the technique to be useful whenever one wants to leverage the
complex Tauberian theorems. As emphasized in [232], the importance of Tauberian theorems
lies beyond the discussion of 2D CFT partition functions, especially in investigating Eigenstate
Thermalization Hypothesis [235, 236, 237, 238] in 2D CFTs[239, 240, 241, 242, 243, 244, 245,
246, 247, 248, 249]. We end with a cautious remark that if we relax the condition of using
bandlimited functions, the bound on bounds would not be applicable and it might be possible to

obtain nicer achievable bounds on the O(1) correction to the Cardy formula.
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Appendix A

Weyl Consistency Conditions in Non
Relativistic Quantum Field Theory

A.1 Consistency Conditions for 2 + 1d NRCFT

We give below the consistency conditions for the d = 2 theory. In the d,V? sector they

are given for arbitrary z; else z = 2 is assumed. The conditions in the 9, V2 sector are as follows:

60,6'0iNI'g*:  —BYyP1o— P1y9uf’ + 2P0 — 200 + payoB¥ =0 (A.la)
60,6'V?g%:  —bis0af® — BOsbaq + Xayaf! + 2bse = 0 (A.1b)
V260,6" 1 2k+2m—zly — bagB* + B%bog = 0 (A.1c)
—6'0;,6V2N:  2j+PB%alr = beof® (A.1d)
6'0,60'No,g™ 1 —2zbeo — 22P6a + P5y9ufY + BYOyPse — BIpacy =0  (A.le)
6'VZ6K :  2b+PB%gm+zj = B g (A.1f)
6'0;6R: 2b—B*dgk+bsef* =0 (A.1g)
6'0,0K0'g% 1 — 2x50yBY + BYOyb70, — 2P0
+ b7y0a Y — 2bgy0aPY + 200 j = 0 (A.1h)
0'V260,8% 1 — x4ayBY + 2bsq — zb6o, + boydaBY + BOybog = 0 (A.1i)
0:60,6'9'g%:  — 2buydaBY + 2b70, + XeyaBY — 2b3ay BT — 2P10, = O (A1)
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GatﬁlaigocaigB ST Byavbmﬁ - b3yBa(xBY
- b3yocaBBY - b4yaoca[3 BY+ X3y BY+ 2x50 =0 (A.1k)
—060;6'0,8%0'¢P 1 — 2x30ypBY + X60p00B°

+ X6<)n(a[5BY - 2x4occsa[3[36 + Byayx6oa[3 —zpsop =0 (A.1D)

69,0’ a]lév a’TN : BYoyp3 —2pa—B*P6o =0 (A.1m)
GOiG’'KON 1 27j —B*po+ P 0ali —22p4 =0 (A.1n)

0,60;G'0'N :  2zp3— 211+ 2zl +2j+piof* =0 (A.10)

6'0/60'N (K;; — 3Khij) i 2zf1 —B*fru+2fs— B%ofs =0 (A.1p)
6'0/00'g™ (Kij— 3Khij) 1 2fa0yB" + 2f30 — B'Oyfso — fsy0uP? +2/510afT =0  (A.1q)
o'V'o/o (Kij— 3Khij) :  z2fa+B* fso—B*ufs =0 (A.1r)

The conditions coming from 97 sector are as follows:

6'9,0K : 4d — B 9o f + B%wo =0 (A.2a)

6/9,60,8% : — 2w + BY9yba + bydoBY — 2X00yBY = 0 (A.2b)

The conditions coming from the V# sector are given by:

9:6'V?6d'g®:  —2p130— BYP21ay+ 2070
+ 2010+ 2304BY + 2149 = 0 (A.3a)
o'V200,8%9'gP:  — BYt2yap 1 BYOyazep + azeydp P’
+ a3py00BY + a4y900pBY + 2508 — 2x248 = 0 (A.3b)
'VI6V2g™:  2ase+ BY0yasa + andoB! — 2022048 — 2p2aa =0 (A.3c)
6'0,60'¢“ VAN 1 — 2x20BY + BYOyP 130 + P137y0Y
— 2p24y9aP’ —2p250 =0 (A.3d)
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0/8i68iN8jNajg°‘ :

6/9,060'g%d jgﬁaj g’

6'0;60'g%d;Nd/gP -

60,6'0'g*V2gh .

o'V26V2N :
0/0,60'NV>N :
0/0;60'NV2g* :
—6'V?0R:

0'9;0RJ'g®* :

oV26'9'g%o;N :
0;,0V>6'9'N :
6'0,60'NJ;NO’N :

69;0'0;¢%d/gPa'N

00;6'RI'N :
0'V>69'NO;N :

G/aiGajNajNaiga .

- 2105ﬁoc|3B + BY0yp 100 + P10y0aY — 4p2se, — 4poa =0
— 4x468yB° + B Ostapy + topy0aB® + facydp B + tacpdyB®
— 21563y90B° 4 P210s9pdyB® — 2xgpy = 0
—4psap — 2P26py0a B’
+ X109 BY + X1180aB” + BTOyx1 g — 2XgpBY = O
- BYaYPZIaB - leyﬁaaﬁy - leowaBBY
+4p20y89aB” +2P26ap + 212py0BY = 0
—4p23 — BYposy+ PYoyha —2¢ =0
4py—P*api2 +8p23 + P'Ppasy =0
— 4y, + BY0yp70,+ P7700BY — 4p240, — B¥P26ye = 0
—asP*+4a+2c+B%gn =0
— 2y5ayBY — 2%a +20uc
+ BY0ya7q + a7y0u B’ — 2asy007 =0
— B¥0yx 10— X1y0aBY + 200c — 2X 0 + P26oyBT 4 2P250. = 0
2y +4hy —2¢ +B*% 10+ 4% — BP70 — 2p12 =0
8p3 —B%dap11 + Poaf* +4ps =0
4xop — P7y9p0aB’ — P1ygdaB’
— P1yadpB” — BYOyp1ap + B xyop +4x20p = 0
4+ B%oht — B Yo —4x4 =0
24+ B%ox3 — B*Ya —2pa =0

- 2xocyBY + BYaYPS(x + pSyaocBY —2pgg, — 2)’yaocl3y =0
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(A.3e)

(A.3f)

(A.3g)

(A.3h)
(A.3i)
(A.3))
(A3K)

(A.3])

(A.3m)
(A.3n)

(A.30)

(A.3p)

(A.3q)
(A.3r)
(A.3s)

(A.31)



A.2 Anomaly ambiguities

As explained in Sec. 2.3.2 the freedom to shift counter-terms by finite amount makes

anomaly coefficients ambiguous. We list here the precise form of these ambiguities, in the 9, V>

sector they are given for arbitrary z; else z = 2 is assumed :

A.2.1 9?7 Sector

Sf = —4D — BW,
Swo = — [BY0yWo + Wy0u]
Sba = —2Wa — 2XooyB
Noap = —B0yXoap — XoayIpB’ — XoorydpBY
5d = —BduD

A.2.2 9,V2 Sector

Ops = —P%aP
Oxsop = —P3y000pBY — B0y Xs0p — Xs5y80aB’ — X5y 0B’
3po = —PBY0yPo, — Py Y
0j = —B*0aLdbgy = —PY0yP3o — P3ydo 3
5b — —B%B
Om = 2B+ zL — P3o*

Ol = —2zP+2zL — B*Py
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(A.4a)
(A.4b)
(A.4c)
(A.4d)
(A.4e)

(A.4f)

(A.5)
(A.6)
(A7)
(A.8)
(A.9)
(A.10)

(A.11)



db70, = —2P3yaoc[3Y + 200l — 2Py — 2X50wBY

OPso, = _XyaocBY - BYaYXoc

8x3OCB’Y = _BcaGX3(XB’Y - X36B»Ya(x[36 — XSOCG'YBBBG - X3acBayl30 - X4aGaYaBBG

Opaap = —B'0yPsap — PaypOaPB’ — PiaydpB’
dbeo, = —PB70yBeo, — Beyda S
Ox40p = —XaypOafl’ — BY0yXs0p — XaarydpBY
Obse, = —B'0yBsa — Bsydof’
0bgo = 2B5a — 2Boa. — B Xaay
dpso = —22Xo, — 22Beo, — PaoyBY
eop = —XaayOpBY — 2X3048B" — 2Paop
dp3 = —2P — Xy
Ob3ap = —2Xs508 — X3ypaB’
Op1a = —2Py + 06 2L — Paya B
8l = 2L — BggB*
O8baq = —2P30 — Xayaf3
8k = —2B — Bsop®
51 = —B daFi
8f30p = —B"yFaop — FoygdaBY — FrarydpBY — Fsydadgh?
3f30 = —BY0yF30 — F3y0op’
O fs = —PYoyFy
O fsq = —P0yFs0 — F5y0aBY
Ofs = —2Fy — F5”

df7 = —2zF) — F3o% — 2F}
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(A.12)
(A.13)
(A.14)
(A.15)
(A.16)
(A.17)
(A.18)
(A.19)
(A.20)
(A21)
(A.22)
(A.23)
(A.24)
(A.25)
(A.26)
(A.27)
(A.28)
(A.29)
(A.30)
(A31)
(A.32)
(A.33)

(A.34)



6fSoc = —z2F30 — 2FZYaBY - 2F5yaocBy

A.2.3 V* Sector

8p3 = —B*uPs

dpoa = —Byayploc - PlyaocBy

Ops = _Baaocp 4
dyo = —BY0yYe — Yy B¥
Oyx4 = —p*0aQ

Ox3 =20 —B*Yo — 2Py

op11 = —8P;— PmBa — 4Py

dpgo = —2P1o — 2Xoy B — 2Y400BY
Oxopys = —B96Xupys — Xopys9aP’ — Xacy598B° — XupssdyB®

— XapyoOyB® — TroapdsdyB°

Sxagy = —B 06X agy — XopaB® — XoodB® — XapodyB® — ProacdydshC
8x20p = —Xay800B! — X2ya0pBY — BY0yXaap — PoaydodpBY

3208y = —B°9s Taopy — Tropy9aP’ — TracyIpB® — TrapsdyBC — 2P22500y0pP°
Oysop = —As5y0a0pBY — Ys0y9pB" — Y5p,00B" — BY0y Y50

dazap = —2X48 — B Toyap + 2Y50p

P 1op = —4Xap — XyupB¥ — 4Xo0p

Otapy = _4XoccByBG — 2TZGYBaaBG — 2Xopy

6P5a[3 = _BYaYPSaB - PSyBaocBY - PSyocaBBY
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(A.35)

(A.36)
(A.37)
(A.38)
(A.39)
(A.40)
(A.41)
(A.42)
(A.43)

(A.44)

(A.45)
(A.46)
(A47)
(A.48)
(A.49)
(A.50)
(A.51)
(A.52)

(A.53)



