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Abstract

Nonrelativistic Naturalness in Aristotelian Quantum Field Theories
by
Ziqi Yan
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Petr Horava, Chair

Some of the most fundamental questions in theoretical physics can be formulated as puz-
zles of naturalness, such as the cosmological constant problem and the Higgs mass hierarchy
problem. In condensed matter physics, the interpretation of the linear scaling of resistiv-
ity with temperature in the strange metal phase of high-temperature superconductors also
arises as a naturalness puzzle. In this thesis, we explore the landscape of naturalness in
nonrelativistic quantum field theories that exhibit anisotropic scaling in space and time.
Such theories are referred to as the “Aristotelian quantum field theories.” In the simple case
with scalars, we find that the constant shift symmetry is extended to a shift by a polyno-
mial in spatial coordinates, which protects the technical naturalness of modes with a higher
order dispersion w ~ k* (z is the dynamical critical exponent). This discovery leads to a
generalization of the relativistic Coleman-Hohenberg-Mermin-Wagner (CHMW) theorem to
multicritical cases in lower critical dimension. By breaking the polynomial shift symmetries
in a hierarchy, we find novel cascading phenomena with large natural hierarchies between the
scales at which the values of z change, leading to an evasion of the “no-go” consequences of
the relativistic CHMW theorem. Based on these formal developments, we propose potential
applications both to the Higgs mass hierarchy problem and to the problem of linear resis-
tivity in strange metals. Finally, encouraged by these nonrelativistic surprises that already
arise in simple systems with scalars, we move on to more complicated systems with gauge
symmetries. We study the quantization of Hotava gravity in 2 + 1 dimensions and compute
the anomalous dimension of the cosmological constant at one loop. However, nonrelativistic
naturalness in gravity is still largely unexplored. Whether or not such nonrelativsitic twists
have any implications for important naturalness puzzles, such as the cosmological constant
problem, remains as an intriguing question.
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Chapter 1

Introduction

1.1 Principle of Technical Naturalness

The concept of naturalness has been a guiding principle in modern theoretical physics for
the past decades, which not only is behind many successes but also leads to some of the
most pressing fundamental questions. Perhaps the most famous naturalness problem is the
cosmological constant problem, where the value of the observed cosmological constant is many
orders much smaller than any known energy scales. In particle physics, the discovery of the
Higgs boson in 2012 [1, 2] led in a renewed focus the naturalness at the TeV scale: The
observed Higgs mass is again very small compared to any high particle-physics scale, be
it the quantum gravity scale, or the scale of grand unification, or some other scale of new
physics. This is famously known as the Higgs mass hierarchy problem. If one considers slow-
roll inflation in cosmology, another naturalness problem emerges as the eta problem: The
effective inflaton mass is required to be extremely small compared to the Hubble parameter
in a successful slow-roll scenario.

Remarkably, all these three fundamental problems, the cosmological constant problem,
the Higgs mass hierarchy problem and the eta problem in slow-roll inflation, are intimately
related to gravity. In principle, a quantum theory of gravity is responsible for an ultimate
answer. In the framework of effective field theory (EFT), however, these naturalness puzzles
can be phrased as questions about naturalness of various small parameters in quantum
field theories (QFTs) of scalars, insensitive of what the short-distance theories are. In fact,
important naturalness puzzles not only arise in particle physics and cosmology, but also exist
in condensed matter systems where the microscopic theory is defined on a discrete lattice.
For example, in high-T,. superconductors, the resistivity develops a linear dependence in
temperature in the strange metallic phase above the critical temperature T,.. This linear
dependence persists over a large range of scales by condensed matter standards and is stable
over a fairly large range of dopings. This surprisingly robust behavior begs for an explanation
in terms of a mechanism naturally protecting the observed hierarchy of scales [3].

The precise notion of naturalness is formulated by 't Hooft in 1979, known as the principle
of technical naturalness [4]. Following the time-honored physical principle of causality and
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the hierarchy of energy scales from the microscopic to macroscopic phenomena, 't Hooft
conjectured the following dogma:

— at any energy scale p, a physical parameter or set of physical parameters a;(u) is
allowed to be very small only if the replacement a; () = 0 would increase the symmetry
of the system.

The essence of the naturalness problem of a light scalar with nonderivative self-interactions
(such as the Higgs) can be succinctly illustrated by considering a single relativistic scalar
®(2#) in 3 + 1 dimensions with action

1 1
S = §/d4x (8@8’@ —m?®? — Z)@“) : (1.1)

where m? cannot be small independently of the value of A\: Both nonderivative terms in (1.1)

break the same, constant shift symmetry & — & 4+ §® with 0® = b, and therefore must be
of the same order of smallness (measured by ¢ < 1) relative to the naturalness scale M, i.e.,

m? ~ eM?, A~ e (1.2)

This gives the following simple but important relation,

m

M ok (1.3)
which then implies the naturalness problem: m cannot be made arbitrarily smaller than M
without A being made correspondingly small to assure that the naturalness condition (1.3)
hold. At typical values of A not much smaller than 1, m will be of the order of the naturalness
scale M, ruining the hierarchy.

It is conceivable that some puzzles of naturalness may only have environmental explana-
tions, based on the landscape of many vacua in the multiverse. However, before we give up
naturalness as our guiding principle, it is important to investigate more systematically the
landscape of naturalness: To map out the various quantum systems and scenarios in which
technical naturalness does hold, identifying possible surprises and new pieces of the puzzle
that might help restore the power of naturalness in fundamental physics.

1.2 The Aristotelian Spacetime

One area in which naturalness has not yet been fully explored is nonrelativistic gravity the-
ory [5, 6]. This approach to quantum gravity has attracted a lot of attention in recent years,
largely because of its improved quantum behavior at short distances, novel phenomenology
at long distances [7], its connection to the nonperturbative Causal Dynamical Triangulations
approach to quantum gravity [8, 9, 10], as well as for its applications to holography and the
AdS/CFT correspondence of nonrelativistic systems [11, 12, 13]. This area of research in



CHAPTER 1. INTRODUCTION 3

quantum gravity is still developing rapidly, with new surprises already encountered and other
ones presumably still awaiting discovery. Mapping out the quantum structure of nonrela-
tivistic gravity theories, and in particular investigating the role of naturalness, represents an
intriguing and largely outstanding challenge.

Before embarking on a systematic study of the quantum properties of nonrelativistic
gravity, one can probe some of the new conceptual features of nonrelativistic quantum field
theories in simpler systems, without gauge symmetry, dynamical gravity and fluctuating
spacetime geometry. We start with one of the ubiquitous themes of modern physics: The
phenomenon of spontaneous symmetry breaking, in the simplest case of global, continous
internal symmetries. According to Goldstone’s theorem, spontaneous breaking of such sym-
metries implies the existence of a gapless Nambu-Goldstone (NG) mode in the system. For
Lorentz invariant systems, the relativistic version of Goldstone’s theorem is stronger, and we
know more: There is a one-to-one correspondence between broken symmetry generators and
the NG modes, whose gaplessness implies that they all share the same dispersion relation
w = ck. On the other hand, nonrelativistic systems are phenomenologically known to exhibit
a more complex pattern: Sometimes, the number of NG modes is smaller than the number of
broken symmetry generators, and sometimes they disperse quadratically instead of linearly.
This rich phenomenology opens up the question of a full classification of possible NG modes.
A natural and elegant approach to this problem has been pursued in [14]: In order to classify
NG modes, one classifies the low-energy EFTs available to control their dynamics.

For clarity and simplicity, we focus on systems on the flat spacetime with Aristotelian
spacetime! symmetries. The terminology “Aristotelian spacetime” is borrowed from [16].
We define this spacetime to be Mp,; = RP*! with a preferred foliation F by fixed spatial
slices R?, and equipped with a flat metric. Such a spacetime with the preferred foliation F
would for example appear as a ground-state solution of nonrelativistic gravity with a zero
cosmological constant [6] and gauge symmetry given by the group of foliation-preserving
spacetime diffeomorphisms, Diff(Mp,1, F) (or a nonrelativistic extension thereof [17]). It is
useful to parametrize M by coordinates (t,x = {x%, = 1,... D}), such that the leaves of F
are the leaves of constant ¢, and the metric has the canonical form

gi]’(t,X) = 51’]’7 N(t,X) = 1, Nz(t,X) =0. (14)

Here g;; is the spatial metric on the leaves of F, N is the lapse function, and N; the shift
vector.