Op2se = —PBT0yPasa — PasydoBY
Op26ap = —B0yPasap — Paeyp0af’ — Pr6ayOpB’
o = —BY0yQa — OydoPY
Y10 = 2Q0 — 200H — 2P250, — B'Pagory
3p100 = —4P1a — 4Pasq — 2Psyo Y
Ox1op = —4Psep — 2X o3BT — 2P, 00’
dp23 = —PY0yP3
Op2s0 = —PBYyPrse — PrayOo 3
dc = —B*0oH
Shy = —2H — 4Py3 — BPayy
dp12 = —4P4 —8P3 — Prsof*
3p130 = —2P2ay00 ¥ — 2Prso — 2B X0y
3p20ap = —BY0yPaoep — Pr2oydpBY — Proyp0aBY
dasq = —PY0yAsq — AsydaP’
Sasa = 2Asq — 2B Pazyo — 2Po4,
Op7a = —4Yy — 4P2s0, — PrgyofBY
Op210p = —2TaypBY — 4P22yp00BY — 2Prgap
da = —B%A
Sn = 4A + 2H — Aso B
Ohy = 4H —4Q — B%Q1q
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(A.55)
(A.56)
(A.57)
(A.58)
(A.59)
(A.60)
(A.61)
(A.62)
(A.63)
(A.64)
(A.65)
(A.66)
(A.67)
(A.68)
(A.69)
(A.70)
(A.71)
(A.72)
(A.73)

(A.74)



A.3 S-theorem: 0+ 1D conformal quantum mechanics

One may wonder whether the formalism that leads to the Weyl anomaly and consistency
conditions can be used for the case of d = 0. One encounters an immediate obstacle when
attempting this. There is no immediate generalization of the trace anomaly equation (2.23).
The problem is that there is no extension of the action integral that gives invariance under the
local version of rescaling transformations, because there is no extrinsic curvature tensor at
our disposal. The naive generalisation of the Callan-Symanzik equation specialized to d = 0,
H = B*0Oy, cannot hold. In fact, for example, the free particle is a scale invariant system with
H #0.

The inverse square potential serves as a test ground for a simple realisation of the quantum
anomaly, where the classical scale symmetry is broken by quantum mechanical effects [250]
leading to dimensional transmutation i.e, after renormalization the quantum system acquires
an intrinsic length scale [251, 252]. Studies have been made of non-self-adjointness of the
Hamiltonian in the strongly attractive regime and how to obtain its self-adjoint extension, a
procedure that effectively amounts to renormalisation [253, 254]. The system is also shown to
exhibit limit cycle behaviour in renormalization group flows [255, 256]. This potential appears
in different branches of physics, from nuclear physics [256, 257] and molecular physics [258]
to quantum cosmology [259, 260, 261] and the study of black holes [262] Given this, it is of
interest to understand how quantum effects break scale symmetry in non-relativist quantum
mechanics. We will prove a general theorem concerning the breaking of scale symmetry.

In the quantum mechanical description of a scale invariant system, the Hamiltonian H

and the generator of scale transformations D obey the following commutation relation:
[D,H| = izH (A.75)

where z 1s the dynamical exponent of the theory. We will show an elementary S-Theorem, that
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(A.75) is incompatible with H being Hermitian on a domain containing the state! D|E), where
|[E) is any non-zero energy eigenstate. The S-Theorem can be used to deduce that classically
scale invariant systems, e.g., the inverse square potential, cannot be quantized without loosing
either unitarity or scale invariance if we insist on having bound states with finite non-zero binding
energy.

To prove the theorem, we consider the eigenstates |E) of the Hamiltonian H and take

expectation value of the [D, H] in these eigenstates. We have
(E|[D,H]|E) = (E|DH|E) — (E|HDI|E) (A.76)
Assuming H is hermitian and D is well defined we have
(E|[D,H]|E) =0 (A.T7)
On the other hand, scale invariance, Eq. (A.75), implies
(E||[D,H||E) =iz(E|H|E) #0 (A.78)

Comparing (A.77) and (A.78), proves the theorem. It deserves mentioning that the mismatch is

not due to the real part of the quantity (E|[D,H]|E) since,
Re((E|[D,H] |E)) =0 (A.79)

1s consistent with

Re((E|izH|E)) =0 (A.80)

That the mismatch between (A.77) and (A.78) lies in the imaginary part hints at the fact that
H can not be hermitian if we have scale invariance. We recall that hermiticity of H crucially

depends on vanishing of a boundary term, which is imaginary when we consider quantities like

(EIH|E).

I'That is, the action of D on non-zero energy eigenstates is well defined.
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For a simple illustration of S-theorem consider the free particle with one degree of
freedom, H = % p?>and D = %(xp + px) —tH. Consider first the particle in a finite periodic box
with length L. The operator algebra of the free particle holds regardless of the presence of the
periodic boundaries, so the S-theorem holds and it tells us that either H is not hermitian or D|p)
is not a state. It is instructive to look carefully at the derivation of (A.77) and (A.78) in this

context. An elementary computation gives

(p|(HD|p)) — (p| (DH|p)) = —ip* (A.81)

which is consistent with the scaling algebra
[D,H] =2iH , (A.82)

but consistency comes at the expense of rendering H non-hermitian on a domain which contains
the state D|p). Indeed, for the periodic box D|p) does not belong in the Hilbert space since
(x|D|p) is not periodic. Hence, the apparent loss of hermiticity is irrelevant as it involves
only functions that are not states. In the boundary free case (L — o) the normalization of
the continuum of energy eigenfunctions is by a Dirac-delta distribution, and the norm of the
functions (x|D|p) involves up to two derivatives of the distribution. If we include these functions
in the Hilbert space the Hamiltonian is not hermitian. On the other hand, if we choose the Hilbert
space to be that of square integrable functions, then H is hermitian but neither (x|p) nor (x|D|p)
are in the Hilbert space.

In contrast, consider the inverse square potential problem. For sufficiently strong attrac-
tive potential there are normalizable bound states |E), and the state D|E) is properly normalized.
The Hamiltonian is hermitian, but this case requires reguralisation and renormalization and scale
symmetry is broken.

This is in fact a statement of a more general result. A corollary of the S-theorem is that

we cannot have (properly normalized) bound states with non-zero energy in a scale invariant
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system if we insist on the Hamiltonian being hermitian on the Hilbert space. As in the previous
example, this follows from observing that if there exists a properly normalized state |E), then
DIE) is also a properly normalized state since the wave-function vanishes sufficiently fast at
infinity. This result is consistent with representation theory: a discrete spectrum {E, } cannot
form a representation of a transformation which acts by E — A*E for continuous A, (except if
the only allowed finite energy value is £ = 0). For example, it is well known that for the inverse
square problem in the strongly attractive regime, continuous spectrum is an illusion since in that
regime, H is no more Hermitian. To make H hermitian, we need to renormalize the problem,
breaking the scale symmetry.

The S-theorem can be generalised to to any Hermitian operator A with non zero scaling
dimension o, that is, [D,A] = i0tA. The operator A can not be Hermitian on a domain containing
DI|A) where |A) is the eigenstate of operator A. In particular, if we want A to be hermitian
on a Hilbert space, £, then the state D|A) can not belong to £2. For example, A can be the
momentum operator p, which is hermitian on a rigged Hilbert space and has a non-zero scaling
dimension. This generalized S-theorem implies that D|p) can not belong to the rigged Hilbert

space, which is indeed the case.
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Appendix B

On the Heat Kernel and Weyl Anomaly of
Schrodinger invariant theory

B.1 Technical Aspects of Heat Kernel for one time derivative
theory

Here’s one more perspective of why 8(m) appears in heat kernel for one-time derivative
theory using the eigenspectra of the operator M, with one time derivative. The Minkowski My ,

operator is given by
My ¢ = 2imd; — (—V?)7/? (B.1)

and eigenspectra is given by 2m® — k*. Now, we can not directly define the heat kernel since
the eigenvalues range from —eoo to oo, and therefore it blows up. A similar situation also arises
in relativistic theory where the eigenspectra is given by —®” + k*>. There we define the heat
kernel by Euclideanizing the time co-ordinate so that the eigenvalues become ®> + k> > 0 and
this positive definiteness allows for convergence. Technically, we can always define heat kernel
for an operator M as long as the eigenvalues of M have positive real part. Building up on our
experience to deal with the relativistic case, we use analytic continuation here as well. We define

the Euclidean operator as

Mg g = 2mdy + (—V2)7/> (B.2)
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with eigenspectra given by At o, = —2im® -+ k*. Evidently, Re (A o) > 0, hence we have a well

defined heat kernel, given by

d
—sMg o _ / ddk —sk* dmemezsw — 8(m> 2 I (E + 1) (B 3)
( .

e —
2m)4 2n 2s (4 d
(z)d (\/4ns§)

Similarly, the Euclidean heat kernel is well defined for the operator M, .42 = V%x —
(—V%):/2, where i = 1,2,...d and x = x*2. If we Wick rotate to Euclidean time T, the eigen-
values of the operator M4, are given by 0> + (k472)2 4 (|k|?)%/? > 0. The presence of 5(m)
can more formally be treated with an extra regulizer 1, as discussed in the last few paragraphs of

3.4.2 for z = 2; a similar argument, using the regulator 1, applies to any z.

B.2 Riemann normal co-ordinate and coincident limit

In this appendix we show x~ independence of quantities relevant to the computation of
the coincidence limit of the Heat Kernel when the light cone reduction technique is used. We
assume that the daughter theory is coupled to a Newton Cartan structure, satisfying the Frobenius
condition, i.e., n Adn = 0 is satisfied. This condition allows a foliation of the manifold globally.

Thus, without loss of generality, the metric is given by

8uv = Nyuly + h,uv

(B.4)
n, = (n,0,0,---,0), hey =0.
Using (3.9) and the fact h;; is a positive definite matrix, we thus have
=0, ¥=(100,-,0). (B.5)

The form of the metric, to which the reduced theory is coupled, corresponds to a parent space-

time metric Gy, with non-vanishing components given by

G_+:n, G,’j:hij. (B.6)
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In addition, we assume that the parent space-time admits a null isometry so that /;; and n are
independent of x ™.

In what follows, we will work with this particular choice of metric Gy (B.6). Without
loss of generality, we choose x; = (0,0,---,0) (we call it point P) and construct the Riemann
normal co-ordinate with the origin as the base point. The Riemann normal co-ordinate y™, is

given in terms of the original co-ordinate x* as follows [263]:
M =M fMAAB 4 M ABRC (B.7)

where the index M runs over +,—,1,2,3,--- . d. In the coincident limit of the reduced theory,

ie., xg — 0, foruy=+,1,2,--- ,d (with x, possibly different from 0), we claim that

=0 Dn]=x, (B.8)

where henceforth the square bracket is used to denote the coincident limit in the reduced theory.
We note that [f35. x*xBxC-..] = 0 whenever any of the indices is not —. Recall that

fﬁc,,_ are constructed out of derivatives acting on metric. Thus, fM  canbe non-zero only

N indi
mdices
if it contains N factors of the metric tensor G_g;, where K; is a running index withi =1,2,--- /N.
This is because G__ = 0 and derivatives can not carry the “—" index as the metric components are
x~ -independent. Moreover, by dimensional analysis fA_/[ _ .. has N—1 derivatives fA_’[ L
— —
Schematically, this assumes one of the following forms
aAl .. 'aANqG—Kl . G_KNGMAiGAi1Kj1 GAAh ... GKi3Kjs. .. , (B.9)
04, 0ay Gk, - G, GMEIGAirKin A .. GKiKs (B.10)

Here the derivatives are assumed to act on all possible combinations, resulting in different
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possible terms. For example, for N = 2, one can have the following terms:

GMMGRRG g 04,G
G GARIG g 04,Gx, , (B.11)
GME2GAKIG g 04,G K, -

There can not be any x~ derivative for a term to be non-vanishing. This implies the indices A; are

GMAi and the indices K;

contracted among themselves, except possibly for one contracted with

are contracted among themselves. But since G_g = 0 except for G_, and GT1 = 0, any term

for which two factors of the metric tensor, G_ K;, and G_ K;,» are contracted via GXi1 %% vanish.
Next, we show that [Ayy] = 1. The expression for Ayy, Eq, (3.56), involves bi-

derivatives of the geodetic interval, Eq. (3.55), and the determinant of the metric. To begin with,

we turn our attention to the determinant of the metric and note that
[G/(yz)} = J2(07x2_707 T 7O)G(07x2_707 e 70) ) (Blz)

where a prime indicates quantities in Riemann normal co-ordinate and J is the Jacobian associated
with the co-ordinate transformation (B.7). The x~ independence in the original co-ordinate
guarantees that G(0,x; ,0,---,0) = G(0,0,0,---,0), hence we have

_ 2
[G'(»2)] = (’f’oxg ’00 "’0(;)) G(0). (B.13)

Next consider the geodetic interval from point P to point Q. In Riemann normal co-ordinates [263]

dxM

1 =y"Q) = +s0 - (B.14)

where s¢ is the value of the affine parameter at Q and s = 0 at P, with y} = y¥(P). Using

Eq. (3.55), hence we have

26(v2,51) = Gun (0) 04 =) 08 — 1) = Ghn (0) 55 — N 5 —>Y) (B.15)
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where we have used G}, (0) = Gun/(0). It follows that

/ —1/2
M= (GG,((yOz))) . (B.16)

We have continued back to Minkowskian signature (the definition in Eq. (3.56) is for metric
with Euclidean signature). Since Ay, is a bi-scalar, use of Egs. (B.13) and (B.16) and of

J(0,0,0,---,0) =1 gives

_ -1
J(0,x5,0,---,0) 1 _

Aypm| = =J (0 0,---,0 B.17

[ VM] (J(0,0,0,,O)) ( 7-x27 ) ) ) ( )

in the original co-ordinate system, x*. Equation (B.17) is consistent with the result that Ay, = 1

when all the co-ordinates, including x, coincide, i.e., when x, = 0.

3)] (2]

We aim to show that

From Eq. (B.7) we have

b

ax_N] =M+ (A + M+ (A M M (B.19)

Consider first the lowest two terms in the expansion. Explicitly, we have [263]

1 1 1
o —ofM =TV = —EGM’B,GN_ — 5GM+a+GN_ + 5GM+aNG+_ : (B.20)

It follows that £ = 0 only for M = — or N = +. Similarly, f(jy\,ff) # 0 provided M = — or

N =+, since [263]

6fn1s = TNeL Ty +ONTT) (B.21)
By an argument analogous to that below Egs. (B.11) one can show that | ff\‘,{fmf] =0 (at least
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three — subscripts). Schematically

0«0 0 1 O

0«0 0 0 1

[I3R24

where a “x” means a non-zero entry. Thus, the matrix has unit determinant and we have, using

Eq. (B.17),
[Aym] =1. (B.22)

Lastly, we turn to the heat kernel expansion coefficients, a,. They are determined by the

recursive relation [75],
nay -+ 3y a, = A M (Ayjgan- ) (B.23)

and ag = 1, where M is the relativistic operator in the parent theory. The condition of x~
independence of [a,], [d;a,] and [0;0;a,] can be imposed on the recursion self-consistently. To
show this one uses x~ independence of [Ayy], [0;Avy] and [8,-8 jAVM] , which follows from an

argument similar to the one used to establish Eq. (B.22)

B.3 Explicit Perturbative Calculation of n-regularized Heat
Kernel

In this appendix we give an explicit perturbative computation that shows the vanishing
of the anomaly for a class of curved backgrounds. This serves to verify the general arguments

presented in the body of the manuscript in a specific, simple example, and allows us to study
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explicitly the n regulated Heat Kernel asking in particular whether the 1 — 0 limit is a well
defined limit as m # 0. To be specific, we compute the heat kernel on a curved background,

characterized by

1
ny = (1——}’1()6)7070) s V/'l:(l—l’l()C),0,0) (B24)
1

1—n(x)

where n(x) is a function of space only and h;y = 0. The special choice is inspired by [80]and

hij=8ij, /8= \/ det(nyny + hyhy) = (B.25)

additionally serves the purpose of affording a direct comparison with that work. We will perform
a perturbative calculation as an expansion in n(x). We will specialize to a 2+ 1 dimensional

Schrodinger field theory coupled to this background. The action is given by
S— / dtdx N <2m¢ﬂllvat¢ 1910790 F,Rqﬂq)) (B.26)

where N(x) = ]_;n(x) and R is the Ricci scalar of the 3 + 1 dimensional geometry, on which the

parent theory lives.
As we will see, the result of this calculation is that the Weyl anomaly, corresponding to

the theory described by Eq. (B.26) is given by
Ag = 218(m) (—aEs + cW? + bR* +dDy DVR) (B.27)

where the coefficients a, b, c,d are given by:

1 : 2
-~ 8n2360 87t22 ’

11 d_l 1—5&,
- 812120 82\ 30 ‘

These are exactly the same as in the expression for the Weyl Anomaly of a relativistic

(B.28)
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complex scalar field theory1 living in one higher dimension [49, 50, 51, 52, 53, 54, 55]:
Ag = (—aEs+cW? +bR* +dDyDVR) . (B.29)

To arrive at this result, we proceed by considering the heat kernel of the following

Euclidean operator, corresponding to the action in Eq. (B.26), namely

M . = 2m 0. — D* +ER, (B.30)
where we have
. ij 2
D> = —09;(\/gh'/9;) =9°+ (1 +n) (din)9;, (B.31)
V8
R = —20°n—2nd’n— %ainain e (B.32)
—g'/*p? <g*1/45(x)) = —9%8(x) +8(x) (%azn—k %nazn + Zainain) . (B.33)

The Euclidean operator can be expressed as the one in flat space-time, perturbed by the

background field n(x):

(7| Mo |x, V) = (o, 7| Mig_p|x,¥') + mPy (x)0:8(x — x')8(t — T

+Py(x)8(x —x)8(1— ), (B.34)

where the subscript ¢ and f denote the curved and flat space-time respectively while E denote

the Euclidean nature of the operator. Here we have introduced

Pi(x) =2n(x), Py(x)= (%a% + %nazn + %a,’naln> —& (28211 +2n0%n+ ;&'nain) .
(B.35)

The heat kernel can be obtained as a perturbative expansion of the background fields as

IThe Weyl anomaly of a complex scalar field is twice of that of a real scalar field.
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follows:

[e5e)

K(s)=exp[—s (Mg s+P)] = NZO(—UNKN(S). (B.36)

The Ky (s) is defined as follows:
s SN 52
Ky(s) = / dsN/ dsy_1--- [ dsi G(s—sn)PG(sy —sn—1)P---G(s2 —s1)PG(s1). (B.37)
0 0 0
where G(s) = e *™£f and P is the perturbation (B.34), explicitly given by
(x,7|P|x', 7"y = mPy (x)0:8(x —x')(t— 1) + Po(x)8(x — x')8(t — 7). (B.38)
One can now complete the calculation by using the matrix element of G(s) as given by

Ge.E (53 (%2,T2), (x1,T1)) = (x2,T2|G(s)]x1,7T1)

1 ( 1 )d/z sm ES (5.39)
- — e & :
T\ 4ms (2ms — Ty +11)* + 5212

which corresponds to the heat kernel expression for the n-regulated Euclidean operator: ME’ =

2md; — V2 4+ 14/ —02, as discussed in the last few paragraphs of 3.4.2.> This reproduces
Eq. (3.46) asn — 0.
The evaluation of Eq. (B.37) follows the procedure sketched out in the appendix of [80].

We separate the contributions from P; and P, to K as follows:

n 2
el —1 8m 2
Kip, (s) = 2 ( ) P+ 30°P + 550°0°P +--- ), (B.40)
U\ 2 2
Kip,(s) = 2 SPy+50°Py +--- ), (B.41)
1P2( ) <m2+%z> (47CS)2 ( 2 6 2 )

2In curved space-time, Még includes a perturbation n(x)n«/—i)%, that, however, does not contribute to the
n(n’—4n’)
(1’12+4m2)2
without giving a 8(m) (or any derivative of 8(m)). This term’s contributions to K, also vanish as 1 — 0. We omit
these terms for simplicity for rest of the appendix.

anomaly in the 1 — 0 limit. This term’s contribution to K is proportional to that vanishes as N — 0,
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and for K3, which gets contributions quadratic in P; and P,, as follows:

Kopip (s) =

(24m* —21?) < 2m*n

1 ) 5
P74+ 3P 0°P; + £9:P,0;P
(T]2—|—4m2)2 4m2—l—n2)( ( i T 3007+ goif10iF

47s)?