We shall be interested in the QFTs on Mp,; that respect the group of symmetries of
the Aristotelian spacetime. It is natural to define the group of isometries of Mp,; to be
that subgroup of the foliation-preserving diffeomorphism group of Mp.; that respects the
constant metric on Mp,;. This group is a direct product of the spatial Euclidean group

Tt would be natural to refer to M with the flat metric (1.4) as the “Lifshitz spacetime”. Unfortunately,
this term already has another widely accepted meaning in the holography literature, where it denotes the
curved spacetime geometry in one dimension higher, whose isometries realize the Aristotelian symmetries
(1.5) plus the Lifshitz scaling symmetry (1.6) for some fixed value of z [15].
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parametrized by (©%;,0") and the one-dimensional non-compact group of time translations
parametrized by ©; it acts on Mp,; via

T=02'40" t=t+0. (1.5)

The connected component of the group of isometries of our spacetime M with the flat
metric (1.4) is generated by (1.5), and we will refer to it as the “Aristotelian symmetry”
group. The full isometry group of this spacetime has four disconnected components, which
can be obtained by combining the Aristotelian symmetry group generated by (1.5) with
two discrete symmetries: The time-reversal symmetry 7, and a discrete symmetry P that
reverses the orientation of space. We shall be interested in systems that are invariant under
the Aristotelian symmetry group. Note that this mandatory Aristotelian symmetry does not
contain either the discrete symmetries 7 and P.

At renormalization group (RG) fixed points, the Aristotelian spacetime symmetries (1.5)
are further extended by a one-parameter group of anisotropic scaling transformations

T = ba', t = b*t, (1.6)

with b € RT a real non-zero constant scaling factor. The dynamical critical exponent z is an
important characteristic of the fixed point.

1.3 Outline of the Thesis

In Chapter 2 (published in [18, 19]), We investigate spontaneous global symmetry breaking
in the Aristotelian spacetime, and study technical naturalness of Nambu-Goldstone modes
whose dispersion relation exhibits a hierarchy of multicritical phenomena with Lifshitz scaling
and dynamical exponents z > 1. The mechanism is protected by an enhanced “polynomial
shift” symmetry in the free-field limit. (See [20] for a brief review.)

An immediate potential application of such NG modes of higher-order dispersion relations
is found in condensed matter theory. In Chapter 3 (to appear in [21]), we consider the case
in which the multicritical NG bosons play the role of acoustic phonons, associated with
spontaneous breaking of spatial Euclidean symmetries. We couple the multicritical acoustic
phonons to a Fermi liquid of nonrelativistic electrons, and study the physical properies of such
“multicritical metals” in the simplest, isotropic case. Both thermodynamic and transport
properties depend on the degree of multicriticality of the phonon sector and the dimension
of space. We calculate the resistivity of the metal as a function of temperature 7', at the
leading order in the Bloch-Boltzmann transport theory. In particular, we point out that
the system of z = 3 phonons in 3 + 1 dimensions (which is their lower critical dimension),
minimally coupled to the Fermi surface, gives resistivity linear in T" over a naturally large
hierarchy of scales.

Generic interactions break the polynomial shift symmetry explicitly to the constant shift.
In the considered examples, both the ®* self-interaction in (1.1) and the interaction between
multicritical phonons and electrons in Chapter 3 break the polynomial shift symmetries to no
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shift symmetry at all. It is thus natural to ask: Given a Gaussian fixed point with polynomial
shift symmetry of degree P, what are the lowest-dimension operators that preserve this
symmetry, and deform the theory into a self-interacting scalar field theory with the shift
symmetry of degree P? To answer this (essentially cohomological) question, in Chapter
4 (published in [19]), we develop a new graph-theoretical technique, and use it to prove
several classification theorems. First, in the special case of P = 1 (essentially equivalent
to Galileons), we reproduce the known Galileon N-point invariants, and find their novel
interpretation in terms of graph theory, as an equal-weight sum over all labeled trees with N
vertices. Then we extend the classification to P > 1 and find a whole host of new invariants,
including those that represent the most relevant (or least irrelevant) deformations of the
corresponding Gaussian fixed points, and we study their uniqueness.

In Chapter 5 (published in [22]), we continue the study of the quantum properties of
Aristotelian QFTs with polynomial shift symmetries. We investigate the role of infrared di-
vergences and the nonrelativistic generalization of the Coleman-Hohenberg-Mermin-Wagner
(CHMW) theorem. We find novel cascading phenomena with large hierarchies between the
scales at which the value of n changes, leading to an evasion of the “no-go” consequences of
the relativistic CHMW theorem. We present a series of examples to illustrate the cascading
phenomena.

In Chapter 6 (to appear in [23]), we focus on the rich quantum properties of a toy
model introduced in Chapter 5: A renormalizable nonrelativistic scalar field theory in 3 + 1
spacetime dimensions with Aristotelian spacetime symmetries, and with linear shift sym-
metries. We show that its unique self-interaction coupling satisfies a non-renormalization
theorem to all loop orders. However, despite this non-renormalization of the coupling, the
self-interaction strength does depend on scales, as a result of the nontrivial renormalization
of the two-point function. We show that in contrast to the relativistic case, there are several
natural perspectives on the Callan-Symanzik equation and the process of the renormalization
group flow, associated with the observer’s freedom to choose how to relate time to space.

Finally, in Chapter 7 (published in [24]), using the simple toy model studied in Chapter
5 and Chapter 6 as a short-distance completion of the relativisitic EFT defined by (1.1),
we argue that this high-energy cross-over to nonrelativistic behavior naturally leads to light
scalars, and thus represents a useful ingredient for technically natural resolutions of scalar
mass hierarchies, perhaps even the Higgs mass hierarchy puzzle.

In Chapter 8 (to appear in [25]), we use the techniques and intuitions established in
the previous chapters about the Aristotelian QFTs to study more complicated systems. We
examine the renormalization group behavior in the nonlinear sigma model around a z = 2
anisotropic Lifshitz fixed point in 2 + 1 dimensions, focusing on the simple case of the SV~1
target manifold with full O(N) symmetry. We calculate the one-loop beta functions of all
coupling constants in this theory, and study its renormalization group structure. In the large
N limit, the beta functions to all loops are obtained by summing over cactus diagrams.

Up to now, we only considered Aristotelian QFT's of scalar fields, and intriguing surprises
about nonrelativistic naturalness already arise in these simple models. It remains a challeng-
ing question to explore the nonrelativistic naturalness in systems with gauge symmetries,
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particularly in gravity. In Chapter 9 (published in [26]), we study quantum corrections to

projectable Hotava gravity with z = 2 scaling in 2 + 1 dimensions. Using the background

field method, we utilize a non-singular gauge to compute the anomalous dimension of the

cosmological constant at one loop, in a normalization adapted to the spatial curvature term.
In Chapter 10 we conclude the thesis.



Chapter 2

Multicritical Symmetry Breaking

Gapless Nambu-Goldstone modes [27, 28, 29, 30] appear prominently across an impres-
sive array of physical phenomena, both relativistic and nonrelativistic. (For reviews, see
e.g. [31, 32, 33, 34, 35].) They are a robust consequence of spontaneous symmetry break-
ing. Moreover, when further combined with gauge symmetries, they lead to the Higgs phe-
nomenon, responsible for controlling the origin of elementary particle masses.

The NG modes are controlled by Goldstone’s theorem: A spontaneously broken generator
of a continuous internal rigid symmetry implies the existence of a gapless mode. With
Lorentz invariance, the theorem implies a one-to-one correspondence between the generators
of broken symmetry and massless NG modes, but in the nonrelativistic setting, it leaves
questions [36, 37, 38]: What is the number of independent NG modes? What are their
low-energy dispersion relations?

In this chapter, we study the general classification of NG modes, and their naturalness, in
nonrelativistic theories with Aristotelian spacetime symmetries. Our study illustrates that in
Aristotelian QFTs, not only the short-distance behavior but also the concept of naturalness
acquires interesting new features.

2.1 Effective Field Theory and Goldstone’s Theorem

In [39, 40], elegant arguments based on effective field theory have been used to clarify the
consequences of Goldstone’s theorem in the absence of Lorentz invariance. The main idea
is to classify possible NG modes by classifying the EFTs available for describing their low-
energy dynamics. We start with the NG field components 74, A = 1,...,n, which serve as
coordinates on the space of possible vacua M = G/H in a system with symmetries broken
spontaneously from G to H C G. Our spacetime will be the flat RP*! with coordinates
t,x', i = 1,...,D, and we impose the Aristotelian spacetime symmetry consisting of all
Euclidean isometries of the spatial R” and the time translations. At the fixed points of the
renormalization group, this symmetry is enhanced by anisotropic scaling symmetry ! — b,
t — b*t, with the dynamical exponent z characterizing the degree of anisotropy at the fixed
point.
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Arguments of [39, 40] suggest that the generic low-energy EFT action for the NG fields

74 with these symmetries is

S = % / dt dPx {Qu(m)7" + gap(m)ita?