2
+ S (6P1 8282P1 + 582P1 82P1 + 128,'82P18,P1 +4 (8i8jP1) (8i8jP1)) ) (B.42)

180

n 2

> —1 8m
Koppy () = 2 ( ) <5P1P2

+ 32 (P2 Py + PLO2Py + 0iPLO;Py) + - ) (B.43)
Kop,p, (s> = Kop P, (s> (B.44)
Kop,p, (5) 2 2 (5P2+) (B.45)
S) = 2 . )
2PP 2+ 11; (47ts)2 212

The anomaly is determined by the s-independent terms in Ky. In 1 — O limit, factors of

d(m) arise, after use of the following easily verifiable limits

In n — 0 limit, the s independent terms are given by

) [ 1
Klpl(s)a% —%azazn} ,
S(m) [1
K]pz(s) > % gasz}
_d(m) :l 1 22 1 2 2 1o 252

N (% B 1&) ARPCI (% _7§> (9i9,1) (3:3;m) )} ,

Kopp, > % |:91—0 (61’182821’1 + 50°nd%n + 128,‘827181'71 +4 (aiajl’l) (ala]n) )] ,
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) -1
Kon K 3 . | SH(PFo4 P + 20k

16n | 3
_ M __1 l_ 2.2 272 1.2
_ [ . (2 2@) (0200 + 020 + dmdidn) | |
8(m) d(m) |1 2
Kopypy 3 5 [P22+"']:E 5% 0*nd’n 4 ---
Using
R=—20°n—2nd’n— ;ainainJr e (B.46)
R = 4@t W= %(azn)u... , (B.47)
Eq =2(0%n)* —2(0;0;n)(9;0;n) + - , (B.48)
DyDYR = —29*n —2(3%n)* — 2nd*n — 13(d;n)(3;0*n) —7(3;0;n)(3;0;n) +--- . (B.49)

one verifies the anomaly expression in Egs. (B.27) and (B.28). Since our calculation only fixes
the value of 12b + ¢, in oder to break the degeneracy we use the fact that for § = % the Wess-
Zumino consistency condition precludes an R? anomaly [80] and assume c is E-independent.
We emphasize that the calculation carried out here does not rely on any null cone
reduction technique, hence, this lends further credence to the LCR prescription, which has

correctly produced the 8(m) factor, as elucidated before.
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Appendix C

Unitarity and Universality in non
relativistic Conformal Field theory

C.1 SL(2,R) invariant field theory

The SL(2,R) group is generated by the three generators H, D, C satisfying the following

algebra:
[D,H|=2H, [D,C]=-2C, [H,C] =D. (C.1)

The spectrum of D is real and physically represents the dimension. H raises the dimension and
C lowers the same. The highest weight representation is the one, annihilated by C. A nice and
brief exposition of SL(2,R) invariant field theory can be found in the appendix of [105]. Here
we discuss them for the sake of completeness and make the paper self-contained.

An SL(2,R) invariant field theory is defined on a one dimensional manifold, parameter-

ized by 7 (say time), where SL(2,R) group acts on the co-ordinate T in following way:

at+b
ct+d’

where (ad — bc) =1 (C.2)

In terms of the generators above, the H generates a time translation, C generates a special

conformal transformation and D generates a scale transformation. The theory has a privileged
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class of operators (the highest weight representation) Oy, satisfying
[C, 0a(0)] =0 (C.3)

and carrying dimension Ag i.e [D, Oy (0)] = Ay, O (0). These are called SL(2,R) primaries. They

have following commutators with SL(2,R) generators:

[D, Oy (7)] = (210 + Ag) Ou(7T), (C4)
[C, 04 (T)] = (—T°0; — TAg) Ou(T), (C.5)
[H, Og(1)] = 0:0u(1). (C.6)

It follows that under a finite SL(2,R) transformation, SL(2,R) primaries transform as

>

O(t) = [(ct+d)2]2 O(7) (C.7)

The correlators of the form (O(t;) O(12) O(13) - - - O(7,)) will be of our “primary” interest.
As SL(2,R) preserves the ordering of time, the two distinct ordering of T; need not be related
to each other. In what follows, we will be assuming 0 < T; < T, <13 < -+ < T,,. The unitarity
for a SL(2,R) invariant theory is defined via existence of an anti-linear conjugation map taking

O — O such that following relations hold:

1. Time reversal:

(0"(=n) -+ 0" (=13) 0" (~12) O" (—11))

= (0(11)0(12) O(13) - -- O(1,))" (C.8)

'The presence of factor of % in the weight, as compared to the weight, noted in [105] is due to the presence of
extra 2 with td; in the expression for [D, Oy(7)]. This is done, in hindsight, to make the notation consistent with the
dilatation operator in Schrodinger field theory i.e the dilatation operator acting on a Schrodinger primary at x =0
becomes the dilatation operator acting on a SL(2,R) primary.
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2. Reflection positivity: One can define a state |'¥)

) :/(Hd'c,-) g(T1,72, ;) [0(11)O0(12) -+ - O(14)[0) (C.9)
with
(¥|¥) >0 (C.10)

In terms of correlator this reads:

/(Hd’t;) /(Hdti)g(Tll>T/2""7T:1)g(T1,T2,"'7Tn)

(0"(ty,) -+ O (1) 0" (t)) O(11) O(2) -+ O(T)) = 0

where g(T) = g(—1)*. Here g is an arbitrary function or distribution having support away

from coincident points to avoid singularity.

The SL(2,R) algebra fixes the functional form of the two point and the three point
correlator. One can choose a Hermitian basis of operators O = O' such that
o
(T2 —T1)A
(01(11) 02(12) 03(13))
= c123 (C.12)

A2+A1 7A3 A3+A27Al A3+A| 7A2
(o—71)" 2 (B—T2)" 2 (©B—11) 2

(Ou(T1) Og(T2)) = (C.11)

Time reversal symmetry guarantees that cygo, = C:;BY' In general, cygy can be complex numbers.
All the higher point correlator can be obtained using the operator product expansion, which

reads:

1
01(11) 02(12) = Y c12a iy [Oot o] (C.13)
o (to—11)" 2

where - - - are contributions coming from SL(2,R) descendants and fixed by SL(2,R) invariance.

Thus the knowledge of the spectrum of D i.e set of SL(2,R) primaries and three point coefficient
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Capy amounts to a complete knowledge of all the correlators.

C.2 Schrodinger algebra, Primaries and Quasi-primaries

Here we provide a detailed account of Schrodinger algebra. We expound the concepts of
primaries and quasi-primaries. The Schrodinger group acts on space-time as follows[96, 93, 94,

98]:

at+b Rr+vt+f
'_>—

— C.14
ct+d’ d ct+d ( )

where ad — bc = 1, R is a d dimensional rotation matrix, v denotes the Galilean boost and f is a
spatial translation. For the sector with non-zero charge, the representation is built by translating
all the operators to the origin and considering the little group generated by dilatation operator
D, Galilean boost generator K;, and special conformal transformation generator C. The highest

weight states (0) are annihilated by C and K; i.e.
[C,00(0,0)] =0, [Ki, 0 (0,0)] = 0. (C.15)

These are called primary operators. The commutators with D and particle number symmetry

generator V dictate the charge and the dimension of these operators 0
[D,¢a(0,0)] = ZAQQ)(O,O) ) [NJ(I)OL(OvO)] = NOL(I)(()’O) (C16)

The time and space translation generator H and P create descendant operators by acting upon
primary operators, consequently raising the dimension by 2 and 1 respectively. It deserves
mention that the concept of primaries and descendants breaks down within the neutral sector.
Since K; and P; commute in this sector, P; acting on a primary spits out a primary in stead of a
descendant.

The subgroup defined by R=1,v =0, f =0 is generated by H, D and C and is in fact
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SL(2,R). This acts as follows:

at+b r

= — r— ——
ct+d’ ct+d’

(ad—bc)=1. (C.17)

It becomes evident that the (7, 0) slice is a invariant domain of SL(2,R) . Now one can reorganize
the operator content using SL(2,R) algebra. A SL(2,R) primary O is defined by requiring
[C, 0(0,0)] = 0. Thus all the primaries defined by (C.15) are SL(2,R) primaries but not the other
way around. As mentioned in the main text, the situation is reminiscent of 2D conformal field
theory where we have Virasoro primaries as well as SL(2,R) primaries and the SL(2,R) primaries
are called quasi-primaries. We have borrowed that nomenclature and called the Schrodinger
primaries as primaries and SL(2,R) primaries as quasi-primaries. We emphasize that the notion
of quasi-primaries goes through even for the neutral sector. The commutator of quasi-primary
O(t) [for notational simplicity, ¢(¢) (or O(z)) implies the operator 0(¢,0)(or O(z,0))] with the

generators H, D, C are given by[81]:

[H,0(t)] = —19,0(t), (C.18)
D, 0(t)] = 1(2t9; + A) O(t),, (C.19)
[C,0(1)] = (—1r?0, — it A) O(1). (C.20)

This follows from [C, 0(0,0)] = 0 and

[D,H|=2H, [D,C] = —-2iC, [H,C] = —1D. (C.21)
In terms of Euclidean time T = i#, and D' = —i1D, we have
[D',H]|=2H, [D',C]=-2C, [H,C]=D'. (C.22)
and
[D',0(7)] = (219 +A) O(1), (C.23)

259



[C,0(t)] = (=120 —1A) O(1), (C.24)

[H,0(t)] = 3:0(x). (C.25)

Thus we have a SL(2,R) invariant theory defined on (t,0) slice. SL(2,R) acts on T in the

usual manner:

at+b

T —,
ct+d

(ad —bc)=1. (C.26)
We note that if ¢ is a primary operator, then
Nd 1 Nd 1
=—( 200+ -V ), AT = - (3:0") — -V C.27

are quasi-primaries but not primaries unless A = %. This follows from the commutation relations

[81]:

[C,0(T,x)] = (—rzat —tA—1x-V+ N|;|2> 0

K, (T, x)] = (—0; +Nx;) ¢

The operators 4 and 4" played a crucial role in proving the unitarity bound. In fact, 4" annihi-

lates the vacuum when A = ’% and at free fixed point, this is precisely the null operator.

C.3 Time reversal and Parity

The notion of time reversal and parity is subtle in 0+ 1-D conformal field theories. The
same subtlety is inherited by the Schrdinger field theory. Both of the symmetries come with a
transformation of the form T — —7, but the time reversal is realized as an anti-unitary operator

acting on the fields whereas the parity does not involve any complex conjugation. To be precise,
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time reversal symmetry guarantees that

(0" (=) - O (=13) 0" (=12) OF (—11))

= (0(11)0(12)O(t3) --- O(1))” (C.28)
while the parity invariance implies that

(O(=1n) -+ O(—13) O(—12) O(—11))

= (=1)"(0(11)0(12) O(13) - -- O(1n)) (C.29)

where p € {0, 1} is the parity of the SL(2,R) primary operator O.

The three point correlators, as pointed out earlier, are given by

(01(11) O2(12) O] (13))
= Cago (C.30)

A2+A 7A3 A3+A27A1 A3+A 7A2
(—t)" 2 (B—mw)" 7 (-1u) 2

Now the time reversal implies that Cp, 0,0, = C*; . .. Since cyclic ordering is preserved

0;0]0j
by SL(2,R) , we have Cp,0,0, = Co,0,0,- Thus we have

Co,0,05 :Co;fogo}‘ (C.31)
On the other hand, parity invariance implies that
Co,0,0; = (=1)P1P2PCo,0, 0, (C.32)

where p; is the parity of the field O;.
We can easily show that the free Schrodinger field theory without any anti-particle
(discussed later in Sec. ??) does not satisfy the parity invariance. We recall that the two point

correlator on the (t,0) slice is given by

(0(0)0" (1)) = ©(T)T /2 (C.33)
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If one assumes parity invariance with ¢ and ¢' carrying opposite parity, the two point

correlator satisfies:

(0(0)07(7)) = (0" (—=1)0(0)) = (0(0)¢" (1)) (C.34)

Here the last equality follows because the cyclic order of the operator insertion is unaffected by
SL(2,R) invariance. Thus (¢(0)0"(t)) has to be an even function of 1, which is not the case in
(C.33). The presence of ®(t) implies the absence of anti-particles.