— hap(m)omtom® + ...}, (2.1)
where €24, gap and hap are backgrounds transforming appropriately under G, and “...”
stands for higher-order derivative terms. The term linear in 74 is only possible because of
the special role of time. Lorentz invariance would require 24 = 0 and gap = hapg, thus
reproducing the standard relativistic result: One massless, linearly dispersing NG mode per
each broken symmetry generator. In the nonrelativistic case, turning on €24 leads to two
types of NG bosons [39, 40]: First, those field components that get their canonical momentum
from €24 form canonical pairs; each pair corresponds to a pair of broken generators, and gives
one Type-B NG mode with a quadratic dispersion. The remaining, Type-A modes then get
their canonical momenta from the second term in (2.1), and behave as in the relativistic
case, with z = 1. In both cases, higher values of z can arise if hap becomes accidentally
degenerate [39].

We will show that in Aristotelian theories, hap can be small naturally, without fine
tuning. When that happens, the low-energy behavior of the NG modes will be determined
by the next term, of higher order in 9;. The argument can be iterated: When the terms of
order 9* are also small, terms with z = 3 will step in, etc. This results in a hierarchy of
multicritical Type-A and Type-B NG modes with increasing values of z. Compared to the
generic NG modes described by (2.1), these multicritical NG modes are anomalously slow
at low energies.

2.2 Type A and B Nambu-Goldstone Bosons

We are interested in the patterns of spontaneous symmetry breaking of global continuous
internal symmetries in the flat spacetime with the Aristotelian symmetries, as defined in the
introduction. Our analysis gives an example of phenomena that are novel to Goldstone’s
theorem in nonrelativistic settings, and can in principle be generalized to nonrelativistic
systems with even less symmetry.

An elegant strategy has been proposed in [14]: In order to classify Nambu-Goldstone
modes, we can classify the corresponding EFTs available to describe their low-energy dy-
namics. In this EFT approach, we organize the terms in the effective action by their increas-
ing dimension. Such dimensions are defined close enough to the infrared (IR) fixed point.
However, until we identify the infrared fixed point, we don’t a priori know the value of the
dynamical critical exponent, and hence the relative dimension of the time and space deriva-
tives — it is then natural to count the time derivatives and spatial derivatives separately.
Consider first the “potential terms” in the action, i.e., terms with no time derivatives. The
general statement of Goldstone’s theorem implies that non-derivative terms will be absent,
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and the spatial rotational symmetry further implies that (for D > 1) all derivatives will
appear in pairs contracted with the flat spatial metric. Hence, we can write the general
“potential term” in the action as

1
Sefﬁv = /dt dDX {Egu(ﬁ)aﬂrlam‘] + .. } (22)

where g;;(7) is the most general metric on the vacuum manifold which is compatible with all
the global symmetries, and ... stand for all the terms of higher order in spatial derivatives.

If the system is also invariant under the primitive version T of time reversal, defined as
the transformation that acts trivially on fields,

7':{ t = =% (2.3)

T = T,

the time derivatives will similarly have to appear in pairs, and the kinetic term will be given

by

1
Set k= / dt d°x {§hu(7r)7’r17'r‘] +.. } : (2.4)
where again h;; is a general metric on the vacuum manifold compatible with all symmetries,
but not necessarily equal to the gr; that appeared in (2.2); and ... are higher-derivative

terms.
However, invariance under 7T is not mandated by the Aristotelian symmetry. If it is
absent, the Aristotelian symmetries allow a new, more relevant kinetic term,

geff,[(:/dthX{Q[(ﬂ')frl—F...}, (25)

assuming one can define the suitable object €;(7) on the vacuum manifold so that all the
symmetry requirements are satisfied, and Q(m)7! is not a total derivative. Since Q;(7)
plays the role of the canonical momentum conjugate to 7/, if such Q-terms are present in
the action, they induce a natural canonical pairing on an even-dimensional subset of the
coordinates on the vacuum manifold.

In specific dimensions, new terms in the effective action that are odd under spatial parity
P may exist. For example, in D = 2 spatial dimensions, we can add new terms to the
“potential” part of the action, of the form

1
Sefﬂv = /dt dDX {5 Q[J(ﬂ') Eij 8Z-7r18j7r‘] + .. } s (26)

where Q;; is any two-form on the vacuum manifold that respects all the symmetries.! In
the interest of simplicity, we wish to forbid such terms, and will do so by imposing the P

IFor example, if Q(7) suitable for (2.5) exist, one can take Q77 = oy
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invariance of the action, focusing on the symmetry breaking patterns that respect spatial
parity. This condition can of course be easily relaxed, without changing our conclusions
significantly.

This structure of low-energy effective theories suggests the following classification of NG
modes, into two general types:

e Type A: One NG mode per broken symmetry generator (not paired by ;). The
low-energy dispersion relation is linear, w o k.

e Type B: One NG mode per each pair of broken symmetry generators (paired by €r).
The low-energy dispersion relation is quadratic, w o k2.

Based on the intuition developed in the context of relativistic QFT, one might be tempted to
conclude that everything else would be fine tuning, as quantum corrections would be likely
to generate large terms of the form (2.2) in the effective action if we attempted to tune them
to zero.

2.3 The z =2 Linear and Nonlinear O(NN) Sigma Models

The naive intuition about fine-tuning summarized in the previous section is, however, incor-
rect. As we will illustrate in a series of examples by explicit calculations of loop corrections,
it turns out that the leading spatial-derivative term in (2.2) can be naturally small (or even
7€ro).

We will demonstrate our results by focusing on a simple but representative example of
symmetry breaking, the O(N) nonlinear sigma model (NLSM) with target space SV, (For
some background on Aristotelian scalar theories, see [5, 41, 42, 43, 44, 45].) Until stated
otherwise, we will also impose time reversal invariance, to forbid €24. The action of the
O(N)-invariant Aristotelian NLSM with a z = 2 scaling [43] is then

1 A
SNLSM = Q_GQ dthX{gABﬂ'Aﬂ'B—engBAT(‘AAWB

— )\1 (gABaﬂTAajﬂ'B) (gCDaﬂTCajﬂ'D)

— o (gapdim*9m®)” - CQQAB@WA@WB} : (2.7)

Here
At = 9,0 4+ T 0P om® (2.8)

and gap is the round metric on the unit S¥=!, and '}, is its connection. Later we will use

ArB

T et (2.9)

gaB = 0ap +

The Gaussian z = 2 RG fixed point is defined by the first two terms in (2.7) as G — 0.
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To specify the canonical scaling dimensions at the z = 2 Gaussian fixed point, two natural
conventions suggest themselves. First, one can measure the scaling dimensions in the units
of spatial momentum — this is perhaps more prevalent in the literature, as it leads to simple
integer dimensions of most objects of interest. However, we find that in Aristotelian theories,
it is more appropriate to specify the scaling dimensions in the units of energy. It eases the
comparison when more than one Gaussian fixed points with integer z are involved. We define
scaling dimensions throughout in the units of energy,

0]=1,  [9]= % (2.10)
Due to its geometric origin, the NG field 74 is dimensionless,
[m4] = 0. (2.11)
The first four terms in Sypsm are all of the same dimension, so
[e’] =[] = [Ao] = 0. (2.12)

We can set e = 1 by the rescaling of space and time, and will do so throughout this chapter.
All interactions are controlled by the coupling constant G, whose dimension is
2—D
G] = ——. (2.13)
4
Thus, the critical spacetime dimension of the system, at which the first four terms in (2.7)
are classically marginal, is equal to 2 + 1. The remaining term has a coupling of dimension

(] =1, (2.14)

and represents a relevant deformation away from z = 2, even in the non-interacting limit
G — 0. Since ¢ determines the speed of the NG modes in the k — 0 limit, we refer to
this term as the “speed term” for short. Given the symmetries, this relevant deformation is
unique.

We are mainly interested in 3 + 1 dimensions, so we set D = 3 from now on. We will
defer the discussion on the 3 + 1 dimensions to Chapter 8. Since this is above the critical
dimension of 2 + 1 and [G] is negative, the theory described by (2.7) must be viewed as an
EFT: Sxpsum gives the first few (most relevant) terms out of an infinite sequence of operators
of growing dimension, compatible with all the symmetries. It is best to think of this EFT
as descending from some ultraviolet (UV) completion. For example, we can engineer this
effective NLSM by starting with the z = 2 linear sigma model (LSM) of the unconstrained
O(N) vector ¢!, I =1,..., N, and action

Stsm = %/dtd3x {Q.slﬁ.bl - 623%13%[ - 028@13@1 - [€1¢I¢I + €2(¢I¢1)2] ai¢Jai¢J
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- f1(¢13i¢1)(¢‘]@¢‘]) f2(¢'6") (07 0:07) (6" 0:0™)
5
miole! — 206" 30 L (ool ). (2.15)
s!
5s=3

The first two terms define the Gaussian z = 2 fixed point. We again set e = 1 by rescaling
space and time. At this fixed point, the field is of dimension [¢] = 1/4, and the dimensions
of the couplings — in the order from the marginal to the more relevant — are:

[e] = lgs] = [e2] = [o] =0, [ga] = [ea] = [Ai] = % l9s] =[] = 1,
3
5

This theory can be studied in the unbroken phase, the broken phase with a spatially
uniform condensate (which we take to lie along the N-th component, (¢") = v), or in a
spatially modulated phase which also breaks spontaneously some of the spacetime symmetry.