On the other hand, when the parity symmetry is present one can write down a bootstrap
equation (4.17) even for a charged sector. The section 4 of [264] elucidates on the scenario
where a notion of parity is available. This motivates us to ask whether one can impose parity
invariance on top of Schrodinger invariance. It indeed can be done by defining a free field theory

such that the two point correlator takes the following form on (t,0) slice:

N 1
(W(0,0)v¥'(,0)) = CEE (C.35)

where N < 0 is the U(1) charge carried by the field y. All the higher point correlators are
determined by Wick contraction. On (7, 0) slice, this theory is expected to behave like generalized
Bose/Fermi theory in 0+ 1 dimension [105]. We remark that even if it is possible to impose
parity invariance on (t,0) slice, it is not clear whether one can impose such invariance even
away from the above mentioned temporal slice. This is because the boost invariance forces the
x dependence of two point correlator to be exp (zN %) which is clearly not symmetric under
t — —t unless one also imposes N — —N constraint. It would be interesting to consider another

scenario, where one can have the following two point correlator:

. 1 Nix|?
W00 (w0) = e || ©36)

and it is obtained by different analytical continuation to imaginary time T, depending on signature

of real time ¢. It is not clear at present whether it carries any physical significance and leads to a

262



well defined theory. Nonetheless, one can indeed have theories which enjoy parity invariance on

the (t,0) slice.

C.4 Free Schrodinger Field theory & Its Euclidean avatar
The free Schrodinger field theory in d + 1 dimensions is described by
L=21070,0+0¢"V?¢, (C.37)

where 7 is the real time and we have taken the mass to be unity. The propagator in momentum

space representation has a pole at
o= (C.38)

where o is the energy and k is the momentum. This is in fact the dispersion relation of an on-shell
particle, described the field theory (C.37). The presence of a pole brings in ambiguity in defining
the position space propagator and thus necessitates a pole prescription. Similar ambiguity is
present in the relativistic theory as well at free fixed point, where there are two poles at ® = £|k|.
To circumnavigate the pole(s), one usually works in the imaginary time T = 1f, g = —1® (S0
called Wick rotation), where the propagator is uniquely defined. Upon analytic continuation back
to the Minkowski space-time, this provides us with a pole prescription. In what follows, we will
follow the same procedure for the free Schrodinger field theory and come up with an expression
for the propagator consistent with the SL(2,R) algebra.

The Wick rotated Schrodinger theory has a propagator of the following form

1

_ C.39
k]2 = 2100 (€.39)

This does not have a pole on the real axis of ®g. Hence, the Fourier transform is well defined
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and unique and one obtains the Euclidean propagator Gg:

dop [ dik e '(@e(m-T)—kx)
G
(T1,X13T2,%2) / / ¥ k> — 20

_0(1) (1 3 x
=22 (2_751) exp (_2_1:) (C.40)

where T = T, — T and x = x, — x;. Upon Wick rotation back to the real time, we have the

following i€ prescription:
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Figure C.1: Contour in the Wick rotated plane (g plane). The wick rotation helps us to
evaluate the integral.

The pole prescription, in momentum space, can be visualized through a series of diagrams,
e.g. fig. (C.1,C.2). We recall that the Wick rotation involves defining T = 1t and ®g = —1® such
that ¢'® = ¢'ET holds true. One can rotate the contour clockwise by an angle of /2 —¢€ on
the ®g plane, where € is very small but a positive number, without affecting the integral (See
fig. C.1). At this point, one effects the wick rotation, which recasts the integral and the contour
as shown in the fig. (C.2) and leads to the pole prescription, as in eq. (C.41).

Several remarks are in order. First of all, the physical significance of ®(t) and hence, the

1€ prescription lies in the fact that there are no antiparticles in the theory. This has consequences
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Ss.

Figure C.2: Contour in the real ® plane. This is related to the contour in Euclidean plane by a
Wick rotation.

e.g. the vacuum does not have any spatial entanglement entropy, the weyl anomaly is absent
upon coupling the theory with a non trivial Newton-Cartan structure[107]. Furthermore, one can
analytically continue the theory to live on a non integer dimensional space. The propagator as in
eq. (C.40) can be defined by an analytic continuation in d. The analytical continuation is always
understood to be in the number of spatial dimensions, without affecting the time co-ordinate.
The Schrodinger algebra constrains the real time two point correlator (G) of two primary

operators of dimension Ap. It is given by

A Mol
G(ll,xl;tz,xZ):Cl Otz i (C42)

where t =1, —t; and x = x, — x;. We wick rotate the expression, introducing T = 1t and we

d/2 . . . . .
choose ¢ = % (ﬁ) / where T = T, — T1. Upon comparing this expression with the Euclidean

propagator, as in eq. (C.40), the dimension of free Schrodinger field is found out to be

Ay =

d
5 (C.43)

which is precisely the engineering dimension as evident from the Lagrangian (C.37).
We emphasize that the real time propagator, given in eq. (C.42), is generic in the sense it

is suitable to describe any Schrodinger invariant fixed point including the interacting ones. Thus
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the take home message is that the usual trick of Wick rotation is consistent, as it should be, with
the notion of the Euclidean Schrédinger group and the Euclidean Schrodinger operator is indeed

given by (d; — V?).

Time ordering: The time-ordered (or anti-time ordered) real time correlator is obtained from

the Euclidean correlator by proper analytic continuation. The Eq. (C.40) implies that

(9(0)¢" (1)) =< O(t) (C.44)

where we have put in the subscript E to clearly specify that it is a Euclidean correlator. Now we
will show that the time ordered correlator can be obtained by taking T = —it while the anti-time
ordered one can be obtained by taking T = 1. For # > 0, we obtain the time ordered correlator by

analytic continuation (T = —1t)
(0[0"(1)6(0)[0) o= O(—1t) = 1O(~1) =0, (C45)
while for t < 0, we obtain
(0[0(0)¢(1)[0) o< O(—1t) = 1O(~1) # 0. (C:46)
Similarly, for ¢ < 0, the anti-time ordered correlator can be obtained by (T = 1)
(016" (1)0(0)|0) < ©(ur) = 1©(r) = 0 (C.47)
while for ¢t > 0, we have
(0[0(0)¢"(1)[0) < O(ur) = 1O(r) #0 (C48)

It is easy to verify that all the equations (C.45),(C.46),(C.47),(C.48) conforms to the fact
that the field ¢ annihilates the vacuum, which is a manifestation of absence of anti-particles.

We also remark that (C.46) has interpretation of the amplitude associated with a particle being
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created at time ¢ < 0 and subsequently propagating to ¢t = 0. In the main text, we have used the
analytic continuation T = 1f, one could have equivalently choose the other analytic continuation

T = —1t and obtain similar results.

A different convention: The Euclidean time correlator can alternatively defined in following

way where @(—1) appears in stead of (C.40):

dog [ dik e (@e(m—t)—kx)
Galt / /
(‘C1,x1 12>x2 d |k|2 210

YR
_ 8¢ (Tm) exp(—z—r) (C.49)

where T = T, — T and x = x, — x1. With this convention, T = 1t will yield time-ordered correlator

while T = —ir will give the anti—time ordered one. As mentioned earlier, in the main text, we

have adopted the convention as in (C.40).
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Appendix D

Existence and Construction of Galilean
invariant 7 # 2 Theories

D.1 Diagonalizable and finite dimensional dilatation genera-
tor

In this appendix, we re-derive some of the results in Sec. 5.2 under the stronger assump-
tion that the matrix  is both diagonal and finite dimensional. This discussion is intended for
clarity, since it is less abstract than the one presented in the main text.

We recall that
[D,®(x=0,t =0)] = 1DP(x =0, = 0) (D.1)

and D is renamed as in the finite dimensional case.
To warm up, we show that both D and A are hermitian only if z =2 or A’ = 0. From

[D,N] =1(2—z)N, it follows that

(D, N] = (2-2)N. (D.2)

Since D and A are assumed hermitian, [D, A[|" = —[D, A[] = —(2 — z) \. Hence

~2-9N=[D.AN] =2-IN = (2-)N,
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which can only hold for z =2 or AL = 0. If one assumes A # 0 for some field, then z = 2. One
can have z # 2 and hermiticity if A’ = 0 for all fields. In this case the generator N is superfluous,
and one can extend the algebra by including the generator of special conformal transformations.!
Below we assume N does not identically vanish. Similarly, both D and X are hermitian only if
z=1lor X =0.

Now we consider the finite dimensional case where is diagonal. Alternatively, one can
consider the case that is hermitian (and therefore, as just proved, N is not hermitian). In the
finite dimensional, hermitian case, one can always choose to diagonalize . Since is diagonal,
[ ,N]=(2—2)N implies that ( oo — pp+2—2)Ngp =0 (no summation over indices o, p is
implicit), which, in turn, for z # 2 implies that Ngo = 0 and at least one of Nyg and Npg, vanish.

This implies that N is nilpotent,
NY =0, (D.3)

for some integer M no larger than the dimension of the representation. One can show this,
without loss of generality, by arranging the components of the fields ~ ¢ so that N is an upper
triangular matrix. This result will play a pivotal role below.

Similarly, we assume that the field ~ (0,0) has the following commutation relation:
K;, (x=0,=0)]=% (x=0,:=0). (D.4)

For a finite dimensional case, we denote %; by K;. By the same argument as above, one can show

that either z = 1 or K; = 0 or K; is nilpotent. Thus we have

KLi =0, (D.5)

1

for some integer L; no larger than the dimension of the representation. One can consider the

IThere are indeed examples of z # 2 theories without particle number symmetry; see, for example, Refs. [133,
134, 143].
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operator

K57y, (D.6)

i=d—1
] i

= 1]

i=1

where for any operator A and B, the action of the operator on the field is defined via

AC ) =14, ], (D.7)
BA(")=B(A(")). (D.8)
It can be easily verified that
K;, (x=0,r=0)]=0, (D.9)
D, (x=0,t=0)]=:"' (x=0,=0), (D.10)
[N, (0] =N (x,1), (D.11)

/

where '=( —(z—1)Y;(Li—1)). We call ‘primary operators’ those that satisfy (D.9). One
could have considered operators obtained from these by analogous operations as above i.e.
operators of the form [N¥~!, ], but that would not suffice to reveal the problems associated
with finite dimensional representations.

Consider the two point correlator of primary operators in such a realization of the algebra,

Gop = (0] o(x,) (0,0)]0). Using Egs. (5.9), the commutator in (D.9) translates to
[Ki ] = (—llail—f—xiN) . (D.12)
Galilean boost invariance of the vacuum, K;|0) = (0|K; = 0, then gives

(O] [K, al(x,r) p(0,0)]]0)=0

= (_ltaiS(xc +xlNac) GGB = O. (D13)
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The solution to the above differential equation is given by

Ly ML P
Gop=|e "2 | Cplt) =) a5 (N°C(1))op (D.14)
oy i—o 1

where |x|> = Y;(x')2, C is an as yet undetermined matrix function of 7 alone; the scaling symmetry
implies that Cog has a power law dependence on ¢. The above correlator (D.14) is consistent
with the one given in (5.15) with N; = K; = K; = 0. The exponential becomes a finite degree
polynomial because N is nilpotent, and this is very specific to z # 2 theories. As explained above,
the correlators are badly behaved: polynomial rather than exponential dependence on |x| leads to
growth with spatial separation (and hence, cluster decomposition fails). In contrast, for z = 2 the
matrix N is diagonal and there is no truncation of the expansion of the exponential. An additional
constraint on the correlator follows from requiring that (0] [N, «(x,z) (0,0)] |[0) =0, which
implies NG + GNT = 0.