We will focus on the unbroken and the uniformly broken phase. In the latter, we will write
¢! = (T4, v + o). Changing variables to

o' = (rm?, r\/1 — 6 4pmATB) (2.17)

and integrating out perturbatively the gapped radial field r — v gives the NLSM (2.7) of the
gapless 7 at leading order, followed by higher-derivative corrections. This is an expansion
in the powers of the momenta |k|/mg,, and frequency w/m2, , where myg,, is the gap scale
of the radial mode.

The simplest example with a uniform broken phase is given by the special case of LSM, in
which we turn off all self-interaction couplings except ), and also set ¢? = 0 classically. This
theory is superrenormalizable: Since [A] = 3, the theory becomes free at asymptotically high
energies, and stays weakly coupled until we reach the scale of strong coupling m, = \/3.
Since the speed term is relevant, our intuition from the relativistic theory may suggest that
once interactions are turned on, relevant terms are generated by loop corrections, with a
leading power-law dependence on the UV momentum cutoff A. In fact, this does not happen
here. To show this, consider the broken phase, with the potential minimized by

N = [m?] = 2. (2.16)

gap’

v=" (2.18)

and set ¢ = 0 at the classical level. The IT* fields are gapless, and represent our NG modes.
The o has a gapped dispersion relation, w? = |k|* + 2m?*. The Feynman rules in the broken
phase are almost identical to those of the relativistic version of this theory [46], except for
the nonrelativistic form of the propagators,

A ok p i04B
—_— = Y
P — k|* + e
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A B AL \ B 4 B

(©) (d) (e)

Figure 2.1: One-loop corrections to I' 45 of the NG modes in the broken phase of the super-
renormalizable LSM.

LA i (2.19)
o w? — [k[* —2mt e '

Because of the z = 2 anisotropy, the superficial degree of divergence of a diagram with L
loops, E external legs and V3 cubic vertices is

D=8-2FE—3L—-2Vj. (2.20)

Loop corrections to the speed term are actually finite. If we start at the classical level by
setting ¢ = 0, this relation can be viewed as a “zeroth order natural relation” (in the sense
of [46]): True classically and acquiring only finite corrections at all loops. We can even set
c? at any order to zero by a finite local counterterm, but an infinite counterterm for ¢? is not
needed for renormalizability.

How large is this finite correction to ¢2? At one loop, five diagrams (shown in Fig.2.1)
contribute to the inverse propagator

Dap(w, k) = (w? — |k|* + 2(w, k))da5. (2.21)
We can read off the one-loop correction to ¢ = 0 by expanding
Y= —0om* -6k + ... (2.22)

Four of these diagrams give a (linearly) divergent contribution to dm?, but both the divergent
and finite contributions to dm* sum to zero, as they must by Goldstone’s theorem. The next
term in ¥ is then proportional to k? and finite. It gets its only one-loop contribution from
diagram (d) in Fig. 2.1, whose explicit evaluation gives

27/4. 5 2 A A
= " 1(3)]" = ~0.0125—. 2.23
637’(5/2 (4)} m m ( )

oc?

Thus, the first quantum correction to ¢? is indeed finite and nonzero. But is it small or large?
There are much higher scales in the theory, such as m and A, yet in our weak coupling limit
the correction to the speed term is found to be dc* oc A/m naturally. In this sense, dc? is
small, and so ¢? can also be small without fine tuning.
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We can also calculate dc? at one loop in the effective NLSM. The Feynman rules derived
from (2.7) for the rescaled field 74 /G involve a propagator independent of G (in which we
set ¢ = (), and an infinite sequence of vertices with an arbritrary even number of legs, of
which we will only need the lowest one. When the radial direction of ¢ is integrated out in
our superrenormalizable LSM, at the leading order we get (2.7) with G = 1/v, A; = 0 and
Ao = 1. In this special case, the 4-vertex is

I Iy
wr, Ky wa, ko
= —iG” {(w1 4 w2)(ws + wy) + (ki + ko)*(ks + ka)*} 61, 1,011,
ws, kg wa, Ky :
I I, + 2 permutations. (2.24)

The first quantum correction to dc? comes at one loop, from

) (2.25)

which is cubically divergent. With the sharp cutoff at |k| = A, we get

GQAS
5 = a2

(2.26)

This theory is only an EFT, and its natural cutoff scale A is given by m, the gap scale of
the o. With this value of the cutoff, the one-loop result (2.26) gives

52 = O(\/m), (2.27)

which matches our LSM result.

If one wishes to extend the control over the LSM beyond weak coupling in A, one can
take the large- N limit, holding the 't Hooft coupling AN fixed. In this limit, the LSM and
the NLSM actually become equivalent, by the same argument as in the relativistic case [47].
An explicit calculation shows that at large N, dc? is not just finite but actually zero, to all
orders in the 't Hooft coupling.

We will discuss in details about the RG structure of Aristotelian nonlinear sigma models
in Chapter 8.

2.4 Naturalness and Slow Nambu-Goldstone Modes

Now, we return to the question of naturalness of small dc?, in the technical context articulated
in [4]. As a warm-up, consider first our superrenormalizable LSM in its unbroken phase. The
leading contribution to the speed term in the inverse propagator of ¢’ is now at two-loop

order, from
% (2.28)



CHAPTER 2. MULTICRITICAL SYMMETRY BREAKING 15

This diagram is finite; even the leading constant, independent of w and k, only yields a finite
correction to the gap m*. The contribution of order k? is then also finite, and gives

_

oc?
mA

, (2.29)
with £ a pure number independent of all couplings. But is this dc? small?

Let us first recall a well-known fact from the relativistic A¢* theory [4]: A and m? may be
simultaneously small, ~ &, because in the limit of ¢ — 0, the system acquires an enhanced
symmetry — in this case, the constant shift symmetry,

¢' — ¢! +d’. (2.30)

The same constant shift symmetry works also in our superrenormalizable Aristotelian LSM.
Restoring dimensions, we have

A= O(ep?), m* = O(ep?). (2.31)

Here p is the scale at which the constant shift symmetry is broken (or other new physics
steps in), and represents the scale of naturalness: The theory is natural until we reach the
scale p = O(m*/)). This result is sensible — if we wish for the scale of naturalness to be much
larger than the gap scale, u > m, we must keep the theory at weak coupling, \/m? < 1.
Now, how about the speed term? If we assume that ¢? is also technically small, ¢* ~ ¢,
this assumption predicts ¢ = O(A?/m?), which is exactly the result we found above in our
explicit perturbative calculation. It looks like there must be a symmetry at play, protecting
simultaneously the smallness of m?*, X\ as well as ¢! We propose that the symmetry in
question is the generalized shift symmetry (2.30), with a’ now a quadratic polynomial in the
spatial coordinates,

al = afjxixj +alr' + ab. (2.32)
The speed term 9;¢!9;¢" is forbidden by this “quadratic shift” symmetry, while 9%2¢!9?¢! is
invariant up to a total derivative.? This symmetry holds in the free-field limit, and will be
broken by interactions. It can be viewed as a generalization of the Galileon symmetry, much
studied in cosmology [48], which acts by shifts linear in the spacetime coordinates.

As long as the coupling is weak, the unbroken phase of the LSM exhibits a natural
hierarchy of scales, ¢ < m < pu, with the speed term much smaller than the gap scale.
The effects of the speed term on the value of z would only become significant at low-enough
energies, where the system is already gapped. Note that another interesting option is also
available, since there is no obligation to keep ¢ small at the classical level. If instead we
choose ¢ much above the gap scale m (but below the naturalness scale p), as we go to lower
energies the system will experience a crossover from z = 2 to z = 1 before reaching the gap,

2A more minimalistic approach is to apply the linear shift symmetry, 6¢(t,x) = a + a;z°, instead of
the quadratic shift symmetry. The ¢? term is invariant under this symmetry, up to a total derivative, and

therefore protected from large quantum corrections.
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and the theory will flow to the relativistic A¢?* in the infrared. The coupling A can stay small
throughout the RG flow from the free z = 2 fixed point in the UV to the z = 1 theory in
the infrared.

Now consider the same LSM in the broken phase. In this case, we are not trying to
make m small — this is a fixed scale, setting the nonzero gap of the . Moreover, the n’s are
gapless, by Goldstone’s theorem. We claim that ¢? can be naturally small in the regime of

small A,
A= O(ep?), ¢ = Oep?), (2.33)

as a consequence of an enhanced symmetry. The symmetry in question is again the “quadratic
shift” symmetry, now acting only on the gapless NG modes in their free-field limit:

M4 — 4 + aja’a! + ... (2.34)

It follows from (2.18) that the radius v of the vacuum manifold SY¥=! goes to infinity with
€ — 0, v = O(m?/\/p3¢), and v — oo corresponds to the free-field limit of the 7’s. Our
enhanced symmetry does not protect m from acquiring large corrections; we can view m
in principle as a separate mass scale, but it is natural to take it to be of the order of the
naturalness scale, m = O(u). Altogether, this predicts

52 = O\ /p) = O(\/m), (2.35)

in accord with our explicit loop result (2.23).

The technically natural smallness of the speed term in our examples is not an artifact
of the superrenormalizability of our LSM. To see that, consider the full renormalizable LSM
(2.15), first in the unbroken phase. As we turn off all self-interactions by sending ¢ — 0, the
enhanced quadratic shift symmetry will again protect the smallness of ¢ ~ e. In terms of
the naturalness scale p, this argument predicts that in the action (2.15), all the deviations
from the z = 2 Gaussian fixed point can be naturally of order ¢ in the units set by u:

es = O(e), e = O(ep?), A= O(ep?), m* = O(ep?). (2.36)

If we want the naturalness scale to be much larger than the gap scale, u > m, all couplings
must be small; for example,

es = O(m*/u') < 1, (2.37)
etc. We then get an estimate
5c? = O(eq®) = O(y/eam?) < m?. (2.38)

As in the superrenormalizable case, the speed term can be naturally much smaller than
the gap scale. This prediction can be verified by a direct loop calculation. The leading
contribution to dc¢? comes from several two-loop diagrams, including

(2.39)
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with one ey vertex. Each loop in this diagram is separately linearly divergent, giving
6c? ~ ea\? = O(y/eam?), (2.40)

in accord with our scaling argument.

The story extends naturally to the broken phase of the renormalizable LSM, although
this theory is technically rather complicated: The (¢) itself is no longer given by (2.18) but
it is at the minimum of a generic fifth-order polynomial in ¢’¢’. It is thus more practical
to run our argument directly in the low-energy NLSM. The advantage is that even for the
generic renormalizable LSM (2.15), the leading-order NLSM action is of the general form
(2.7). The leading order of matching gives G = 1 /v, with v the radius of the vacuum manifold
SN=1 The NLSM is weakly coupled when this radius is large. The enhanced “quadratic
shift” symmetry of the NG modes 74 in their free-field limit implies G = O(e/u) and
? = O(ep?) with A1 2 = O(1), and predicts

= O(G*). (2.41)

The naturalness scale p is set by the gap of the o particle, which is generally of order m.
Thus, (2.41) implies that in the large-v regime of the weakly-coupled NLSM, the speed term
is naturally much smaller than the naturalness scale. This can be again confirmed by a direct
loop calculation: The leading contribution to dc? comes from the one-loop diagram

QO (2.42)

This diagram is cubically divergent and its vertex gives a G? factor, leading to 6c? ~ GZA3.
Setting A ~ p confirms our scaling prediction (2.41). In the special case of our superrenor-
malizable LSM, we can go one step further, and use (2.18) and G = 1/v to reproduce again
our earlier result, ¢ = O(\/m).

We have shown that Type-A NG modes can naturally have an anomalously slow speed,
characterized by an effective z = 2 dispersion relation. This construction can obviously
be iterated, leading to Type-A NG modes with higher dispersion of z = 3,4,.... In such
higher multicritical cases, the smallness of all the relevant terms is protected by the enhanced
“polynomial shift” symmetry in the free-field limit, with a! now a polynomial in z* of degree
2z — 2. Our results also extend easily to Type-B NG modes, which break time reversal
invariance. Instead of their generic z = 2 dispersion, they can exhibit a z = 4 (or higher)
behavior over a large range of energy scales.

2.5 Polynomial Shift Symmetries

Since the polynomial shift symmetries act on the fields 7/(¢,x) separately component by
component, from now on we shall focus on just one field component, and rename it ¢(t,x).
The generators of the polynomial shift symmetry of degree P act on ¢ by

(5}3@5 = ailmipx“ cee ZEiP + ...+ CLiIi + a. (243)
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The multicritical Gaussian fixed point with dynamical exponent z = n is described by

S, = /dt dx {%& — %gﬁ (05, ... 05, 0) (i, ... am)} . (2.44)

In fact, it is a one-parameter family of fixed points, parametrized by the real positive coupling
(2. (Sometimes it is convenient to absorb (, into the rescaling of space, and we will often
do so when there is no competition between different fixed points.)

The action S, is invariant under polynomial shift symmetries (2.43) of degree P < 2n—1:
It is strictly invariant under the symmetries of degree P < n, and invariant up to a total
derivative for degrees n < P < 2n — 1.

Morally, this infinite hierarchy of symmetries can be viewed as a natural generalization of
the Galileon symmetry, proposed in [49] and much studied since, mostly in the cosmological
literature. In the case of the Galileons, the theory is relativistic, and the symmetry is
linear in space-time coordinates. The requirement of relativistic invariance is presumably
the main reason that has precluded the generalization of the Galileon symmetries past the
linear shift: The higher polynomial shift symmetries in spacetime coordinates would lead to
actions dominated by higher time derivatives, endangering perturbative unitarity:.

So far, we considered shifts by generic polynomials of degree P, whose coefficients a;, . ;,
are arbitrary symmetric real tensors of rank ¢ for £ = 0,..., P. We note here in passing
that for degrees P > 2, the polynomial shift symmetries allow an interesting refinement. To
illustrate this feature, we use the example of the quadratic shift,

09¢p = aijxixj + a;x" + ap. (2.45)

The coefficient a;; of the quadratic part is a general symmetric 2-tensor. It can be decom-
posed into its traceless part a;; and the trace part a;;,

CLij = Eij -+ iakk(&j. (246)
D
Since this decomposition is compatible with the spacetime Aristotelian symmetries (1.5), one
can restrict the symmetry group to be generated by a strictly smaller invariant subalgebra
in the original algebra generated by a;;. For example, setting the traceless part a;; of
the quadratic shift symmetry to zero reduces the number of independent generators from
(D+2)(D+1)/2 to D+ 2, but it is still sufficient to prevent 9;¢ 0;¢ from being an invariant
under the smaller symmetry. This intriguing pattern extends to P > 2, leading to intricate
hierarchies of polynomial shift symmetries whose coefficients a;, ;, have been restricted by
various invariant conditions. As another example, invariance under the traceless part has
been studied in [50]. In the interest of simplicity, we concentrate in the rest of this chapter on
the maximal case of polynomial shift symmetries with arbitrary unrestricted real coefficients
Ay .. ip-
The invariance of the action under each polynomial shift leads to a conserved Noether
current. Each such current then implies a set of Ward identities on the correlation functions
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and the effective action. Take, for example, the case of n = 2 in (2.44): The currents for
the infinitesimal shift by a general function a(x) of the spatial coordinates x’ are collectively
given by

Ji=a(x)é, T = a(x)0,0% — 0,a(x)0ids6 + dda(x)0;0 — 0,0%(x) 6, (247)

and their conservation requires
i+ 0,7, = a(x) {é + (@2)2¢} — (8*)%a(x) & = 0. (2.48)

The term in the curly brackets is zero on shell, and the current conservation thus reduces to
the condition (9%)%a(x)¢ = 0, which is certainly satisfied by a polynomial of degree three,

a(x) = ajpr's’a" + aja’s’ + ax’ + a. (2.49)

Note that if we start instead with the equivalent form of the classical action

3, = /dt dx {%@2 _ % (@0@)2} | (2.50)
the Noether currents will be related, as expected, by
g = T
Ji = a(x)9;0°¢ — 0;a(x)0*¢ + 0*a(x)di¢ — 0;0%a(x) ¢ (2.51)

= Ji + 0;[0:0(x)9;6 — dja(x) ;]

From these conserved currents, one can formally define the charges

Qla) :/dejt. (2.52)

However, for infinite spatial slices ¥ = R”, such charges are all zero on the entire Hilbert
space of states generated by the normalizable excitations of the fields ¢. This behavior is
quite analogous to the standard case of NG modes invariant under the constant shifts, and
it simply indicates that the polynomial shift symmetry is being spontaneously broken by the
vacuum.

2.6 Refinement of the Goldstone Theorem

In its original form, Goldstone’s theorem guarantees the existence of a gapless mode when
a global continuous internal symmetry is spontaneously broken. However, in the absence
of Lorentz symmetry, it does not predict the number of such modes, or their low-energy
dispersion relation.

The classification of the effective field theories which are available to describe the low-
energy limit of the Nambu-Goldstone mode dynamics leads to a natural refinement of the
Goldstone theorem in the nonrelativistic regime. In the specific case of spacetimes with
Aristotelian symmetry, we get two hierarchies of NG modes:
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e Type A: One NG mode per broken symmetry generator (not paired by ;) The low-
enerqy dispersion relation is w o< k™, where n =1,2,3,....

e Type B: One NG mode per each pair of broken symmetry generators (paired by €r).
The low-energy dispersion relation is w o< k**, where n =1,2,3,. . ..