Consider next G&B = (0| «(x,1) E(0,0)|0>. This is similarly given by

Gop = {exp (—:MN) C’(t)] (D.15)
2t op

for some undetermined matrix C’ such that C&B is a function of ¢ alone. Invariance under N
implies that NG' — G'N' = 0. Notice that the condition on G’ is different from that on G; one
may have non-trivial solutions to one but not the other. For example, one can consider the two

component field, -1 characterized by:
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0 1 1 0
_ P
(B HAy)/2 7 I
1 0

Note that for this example Gog = 0 so consideration of the long distance behavior of this

correlator alone does not, by itself, suggest the theory is ill-behaved.
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Appendix E

Hilbert Series and Operator Basis for
NRQED and NRQCD/HQET

E.1 Characters and Haar Measures

The characters for irreducible representations needed in the NRQED and NRQCD/HQET

Hilbert series for U(1), SO(3), SU(2), and SU(3) are

V() = x

1
X @) = Sl

i’ Py = Wi
XgU(Z)(y) — y2+1+yi2
in(s)(%xZ) = xZ+;C—;+xl1
X§U<3)(x1,x2) = x1+%+xl2
XgU(3)(x1,x2) = X1X2+§+§+2+%+%+E
2

The contours integrals with respect to the Haar measures used in this analysis are
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(E.1)

(E.2)
(E.3)
(E.4)
(E.5)

(E.6)

(E.7)

(E.8)



1 1 !
p _ 12 11— —
7{[ :U]SO(S) 27 J|z=1 2z <) ( ZZ)
1 1 1
; _ ~(1— 2 1——
?{[ Hsu) 27 Jiy=1 2y( g >( yz)
1
v = o
$ldudsue (210)% Sy =1 Jyao
where I is given by
) 2
L (1_x1x2)< _ﬁ) (1_’2) (1_L) (1_
6x1X2 X X1 X1X2
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Appendix F

Conformal Structure of the Heavy Particle
EFT Operator Basis

F.1 Normalsize Symmetries of Non-Relativistic Systems

In this appendix, we review the symmetries associated with non-relativistic systems.
Much of the details that we present below can be found in, for example, Refs. [265, 93, 97,
94, 98, 59, 81, 99, 137]. Newton’s equation of motion for a particle with mass m subject to an

external force F at time ¢ and position X is:
F(t,x) =m—. (F.1)

Consider a change in time and space coordinates (7,x) to (#',x") defined by the following

transformations:

tt =t+b, X X =Rijxj+vit +a;. (F2)

Here, R;; is a rotation matrix, v; is the velocity, b is a translation in time, and g; is a translation in
space. Roman letters indicate space indices, and v;, b, and a; are all real constants, independent

of time. Eq. (F.1) becomes the following under such a transformation:

d2x; - d’x;  d*
E‘(l‘,X) = mﬁ = E‘(Z‘I,X/) = R,‘ij(l‘,X) = mRisz] =m dtlzl , (F.3)
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which implies
~ dz_x/.
F(t',x)=m dt’zl )

(F4)

The transformations defined in Eq. (F.2) leave the form of Eq. (F.1) unchanged and are, therefore,
symmetries associated with that equation of motion. The transformations in Eq. (F.2) are the
most general linear transformations that leave time and space intervals (defined at the same

moment in time) separately unchanged, i.e.,
1 — 1 = const, |x] —xp| = const, if 1] = 1,. (E.5)

These transformations furnish what is known as the inhomogeneous Galilean group. We refer
to the inhomogeneous Galilean group as the Galilean group when no confusion is likely. The
group multiplication laws and inverses of group elements are straightforward to work out.

The elements of the Galilean group can be represented as exp[i,X,|, where 8,’s are the
10 parameters needed to define a Galilean transformation, and the X,,’s are the generators of the

group. The following commutation relations define the Lie algebra:

=g, [V, Kj] =igipKe, |[Ji,Pj] = igijbx,
|H,Kj)=—iP;, [K;,P;]=0, (F.6)
[Ki, Kj] = [H,F] = [H,Ji] = [P, Pj] =0,

where P; generates spatial translations, H generates time translations, J; generates rotations, and
K; are generators of Galilean boosts (named as such to distinguish them from Lorentz boosts).
Here, we use the convention that the antisymmetric tensor €123 = 1. Note that the specific
commutation relations [K;, K] and [P;, K;] amount to the only differences compared to the Lie

algebra of the relativistic Poincaré group.
The Lie algebra of the Galilean algebra can also be derived from the Poincaré algebra
by reintroducing the speed of light, i.e., H — H /¢, K; — cK;, and letting ¢ — oo. For example,

the generators of Lorentz boosts have the commutation relation [K;, K;| = —i€;jxJi. Putting the
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factors of ¢ back in: [K;, K| = —ig;jxJi/ ¢2, and in the limit ¢ — oo, one induces the commutation
relation for Galilean boosts: [K;,K;| = 0. Likewise, for the commutator [K;,P;] = iHd;; —
[K;,Pj] = iHJ;;/c* in the Poincaré group, this relation becomes [K;,P;] = 0 in the Galilean
group, i.e., when ¢ — oo,

There exists the possibility that the Galilean group can be augmented with an additional

generator, called N, such that N commutes with all other generators:
[N,any] =0, (E7)
and the commutation relation [Kj;, P;| becomes:
Ki,Pj]=0 — [Ki, Pj] = iNJ;; . (E.8)

The augmentation of this kind is known as central extension' [265]. When taking the ¢ — oo
limit in the Poincaré algebra, one obtains the N = 0, i.e., the chargeless (neutral) sector of the
Galilean group, which is its own algebra.

It is interesting to consider the special case when F(z,x) = 0. Here, the classical equation

of motion is:
d*x

This is invariant under the Galilean transformations. In addition to the transformations contained

in the Galilean group, one could consider a kind of scaling transformation that acts like:
xi X =M, t—t =\t. (F.10)

For any value of z, the classical equation of motion is invariant under such transformations.

Originally, the algebra without the central extension was called by Galilean algebra. Lately, the trend in the
literature is to call the centrally-extended algebra the “Galilean algebra,” and specify N = 0 as a special case.
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However, if the classical action, which appears as exp(iS) in path integral,

N2
S:/dt Z?(%) , (F.11)

is to be invariant under such transformations, then it is necessary that z = 2. This difference in
the requirements of the value of z illustrates the important point that the equation of motion,
being associated with the extremum of the action, is less constraining than the action, since the
latter contains information regarding all possible configurations of the system in time. There is
one additional kind of transformation which leaves both the classical equation of motion and the

classical action invariant:

X; , t
s ="t t—t = —— F.12
-xl xl (1+kt)7 (1+kt)7 ( )

where k is a real number. These transformations are known as the special conformal transforma-
tions. Together, the Galilean transformations, the scaling transformations in Eq. (F.10) (when
z=2) and the special conformal transformations form what is called the Schridinger group,?
where temporal and spatial coordinates transform in the following way:

t+b Rijxj+vit +a;
t—t =N —— e =A =2 ) F.13
<1+k(r+b))’ SARAC ( 1+ k(t+Db) E13)

The group multiplication laws and inverses are straightforward (albeit algebraically tedious) to
calculate.’
The elements of the Schrodinger group can be represented as exp[i0,X,], where in the

index @ runs over the number of generators. The Lie algebra of the Schrédinger group is:*

The group was popularized in the context of the free Schrodinger equation [93], hence the name. It does not
necessarily have to do with quantum mechanics.
3We note that the transformation of the time coordinate [81, 137] can be mapped on to a SL(2,R) group, i.e.,

transformations of the form
,_at+b

t [ —
c+d’
In terms of these parameters, the inverse and the group multiplication is relatively less tedious to compute.

4These commutation relations are the same as those in Refs. [59, 81], but differ from those in Ref. [93] by some
sign conventions.

ad—bc=1. (F.14)
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=gk, i Kj|l =ieipKy, |[Ji,Pj] = i€ipb,
[H,Ki] = —iP;, [K,‘,Pj] = iNSij,
[D,K;] = —iK; [D,P)|=iP;, [D,H]=2iH, [D,C]=-2iC,
(F.15)
C,P|=iK;, [C,H|=iD,
[KiaKj] = [H7Pl] = [Hv‘]i] = [Pth] = [NaaHY] =0,
[Dw]i] = [Ca*]l] = [CvKl] = 07
where D is the generator of scaling transformations, and C is the generator of the special
conformal transformations. The Cartan generators for the Schrodinger group are E; = —iD,
E> = J3, and E3 = N, i.e., the maximally commuting set of generators. The generators with

definite weight under these Cartan generators are given by:

Je=J1+il, (F.16)
P. =P £iP,, (F.17)
K. =K +iks, (F.18)
Py, H, K3, C. (F.19)

A generator X carries a weight w under a Cartan generator E if [E,X]| = wX. The factor of —i
with generator D makes the weights real. The weights follow directly from the algebra, and are

tabulated in Table F.1.