It is natural to label the members of these two hierarchies by the value of the dynamical
critical exponent of their corresponding Gaussian fixed point. From now on, we will refer to
these multicritical universality classes of Nambu-Goldstone modes as “Type A,,” and “Type
Bs,”, respectively.

We conclude this chapter with the following comments:

1. While Type B NG modes represent a true infinite hierarchy of consistent fixed points,
the Type A NG modes hit against the nonrelativistic analog of the Coleman-Hohenberg-
Mermin-Wagner (CHMW) theorem: At the critical value of n = D, they develop in-
frared singularities and cease to exist as well-defined quantum fields. We will discuss
this behavior in details in Chapter 5.

2. Type A preserve T invariance, while Type B break 7. (This does not mean that a
suitable time reversal invariance cannot be defined on Type B modes, but it would
have to extend 7 of (2.3) to act nontrivially on the fields.)

3. Our classification shows the existence of A,, and B,,, hierarchies of NG modes described
by Gaussian fixed points, and therefore represents a refinement of the classifications
studied in the literature so far. However, it does not pretend to completeness: We find
it plausible that nontrivial fixed points (and fixed points at non-integer values of n)
suitable for describing NG modes may also exist. In this sense, the full classification
of all possible types of nonrelativistic NG dynamics — even under the assumption of
Aristotelian symmetries — still remains a fascinating open question.

4. For simplicity, we worked under the assumption of Aristotelian spacetime symmetry.
Obviously, this simplifying restriction can be removed, and the classification of multi-
critical NG modes in principle extended to cases whereby some of the the spacetime
symmetries are further broken by additional features of the system — such as spa-
tial anisotropy, layers, an underlying lattice structure, etc. We also expect that the
classification can be naturally extended to Nambu-Goldstone fermions associated with
spontaneous breaking of symmetries associated with supergroups. Such generaliza-
tions, however, are beyond the scope of this thesis.
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Chapter 3

Application: Linear Resistivity in Strange Metals

In the last chapter, we have demonstrated that Nambu-Goldstone modes produced by non-
relativistic spontaneous symmetry breaking can exhibit naturally higher-order dispersion
relations over a large hierarchy of scales. In flat noncompact space, the naturalness of this
behavior is protected by a polynomial shift symmetry. In this chapter, we present an im-
mediate application of these new technically natural Nambu-Goldstone modes. Since the
Aristotelian spacetime that we are working with throughout the thesis is fundamentally
nonrelativisitic, it is natural for us to first look for potential applications in the field of
condensed matter physics.

3.1 T-linear Resistivity in Strange Metals

As preluded in §1.1, the linear temperature dependence of the resistivity in the strange
metal phase above the critical temperature in high-T, superconductors can be formulated
as a naturalness puzzle. Qualitatively, the relation between the resistivity p(7") and the
temperature T' is graphed for typical high-T, superconductors in Figure 3.1. This behavior
persists over a large range of scales in temperature and also survives under a changing of
doping of 5 ~ 10%. This robust behavior seeks for an effective field theoretical explanation:
Is there any mechanism which gives rise to the T-linear resistivity in metals in a technically
natural way?

In the standard BCS theory, the electron-phonon interactions is responsible for the su-
perconductivity. In the metallic phase above T, the resistivity from the electron-phonon
interactions is given by the Bloch-Griineisen formula, which yields p(T)) ~ T°. This is far
off. How about other interactions? The electron-electron scatterings give p(T') ~ T? and the
interactions with impurities give p(T") ~ const. There is nothing that gives p(T') ~ T. Per-
haps the effective field theory that describes the low energy excitations have to be something
very different.

Notably, acoustic phonons are NG modes associated with spontaneous breaking of trans-
lational invariance. This opens up a curious question: What will happen in the BCS theory
if the role of the phonons is played by the Type A, NG modes with n > 17 This is the
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p(T)

T T

Figure 3.1: Temperature dependence of resistivity p(7T") in high-T, superconductors.

question that we will be focusing on in the rest of this chapter: First we show how to gen-
eralize the polynomial shift symmetry when some spatial dimensions are compactified on a
torus or replaced by a periodic finite lattice. Then we consider the case in which the multi-
critical NG bosons play the role of acoustic phonons, associated with spontaneous breaking
of spatial Euclidean symmetries. We couple the multicritical acoustic phonons to a Fermi
liquid of nonrelativistic electrons, and study the physical properties of such “multicritical
metals” in the simplest, isotropic case. Both thermodynamic and transport properties de-
pend on the degree of multicriticality of the phonon sector and the dimension of space. We
calculate the resistivity of the metal as a function of temperature 7', at the leading order in
the Bloch-Boltzmann transport theory. In particular, we point out that the system of z = 3
multicritical phonons in 3+ 1 dimensions (which is their lower critical dimension), minimally
coupled to the Fermi surface, gives resistivity linear in 7" over a naturally large hierarchy of
scales.

3.2 Polynomial Shift Symmetries and the Lattice

Having established in the previous chapter the possibility of a new symmetry in the contin-
uum theory, one can naturally ask whether there is a discretized version of this symmetry,
such that it can be implemented on the lattice and reproduce the continuous polynomial
symmetry as the continuum infinite-volume limit is taken.

There are several reasons why to ask this question. First, especially with condensed
matter applications in mind, it is useful to know whether lattice systems exist in which the
analog of the polynomial shift can be realized as an exact symmetry at the microscopic level,
at least in principle. Secondly, even if one is only interested in the continuum limit itself, it
is useful to know whether there is a lattice regularization of the theory which maintains the
lattice version of the polynomial shift symmetry before the continuum limit is taken. Besides,
one might be interested in taking continuum limits other than the infinite volume limit, for
example the limit in which the radius of the periodic lattice in one or more dimensions is
held fixed as the number of sites goes to infinity. Having a lattice version of the polynomial
shift symmetry will then yield automatically a natural continuum symmetry that works on
toroidal spatial compactifications.
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As an illustration of principle, we consider the theory in one spatial dimension, on a finite,
periodic lattice of N sites, labeled by the site index 7 = 0,..., N — 1. We are interested in
the dynamics of a single scalar field, represented by the real-valued ¢; at each site j of the
lattice, with periodic boundary conditions (i.e., we define ¢;.n = ¢; for all j € Z). We also
introduce the uniform lattice spacing a, which represents a natural microscopic scale in the
theory: The lattice sites are located at X = X; = aj. Similarly, N serves as an infrared
cutoff, and the radius of the spatial circle is given by R = Na/(27): We have X = X +27R.

The dual momentum lattice also consists of N points, labeled by integers k =0 ..., N—1,
arranged uniformly on a circle with periodic boundary conditions. Since the momentum K
dual to X is naturally quantized in the units of 1/R = 27 /(Na), the lattice sites of the dual
lattice are at Ky = 27k/(Na), implying that K = K + 27/a: The radius of the momentum
circle is 1/a. For now, we will set a = 1 for simplicity.

The momentum modes ng associated with the scalar field ¢; are given by the discrete
Fourier transform,

N—1
fgk = Z ¢j€2mjk/N; (3.1)
j=0
with the inverse given by
N-1
1 ~ -
_ N Z ¢ke—2ﬂ'ljk‘/N. (32)
k=0

The constant shift symmetry is easily realized by the lattice degrees of freedom ¢;: The
simplest textbook example of a nearest-neighbor Hamiltonian describing lattice vibrations,

2

H =3 (60— 0, (3.3)

<.
I
o

is indeed manifestly invariant under the constant shift, ¢; — ¢; + o, with a € R.

Moving on to polynomial shift symmetries of degree P > 0, we are facing our first issue:
The polynomial functions of the spatial coordinate X, even when discretized and evaluated
at the lattice sites X; = aj, are not well-defined as uni-valued functions on the periodic
lattice. To find our way out, let us consider the action of our symmetries as they act in
the momentum space. In the continuum theory in D 4+ 1 dimensions, the constant shift
symmetry ¢(x) — ¢(x) +a acts on the momentum modes via ¢(k) — ¢(k) 4+ adP) (k). The
polynomial shift symmetries of degree P similarly act on the momentum modes as shifts by
derivatives of degree P of §P)(k). Thus, the textbook Hamiltonian (3.3), when rewritten in

momentum space,
N-1
H =Y sin’ ( ) s (34)
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is invariant under the shift of ak by the lattice delta-function d; at the origin,

1 — ()
so— b K=0 (3:5)
0, k#0.

simply because the coefficient sin®(7wk/N) vanishes at k = 0, the only place where the
delta function dy is non-zero. The idea now is to extend this picture to higher polynomial
symmetries, and to simply define our lattice analog of the “polynomial shift symmetry of
degree P” in its momentum space representation as a shift of the momentum modes by the
properly discretized P-th order derivative of the momentum-space delta function.

As an example, consider the quadratic shift ¢(x) — ¢(x) + ax? of the continuum theory,
which translates in momentum space into ¢(k) — ¢(k) + aA§P) (k) (A here denotes the
Laplacian in the k-space). We now define our lattice analog of this symmetry (in the one-
dimensinal case) via

O — bk + AGps1 + Gt — 201), (3.6)

a shift by the discretized lattice version of the second derivative of the momentum-space
delta function at £ = 0.

In order to construct a Hamiltonian invariant under (3.6), we just need to make sure that
the coefficient of gg,’;ggk vanishes not only at k = 0, but also at £ = +1. One natural way to
accomplish this is to write

H= Zk:siDZ (%k) sin (W) sin (W) O . (3.7)

This is manifestly real, invariant under k¥ — —k, and invariant under the lattice P = 2 shift
symmetry defined in (3.6).

In the continuum infinite-volume limit @ — 0 and R — oo, we find sin*(27k/N) — K2, as
well as sin(27w(k £1)/N) — K. Thus, this limit correctly reproduces the z = 2 Hamiltonian
of the continuum theory on the decompactified spatial dimension,

H= / AR K¢ (K)(K), (3.8)

known to be invariant under the quadratic shift symmetry ¢(X) — ¢(X) +aX? (which acts
via ¢(K) — ¢(K) + «d”(K) in the momentum-space picture).

Note that (3.7) is of course not the only lattice Hamiltonian with the exact symmetry
(3.6) which gives this continuum limit. For example, the lattice Hamiltonian

H = gsnf (%k) {sin2 (”—;) ~ sin? (%) } 3t B (3.9)

is also invariant under (3.6). It gives the same continuum infinite-volume limit as (3.7), but
differs from (3.7) on the lattice by terms that are technically irrelevant in the limit.
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The generalization for arbitrary polynomial shift symmetry of degree 2n—2, withn € N/ is
straightforward. The symmetry is defined as a shift in momentum space by the corresponding
(2n —2)-th lattice derivative of 0 at & = 0. The important point is that any such (2n —2)-th
order derivative has its support on sites in the range *

—n+1<k<n-1 (3.10)

around the origin in momentum space. Our Hamiltonian (3.7) generalizes to

H, = Zk:sin2 (%k) :i;[ll [Sin (W) sin (W)] O, (3.11)

and H' of (3.9) to

H = ;sm? (%k) ﬁ {sin2 (W—]\lf) — sin? (%) } OL . (3.12)

(=1

Both H,, and H] are invariant under the lattice version of the shift symmetry of degree
2n — 2, and they both give the same continuum infinite-volume limit

"= / AR K2 (K)(K). (3.13)

This process is easily genearlized to the square lattice in any spatial dimension D. In the
following discussion, we will take the long-wave limit and only work with the continuous
effective field theories.

3.3 Multicritical Phonons

For simplicity, we will work with the conventional jellium model of a metal in the Aristotelian
spacetime of 3 + 1 dimensions, in which the ionic lattice is replaced by a uniform mediem
and the Fermi surface of the electrons is assumed to be spherically symmetric; all umkalpp
processes are neglected, and the transverse components of phonons are omitted so that the
phonon field is a true scalar. With the scalar being of Type A;, this would be the simplest
model of a conventional BCS superconductor. In the following we construct theories in
which the phonons are replaced with NG modes of Type A, with n > 1 and examine how
the standard physical properties of metals change. We will refer to such NG modes in metals
the “multicritical phonons.”

IThis is more obvious for the more interesting case considered here, with the shift symmetries of even
degree, since an even-degree lattice derivative of any function f; defined on the sites k is again naturally a
function on these sites. Odd-degree shift symmetries would be implemented via odd-degree derivatives of
0. It is more accurate to think of the odd-degree derivative of any function fj, as a function on the links
between neighboring sites k and k+1, and label the link by the half-integer k+1/2. With this interpretation,
Eqn. (3.10) is correct also for shift symmetries represented by the odd-degree derivatives of Jk.
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In the hydrodynamic description [51, 52|, we model the phonon system by sound waves
in an isotropic Bose liquid without dissipation. Three distribution functions are required
to characterize an ideal fluid, namely, the pressure distribution p(x,t), the density function
f(x,t), and the velocity distribution v(x,t). We split the total density f(x,t) into an equi-
librium background density fy(x,t) plus the deviation from equilibrium which we denote by
Q. 1),

f(x,t) = fo(x,t) + Q(x,t). (3.14)
From now on, we will assume that po(x,f) = pp is uniform in space and time, and that

Q(x,t) is small and slowly varied. The flow of the liquid is described by its velocity v(x,t).
We will assume that the flow is a potential flow,

v =Vo. (3.15)

For isotropic fluids, having v to be the gradient of a potential function will lead to purely
longitudinal phonons — hence, the condition that the flow be a potential flow eliminates the
transverse polarizations of the phonons. The system is assumed to satisfy the continuity
equation for mass, which in the linearized approximation is?

Q~ —pV v =—pAd. (3.16)

The Hamiltonian of the system, in the Gaussian approximation, is expected to be

H = /de (%f0v2 + V(Q)) : (3.17)

The first term is just the standard kinetic energy of the liquid. The potential part V is to
be determined below; in standard hydrodynamics, one has

02

V=0 3.18

2, (319

To quantize the theory, we assume the standard microphysics interpretation of p (or v)

as the coarse graining of the sum, over all particles, of the spatial delta functions weighted by

m (or k/m), one finds that ) and ¢ form a canonical pair, with @) a generalized coordinate
and ¢ its canonical momentum,

[0(x), QX)] = —ihd(x — x'). (3.19)

Moreover, The Hamiltonian (3.17) can be rewritten in terms of the canonically normalized
creation and annihilaton operators

[ax, CLL/] = Ok’ (3.20)

2Note that we are not proposing to replace the conventional continuity equation with a multicritical
version (such as for example Q ~ V - Av).
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as

H= ZwkaLak. (3.21)
k

Solving for (3.16) together with (3.19) gives

6=C)
k

\/;:k (akei(kx—wkt) + alT(e—i(kX—wkt)) (3.22)

and

k A )
=iC’ (a gillex—wct) _ ot e_z(k‘x_”kt)> . 3.23
Q zk: o\ K (3.23)

The overall constants C' and C’ only depend on fy, the total volume, and A — determine
them explicitly. The free propagator for () will be

k2

2 o
wk+ze

D(k,w) ~

w

(3.24)

2

Our intention is to describe multicritical phonons with a higher-order dispersion relation
Wk = an?n, (325)

where k = |k|. In order to get the expected phonon dispersion relation, we must choose V
in (3.17) so that the Hamiltonian equations of motion reproduce this relation. Choosing

V= %Cﬁ V”—lQ . V"_IQ = %C?L (Ogy - 05y, Q) (0s .. 0, Q) (3.26)

yields the desired dispersion relation. This means that in order to obtain the dispersion
relation characterized by the (integer) exponent n, we must impose the polynomial shift
symmetry of degree 2n — 4 on the field ). In this case, the free propagator (3.24) has a pole
at w = (,k", and hence describes a multicritical phonon mode.

In this linearized approximation, we have expanded our theory around a fixed uniform
density fp, and obtained a description of the multicritical liquid in terms of the fluctuations
( around this equilibrium density. Such a non-interacting limit defines a Gaussian fixed
point, with polynomial shift symmetry protecting the scaling with the dynamical exponent
z. When interactions are restored, generically they explicitly break the polynomial shift
symmetry. Indeed, in the full non-linear theory, we expect self-interaction terms to come
from fy — f. While fj is not acted on by the polynomial shift, f is.

The fixed point scaling is defined as follows:

0] =1, [@]=2  [Q=(D-2)/2, (3.27)

holding fy fixed (and hence of [fy] = 0). Thus, we scale towards the state with uniform fized
density f = fo, and not towards the naive empty state with f = 0. This interplay between
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the nonlinear structure of the theory versus the RG scaling near one of its fixed points is
somewhat reminiscent of a similar split in the theory of gravity, where in order to define the
Gaussian fixed point that describes free gravitons, one splits the spacetime metric into the
sum of a non-zero background which defines the inertia and the fluctuations describing the
propagating gravitons with the appropriate, background-dependent dispersion relation.