F.2 Symmetries, Operators, and States

If U is a group element, then assume there exists a Hilbert space with a vacuum state

such that all U’s leave the vacuum invariant:

U0 =0) . (F220)
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Table F.1: Table for weights of generators P., Ps, H, Ji, Ky, K3, C under the Cartan
generators £y = —iD, E, = J3, and E3 = N. The ij-th entry is the weight of the i’th generator
(i running over the possibilities Py, P3, H, J+, K+, K3, C under the Cartan generator E;.

| [E\=—iD[E;=J3 |E3=N |

P 1 +1 0
P 1 0 0
H 2 0 0
A 0 +1 0
K. —1 +1 0
K; —1 0 0
C ) 0 0

If U can be represented as expli6,X,|, where X,, are the generators of the group’s Lie algebra,
then all X’s annihilate the vacuum:

X,[0)=0. (F21)

Consider that the Hilbert space is spanned by more states |O4) (where A is just an arbitrary label)
than just the vacuum, which are defined as local operators O (T,X) acting on the vacuum where
T = it.> For now, let us only consider (gauge invariant) states, created by operators acting at the
origin:

04(0,0)0) = [Oa) - (F.22)

Because acting on a state with a group transformation produces, in general, a linear combination
of states still within that Hilbert space, one can say acting with a generator produces a linear

combination of states:

X |04) = Lap|Og) , (F.23)

where L is some matrix, which depends on what X was chosen. All the generators annihilate the

vacuum, therefore

X|0a) = [X, 04(0,0)]|0) = L450p(0,0) |0) . (F.24)

Consider that the Hilbert space is spanned by operators that transform non-trivially under

SThe states are prepared in Euclidean time T to ensure finite norm as we will see later.
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the Schrodinger group transformations. The largest set of Cartan generators is —iD, N, and J3,

and we can always choose to label our states according the eigenvalues of these operators:

D|An,m) = iAlAnm), (F.25)
N|An,m) = n|Anm), (F.26)
J3|An,m)y = m|An,m). (F.27)

The eigenvalue of D is complex, but we can see the significance of this in terms of the transfor-
mation properties of operators. Say that there exists an operator Ojp , » that creates the state
|A,n,m) at the origin:

|A,n,m) = Ojp ) (0,0)10) . (F.28)

In terms of the Oy ;,,,,)(0,0), we have

[D, O[A,mm] (070)] =iA O[A.,n,m} (070> — P O[A,n,m] (an)e_iM) = e_xAO[A.,n,m} (070) :
(F.29)

The factor of i ensures the operator O ] (0,0) gets scaled by a real number exp(—AA) under
the transformation generated by D.
After some algebra, one can find the following relations, which follow directly from the

Schrodinger algebra (see Table F.1):

DP;|A,n,m) = i(A+1)P|An,m) (F.30)
DK;|A,n,m) = i(A—1)K;|A,n,m), (E31)
DH|A,n,m) = i(A+2)H|A,n,m), (F.32)
DC|A,n,m) = i(A—2)C|A,n,m), (F.33)
or, written another way:
[D, [Pl, O[A,n,m] (an)u |0> = i<A+ 1) [Pz, O[Am,m] (070)] |O> ) (F.34)
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[Da [K,', O[A,n,m] (0,0)H |0> = i(A - 1)[[(,', O[A,n,m] (Oa 0)] ’0> ) (F.35)
[D> [H> O[A,n,m] (070)]} |O> = i(A + 2) [Hv O[A,n,m] (07 0)] |O> ) (F.36)

[D7 [C7 O[A,n,m} (0,0)H |O> = i(A - 2) [C7 O[A,n,m] (070)] ‘O> . (F.37)

Therefore, P; and H act as lowering operators, and K; and C act as raising operators, in analogy to
the representation of SU(2) or SO(3). If one assumes that the scaling dimension A of operators

in this Hilbert space is bounded from below, then there will be a set operators OF such that:

[Kh O[P

An.m

1(0,0)][0)=0, and [C,0f,,,(0,0)][0)=0. (F.38)

[An,m

Such operators are called primary operators, which are associated with the highest-weight
states.® Acting with P; or H repeatedly on these primary operators produces a tower of operators,
where P; and H raise the scaling dimension by either one or two units. Acting with P; and H are

associated with space and time derivatives:
[P;, O(t,x)]|0) = i0;0(t,x) |0), [H,O(t,x)]|0) = —id; O(t,x)]0) , (F.39)

which is true for any operator O.
The Schrodinger algebra permits further categorization of different kinds of primary

operators. Beginning with the Jacobi identity for any operators A, B, and C:
[A,[B,C]] +[B,[C,A]] +[C,[A,B]] =0, (F.40)
one can arrive at the following identities:

[Ki7 [PJ7 O[IZ,n,m] (070)]] = _inaij O[i,n,m] (070) ; (F41)

[C, [P, O ., (0,0)]] = 0. (F42)

Forn #£0, [P;, O[I; 0 m]] are not primary operators and are called descendants. Thus, when n # 0,

OThese are actually states with lowest scaling dimension. Following the group theory literature, we call them the
highest-weight state.
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all descendants are total spatial or time derivatives of some primary operator. The distinction
between primary and descendants become obfuscated in the n = 0 sector. This is because if n =0,
then [P;, O[‘Z?O?m}] is also a primary operator, as evident from Eq. (F.41). In this scenario, one can
reorganize the operators by being agnostic to the action of Kj, following Ref. [137]. In particular,
one categorize the operators into quasi-primaries and its descendants, where the quasi-primaries
satisfy [C, 0(0,0)] = 0 without making any requirements for the value of [K;, O(0,0)], and the
descendants are obtained by action of H on quasi-primaries. This categorization exploits the
SL(2,R) subgroup generated by H,D,C which applies for both the neutral and the charged
sectors.

An operator can be written as a total time derivative of another operator if and only if it

is a descendant of a quasi-primary, which leaves out the possibility that a quasi-primary can be

a total spatial derivative of some operator. This necessitates further categorization: we define

OPA

A (0,0)] to be quasi-primaries of type-A if and only if satisfies

€, 0,.(0,0)] =0, (F.43)

Ol (0,0) # [P, O], (F.44)

for any operator O. Quasi-primaries of type-B are those where Eq. (F.44) does not hold.

F.3 Constraints from Algebra and Unitarity bound

The Schrodinger algebra completely restricts the spacetime dependence of the two-point
correlation function between two primary operators. Consider two primary operators, O; with
scaling dimension A; and number charge n and a second, O», with scaling dimension A; and
number charge ny. Begin with the following expressions, which are explicitly zero, since all

generators annihilate the vacuum:

(0 [Ki, 02(2,%)] 01(0,0) [0) + (0] O (1, x) [Ki;, 01(0,0)][0) = 0, (F45)
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<O| [Ca 02(t7x)]ol (070) |O> + <O’ 02<t7X)[C7 O (070)] ’0> = 0, (F.46)
<0’ [D7 02(t7x)]01 (070) ’0> + <0’ OZ(I7X) [Da O1 (070)] ’0> = 0, (F47)

(0[N, Ox(2,x)] 01 (0,0) |0) + (0] Oz (1, x)[N, 01(0,0)] [0) = 0. (F.48)

One can use O(z,x) = e~ ‘H1=FX)) 0(0,0)e'=Fi%}) and Eq. (F.39) to generalize the relations in

Eq. (F.38) to an arbitrary point in spacetime:

[Ki, Ofg o (6:%)][0) = (nx;—i19;) OF ,,, (£,%)[0) , (F.49)
. 1 : :

[C, O[‘Z?n’m} (1,x)]10) = (—ltA+ Exzn —itxjdj— zt28t> O[I;’n’m] (¢,x)|0),  (F.50)

D%,

An,m

[(6,%)][0) = i(A+x;9;+260,) O, (,%)[0) . (F.51)

Inserting Eqgs. (F.49) - (F.51) in to Egs. (F.45) - (F.48):

(0] (a3 i1d;) Os(£,x) 01 (0,0)[0) = 0, (F52)

(0 <—itA2 4 %xznz it — iﬂat) 02(2,%)01(0,0)[0) = 0, (F53)
(0] (x;2; 421, + Ay + A7) Os(£,%) 04(0,0) [0) =0, (F.54)

(1 +12) (0] Oa(1,%) 01 (0,0)[0) = 0. (F.55)

This system of differential equations can be simultaneously solved to give a non-trivial result
only if A{ = A = A and np = —n; = n, which can be satisfied if O = O; = 07, and if so
[59, 81]:

—inx

2t

2
(0] O(t,x) 07 (0,0) |0) = const -1 2 exp [ } : (F.56)

This is true whether ¢ is positive or negative, therefore we have the following result that the
time-ordered product (0| 7 O(¢,x) O7(0,0) |0) has the same form.

There are additional constraints on operators that come from the requirement of unitarity.
There are various ways to arrive at the unitarity bound [59, 81, 137]. Here we will briefly sketch

the method described in Ref. [137]. Let T = it, and assume the state |y(T,X)) can be associated
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with a local primary operator, with scaling dimension A and number charge n, acting on the
vacuum: |y(t,Xx)) = O'(t,x)|0). Then, the requirement of unitarity can be written as:
(y(t,x)|W(t,x)) >0« lim (0] O(7,x)0(1,x)|0) > 0. (F.57)

71
x' —x

Because these are primary operators, the form of this two-point correlation function from
Eq. (F.56) is
I o At / —A n(x’ _X)Z
(0] O(1',x")O'(,x) |0) = const- (T —1T) “exp | ———| - (F.58)
2(T —1)
The algebra does not constrain the overall constant in the above expression, so one is free to
choose it such that

const - (—1:)_A >0, (F.59)

is always true. Because Eq. (F.57) is required for any state |y) in the Hilbert space, it must also
hold for a state [) defined as any combination of partial (Euclidean) time and space derivatives
acting on the original primary operator: |§) = (Ad; + B9; +C9;9, +...) O'(t,x) |0), where A, B,

C, ..., are constants. Consider a particular state:
W) = (e + B3id;) 07 (1,%) [0) (F.60)

where o and B are real constants. The requirement that (y(t,x)[y(t,x)) > 0 then leads to the
following inequality:
lim (—0dy + Boydy) (0d; + Bo,9;) (0] O(7',x') 0 (1,x)|0) >0, (F.61)

Tt
x' —x

where the primes indicate that they only act on the primed spacetime variables. Using Egs. (F.58)

and (F.59), this leads to the inequality:

B2n?(d* +2d) +20Bnd(A+1) + 0*A(A+1) >0, (F.62)
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where d is the number of spatial dimensions. For a fixed value of d, the Eq. (F.62) implies that
A ¢ (—1,d/2). Similarly, considering a state of the form (o O (t,x) +9:O'(t,x)) |0), one can
rule out A < 0 [137]. Combining these two bounds, we have a bound on A, i.e., A > d /2, which
occurs when o/B = —2n. If A = d /2, then the state |y) is a null state with zero norm, where,

plugging these values for a and 3 back into Eq. (F.60), and setting A = d /2:

9?2
(af—ﬁ) (X)) =0, (£63)

Identifying T = it and —n (the charge of O is —n > 0) as the mass of the particle, we have

AP L

2m
This is the Schrodinger equation. Because this is an example of a classical equation of motion

for a well-defined quantum field theory, the bound A > d/2 is therefore the strongest bound.”

"To prove this, assume there is a better (or as good) lower bound A* such that A > A* > d /2. There exists an
example of a well-defined quantum field theory with A = d /2, therefore A = A*.
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Appendix G

Nonrelativistic Conformal Field Theories
in the Large Charge Sector

G.1 Appendix A: Phonons in the Trap

We are solving equation (8.81) in the range of r € [0,R] where R?> = % is the cloud
radius.

Inserting 7 o< €' f(r)Y; and expanding in spherical coordinates:

2
—%(R2 _yar+ r%ﬂ(ﬂd—z)f] +0%rd, f =€ f (G.1)

r

Defining the dimensionless variables x = % and A = % and changing variables to z = x?

1 1
—=(1 — 2)[4202f + 20 f +2(d — 1)0,f — zE(Hd—z)f] +220,f = A\ f (G.2)
Equation (G.2) is a hypergeometric equation with two independent solutions
f(Z) ~ CIZ% 2k ((17,0(,+,'Y, Z) +C2Z%(27d7£) 2k (OC/, B/7yaz) (G.3)

Our solution should be valid on the interval z € [0, 1] where it should be regular and finite at both
z=0and z = 1. Regularity at the origin kills the second solution immediately.

Therefore we have:

£(2) ~ 122 2R (0,00, 7,2) (G.4)
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where Y=+ %, o = L(0+d—1) £, and k = (1 —2d +d? — 20+ Ld + (2 + d)?)z
(

The function »F; (0, 0L+, 7, z) is finite at z = 1 under one of the following possibilities:
1. The values oy 4+ 0o < yfor any value of the arguments
2. If either o+ is equal to a non-positive integer

To see this, we use the following identity and regularity of ,F} around (1 —z) = 0:

FI(y—o4 —a-)

L(y—o)I(y—oy)

I()I (o +0-—7) (
I'(o-)T(ouy)

2F1(0€7,(X+,’Y,Z): 2F1((X,7,(X+,OC7+OC++1—'Y,1—Z)

1 _Z)Y_OL_OWZF] (Y_ o_,Y— 04, 1 +Y_ o — Oy, 1 _Z) (GS)

r(yr(y—oy—o-) TyI(og+o —v)
F(y—o)l(y—oay) (o )I(oy )

2F (0,0, Yz~ 1) ~ (1—2)7% "% (G.6)

We can check explicitly that o + 0o =£¢+d — 1 >y for d > 2, where the superfluid groundstate
is possible. Therefore option (1) is ruled out.

Define o = —n where n is a non-negative integer.

The relation above implies a = ({+d—1)—o_ ={+d+n—1

Consider the explicit product:
1 d 2
0c+0c,:Z(€+d—1+21<)(£+d—1—21<):Z(Z—K) (G.7)

Substituting the integer relations for o4 turns equation (G.7) into a quadratic equation which

can be solved for A as:
1
A2 = v (4n* +4dn+40n — 4n+d0) (G.8)

which yields the dispersion (8.82)
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G.2 Appendix B: Correlation Functions in Oscillator Frame
G.2.1 Two point function

In Galilean frame the two point function is given by

<O(t — i/0)0'(r = i/(o)> —c (—%) - (G.9)
Now we know
(0= ~i/0)0'(t = i/0)) = t(}}mgm (0(=1)0" (= ~))

1 1 Ao/2
=c¢ lim
to—ies (1 + O)ZI(%)AO (sin2 (2mt) >

1
= ¢(2i)%0 lim

(E)>
——————exp | —2mApT G.10
o (14 o) (~2080%) (@10

where oty = tan(®tp). Comparing (G.9) and (G.10), we obtain an identity:

lim ———5——Fex <
1—io (14 @?13)Ao/2 P
(E)

&)

_moxgE)) — 2 Bogyto/2 (G.11)

—yoo0

where we have of = tan(®t) and 7(E) = it. We note that r = i% corresponds to Oscillator frame

Euclidean time Tz = Foo, this follows from
ot = tan (—i0Tg) (G.12)

Thus the operators are inserted at infinitely past and future Euclidean time.

In the oscillator frame, we have

(0(11)0"(12)) = ¢ [1 + tan?(011)] £ [1+ tan?(o)] 7 (tan(w1; ) — tan(0T,)) 20,
which can be simplied into
(0(11)0"(12)) = c[sin(w(t1 —12))] 47, (G.13)
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using the identity

[1 + tan?(wt)][1 + tan*(0T2)] 1
tan(0t)) —tan(0%)]>  sin?(o(t — 1))

(G.14)

G.2.2 Three point function

In the Galilean frame, the general form of a three-point function is fixed to be:

<Ol<x1)02(x2)o3(x3)>EG(X1§X2;X3):F(V123)6XP{ Q151 szB}H’ 478G 15)

2 113 2 13 i<;

where A=Y, A;, x;j = x; —x; , and F(v;j;) is a function of the cross-ratio v; jx defined:

2 2 2

V(X Xy | Xij
== | -k Y G.16
Vijk ) <tjk fi + tij ( )

The matrix element (8.86) defines a 3-point function in this frame via (8.16) and (8.13)

(Dp4g|04(T,¥)| Do) (1+0)2t)2e i et G(-Lowx Lo
= X —_—— N . —
0+q1%\%:Y)1%0 P 2q1+c02t2 o 7 o

i

i<j

- 5y -
q ox Ai—

= F(v)exp §1+602t2 (1+ l:lt

L i<j

02014

_ 5 - .
q x L(=AgsatBo—A0) (3o 2 1 —ior
:F e 2 2 O+q ) 0 () 2
(v)exp |2 1+ 0?2 | 2) (ie) 1 +ior

— F(v)exp (gmﬁ) (2)% ( ;’) : o i0(80—Agiy)T

where

1 x2 x2 iox?
— _ _ = G.17
v 2<t— +—$—r> 1 + 0?2 ( )
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Appendix H

The Spinful Large Charge Sector of
Non-Relativistic CFTs: From Phonons to
Vortex Crystals

H.1 Particle-Vortex Duality

Here we briefly review the particle vortex duality in nonrelativistic set up. The aim of the
appendix is to cast the vortex dynamics in terms of an electrostatic (in d = 3 the gauge field is 2
form field, hence we coin the term “gaugostatic”) problem, leveraging the duality. The idea is to
solve the gaugostatic problem to figure out the field strength, which in turn gives us the velocity
profile of the vortex, again using the dictionary of duality.

We consider the leading order superfluid Lagrangian in the presence of a potential

Ag = 30%r%, A; =0
d+2 1 2
L=c)X 2 =P(X) Xanx—A()—z(a,'X) (H.1)
The number density and superfluid velocity are defined respectively as:

oL d d
HI&ZCQ (§+1>X121 vi:—aix (H.2)
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The action (H.1) has a U(1) symmetry of y — % -+ ¢ whose current can be written as:
JH= (n,nvi) (H.3)

For simplicity and physical relevance, we’ll focus on the cases of d =2 and d =3. Ind =2, we

can define:

1
jy = S“Vpavap = EgﬂVvap (H.4)

for a one-form gauge field a, and field strength f,,y = d,ay — dvay. This relates the superfluid

variables (H.2) to the dual electric and magnetic fields as:

i Sl]f()j Sljej

nzsija,-ajzb % Y =% (H.5)
Similarly, in d = 3 we’ll define the current in terms of a dual two-form gauge field B,y
1
j'u = g,l.leGavaG - gS'UVpGG\;pG (H6)

where Guyp = 0yBvp + dvBp, + dpB,y is the three-form field strength. The superfluid variables

are then expressible as:

y 1€ Gy;
n=ge"*Bp=y V= Iy 0k (H.7)

Vortices act as sources for the gauge fields and couple minimally as:

1
d=2: Jjd"  d=3: JJnB" (H.8)

To implement the duality transformation, we note that internal energy €(n) is given by nX — P(X)

and so we can rewrite the (H.1) as

1 .
L=nX—¢(n)=n (X —Aog— 5(81-)()(81)()) —&(n) (H.9)
= %nvz —e(n)+n (g +v'ox) (H.10)
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where we have used v; = —d;x and n is understood as a function of x and its derivatives.

The internal energy is given by:

d=2: ¢(n) d=3: e =>(2) i (H.11)
=2Z: n)=-—n =) n)=—\ — n .
5 \ 5S¢y
Using the relation (H.5) we can express the Lagrangian in d = 2 as:
L=_———b"—bAg (H.12)
This equation describes a kind of non-linear electrodynamics with a modified Gauss law:

5 (%’) _ (H.13)

Similarly the Lagrangian in d = 3 is given via (H.7) as:

.. 2
1GoijGo7 3/ 2\3 s
[=——"t — ——[— ] Y3-YA H.14
9 Y 5\ 5¢0 0 (H.14)
with a “Gauss law” of:
- (Goii
a’( Y”) =J} (H.15)

Now consider a motion of charged particle under the gauge field, sourced by JV . In
what follows, we will show that to leading order we can treat this as a “gaugostatic” problem
and the velocity V; of the charged particle is negligible. If V; is negligible, one can potentially
drop the kinetic term in the Lagrangian. As a result, the equation of motion for the particle turns
out to be the one where there is no Lorentz force acting on the particle. This implies that V; is
of the same order as |e|/b (in d = 3, this is —VGO;/GOU) For self consistency, we need to ensure
V; is very small i.e. the ratio |e|/b is very small. This helps us to render the problem of vortex
dynamics into a problem of “gaugostatics”. In order to do that, we linearize (H.12) and (H.14)

around parametrically large magnetic field b and Y and we see that the coupling goes as b in

d =2 and in d = 3, this goes like Y. Hence the electric field strength |e| in d = 2 and /Gy jGoij
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in d = 3 goes like v/b and V'Y respectively and we have

- | 1.
ViVino — ~ —.ind =2 (H.16)

b /0

- /Goi:Gol 1
ViVi~ OYJ 0 N\/Q,md:3 (H.17)

Thus it is self consistent to assume that the charged particle is just drifting without any Lorentz

force acting on it.

H.2 A Contour integral

This appendix contains the evauation of contour integrals, needed to figure out the vortex

interaction energy in the multivortex scenario. In d = 2, the vortex interaction energy goes like

/dr rn(r)/de ViV (H.18)

wherre as for d = 3, we have an extra integral along the z axis and r becomes the radius in
cylindrical coordinate. In both cases, the 0 integral can be done using contour integral and

expressing v; in terms of complex variables given by

vi=——— v = —— (H.19)

Hence the integral evaluates to

I—/de, v =Re </dz — Vv ) (H.20)
— Re (/dz_ _—Z_Z])) (H.21)

Now we note that zZ = r? and z;Z; = Rl-2 to rewrite the integral in following manner:

) Zi —i Zi
I =Re /dz —1 ) = Re /dz (H.22)
(e —R)-1) R (-

z— R—lgzl'> (z—z))
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2 . . . .
The poles are located at z = z;,z = 4z i.e. they lie on the circle of radius |z;| = R; and

Without loss of generality, we consider R; < R;. Now there can be three scenarios:

D2 2 L .
1. r <R; <Rjimplies ;Ti < r <Rj, hence the pole at z = I%Zi is picked, answer is

(r* —RiRjcos(¢)) (H.23)

1 2n
I=Re| 2t——— | =—
( r?—zjz > r*+ R3R} — 2rR;R cos(0)

o 2 . .
2. R; <R; <rimplies R; < r < g, hence the pole at z = z; is picked. and the answer is

27
I= 2 (
r* +R5R; —2r*RiR jcos(9)

r* —RiRjcos(¢)) (H.24)

o 2 o .
3. R; <r<Rjimplies r < R; and r < %, so none of the poles is picked, the answer is 0.

Summing up we can write

T (r2 —RiRj COS(¢))

I = —R; —R; H.25
r4 —H??Ri2 —2r2R;R jcos() [sgn(r—Ri) +sgn(r—R;)] ( )
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