In a realistic crystal, there will be a finite number of oscillation modes. In the simplest
Debye model description of the crystal, one assumes homogeneity and isotropy as in our
discussion of multicritical hydrodynamics, and implements the finiteness of the total number
of degrees of freedom by cutting off the spatial momenta at the appropriate value k = kp, so
that the total number of states reproduces this finiteness. Since the counting of states inside
the sphere of radius kp is the same as in the standard Debye model of linearly dispersing
phonons, kp is the standard Debye momentum of the crystal.® The cutoff on k translates into
a natural cutoff wp on phonon frequencies, and the existence of the characteristic temperature
Op of the system. Due to the higher-order nature of the dispersion relation,

Wp = Wiy = GkD (3.28)

(and Op = Wp, in the units of h = 1 = kp) are not the standard Debye frequency and Debye
temperature, but depend on the order n of the dispersion relation. In our comparison to the
standard Debye model with the same Debye momentum kp, we have

W _ G
%)) Cs

et (3.29)

Similarly, the density of states p(w), defined via

/0 " p(w)dw = /0 - é:;, (3.30)

as in the standard Debye model, but given instead by

is not proportional to w”~!

p(w) ox wP=2)/7, (3.31)

Note that when the phonons with the n-th order dispersion are at their lower critical dimen-
sion, D = n, then the density of states is a constant across all values of w. Consequently,
there are many more phonon states available near w = 0 than in the standard Debye model
of linearly dispersing phonons.

Finally, we consider the interaction of the multicritical phonon system with a Fermi liquid
of nonrelativistic electrons. In order to illustrate the the main robust features caused by the
multicriticality of the phonons, we consider the simplest model, with the electrons modelled

30ne can easily relax this condition, and allow N # N. Consequently, the value of the Debye momentum
would also change, to kp = (N/N)'/Pkp. In this chapter, for simplicity, we will focus on N = N and hence
kp = kp.
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Figure 3.2: The density of states p(w) as a function of frequency in the multicritical Debye
model at the lower critical dimension, compared to the density of states in the standard
Debye model. (a) the case of Wp = wp; (b) the regimes with Wp < wp and Wp > wp,
assuming fixed kp.

by a Fermi liquid of spinless screened quasiparticles with a spherical Fermi surface, coupled
to the multicritical Debye model of phonons characterized by their dispersion exponent n.
Thus, we are assuming that the range of length and time scales is such that the phonons
are well-approximated by a fixed value of n. Later on we will return to the question of what
happens at the lower or higher scales, where this assumption may no longer be valid. The
important point is that once such a hierarchy of scales open up, across which the photon
dispersion is characterized by fixed n > 1, such a hierarchy can be naturally protected by
the corresponding polynomial shift symmetry.
The coupling between electrons and our phonon liquid is taken to be minimal,*

Hyi =g / dPx QUTW. (3.32)

In the language of the “lattice displacement field” Q, we are anticipating that Q = V - Q.
Thus, the minimal vertex between () and the electrons will reproduce the calculations that
used the momentum-dependent vertex because the photon propagator is different in those
two pictures. Such standard coupling breaks the polynomial shift symmetry of the phonon
system all the way to the constant shifts of Q, in a way which however does not violate the
hierarchy of scales. Moreover, this coupling generates relevant deformations and produces a
natural pairing mechanism for the electrons.
To quantize the theory with the Yukawa coupling, we take the mode expansion of ¥,

U=C"Y e, (3.33)
k

4As an alternative, we could also consider non-minimal couplings, for example the shift-symmetry-
preserving coupling, of the form WIWA#Q, with the appropriate power #. What is the appropriate #? If
we want an exact invariant, we need WTWA22=2Q). Intriguingly, if we allow the polynomial shift to act on
the chemical potential by a shift, we can have UTWA2*=4Q, whose variation under the shift of degree 2z —4
is a constant which can be compensated for by the shift of the chemical potential...
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Again, similar to C' and C” in (3.22) and (3.23), the overall constant C” only depends on
fo, the total volume and h. Substitute (3.22), (3.23) and (3.33) into (3.32), we obtain the
well-known Frohlich interaction,

Hiy = —1 Z Jq g chq ck +h.c., (3.34)
k,bq

where the coupling g4 is given by
q

N

9q = 9 (3-35)

3.4 Bloch-Griineisen Formula and Resistivity in Strange Metals

In this section, we use the Bloch-Boltzmann kinetic theory of transport, to calculate the
resistivity of the fermions in the multicritical metal, caused by the interactions between the
electrons and the multicritical phonons in 3+ 1 demensions. In the low-temperature regime,
we find a power-law dependence on T'. More generally, we obtain a natural generalization
of the well-known Bloch-Griineisen formula (that computes the resistivity in metals) to the
multicritical case.

We start with a short review of the derivation of the standard Bloch-Griineisen formula
[53, 54]. In Bloch-Boltzman theory, the Hamiltonian of the electron-phonon interaction in
(3.32) induces the transitions of the electrons between different Bloch states |k). Denote the
distribution function for the electrons by n,, and the distribution function for the phonons
by N,. In the first Brillouin zone®, the electrons can be scattered via the following two
processes and their inverses:

e An electron at state |k) emits a phonon of momentum q and thus scatters into the
state |k’). The conservation law of momenta requires k = k' + q.

e An electron at state |k) absorbs a phonon of momentum q and thus scatters into the
state |k’). The conservation law of momenta requires k + q = k'.

Furthermore, due to the Pauli principle, a transition can take place only to an unoccupied
state. Therefore, the collision function is

Clm) = / <Z733 éwk); 194 (27) 8 (exc — e — wq) (27)" 30 (k — K’ — q)

x [(1 — ) e Ny — 1 (1 — 1) (N + 1)

(27m)? (2m)?

X [(1—nk)nk/(Nq+1)—nk(l—nk/)Nq .

+ / Lo AU 2 (9016 (e + g — e0) (275 (k4 q — K)
} (3.36)

®The Umklapp process has a zero contribution in a metal.
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Here, ey is the energy of the quasi-particle. We treat the phonon system as if it were in
thermal equilibrium, i.e.,

1
- NO —
Na =1 exp (wq/T) -1

For multicritical phonons of Type A,,, w, ~ (,¢". We further denote the Fermi-Dirac distri-
bution by

(3.37)

(0) _ 1
" eplle —en)/TT A T 33

Denote @y the average extra energy that the quasi-particles have because of the transport
process. For small &) we can write

(0)
0 _ Oy
~ - . 3.39
Nk ny, (98k k ( )
At low temperatures, T' < e, with er the Fermi energy, we have
Ny ~ nfgo) +d(ex — er) Py, (3.40)
Let us expand C'(ny) in (3.36) with respect to @ and Py and write
1 A3k’ /
C =— | —— (D — D) PF, 3.41
() = 7 [ G (B~ D) P (3.41)

where
P =2n / dq gy (1 - n;(?)) [(N;m +1)8(ep, — ew — wy) 0 (k — K — q)
FNDO 8o — e+ ) 60 (k- K + )| (3.42)

is the equilibrium transition rate between states |k) and |k’). According to the principle of
microscopic reversibility, we have
Py =Py (3.43)

To compute the resistivity as a linear response, we consider the presence of an external
electric field E. We assume that there is no temperature gradient. The Boltzmann transport
equation is

on' 1 [ &K ,
B 2 — ) = £ / G (= B P (3.44)

where vy is the drifting velocity of the electron. The resistivity p is defined to be the ratio
of the electric field E to the density of the current J it creates, namely

E=plJ, (3.45)
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where we have assumed isotropy in the material. The electric current is

&k 0 Pk o
— _ — = — D). 4
J / 2n)? evk(nk Ny ) / 2n)? e Vi 9z, O (3.46)
Applying the Boltzmann transport equation (3.44), we obtain
E-J C, d*k  d3K 9
_ — — 2 (D — Do 3.47
p J2 T / (27T>3 (27T)3 ( k k ) Pk ) ( )

where C,, is an overall T-independent prefactor.

To proceed, we need an explicit expression for ®,. We have assumed that the Fermi
surface is spherical. This assumption requires that the drifting velocity vy of electrons be
parallel to k. Moreover, we make a further assumption that the scattering probability only
depends on the angle between k and k', where k and k' are respectively associated with
the incoming state |k) and the outgoing state |k’). Under these additional assumptions, we
obtain

o kcost (3.48)

in 3 + 1 dimensions, where 6 is the angle between k and the electric field E. In two spatial
dimensions, a similar analysis gives ®; o sin 6.

We would like to introduce a final assumption: The collisions between electrons and
multicritical phonons are dominated by the long wave phonon modes, and thus the scattering
can be treated as a quasi-elastic process [55, 56], i.e., in (3.42),

5(5k—5k/+wq) %5(5143_5143’)' (349)
Under this additional assumption, the resistivity given in (3.47) takes the form
2kp
p==CXl/‘ (dqq) q* |g,I* N3 (3.50)
HIR

Here, ' is a T-independent coefficient, g, is the vertex given in (3.35), and Néo) is the
multicritical phonon distribution defined in (3.37). The infrared regulator p;z can be set to
zero in the absence of infrared divergences. Plugging (3.35) and (3.37) into (3.50), we obtain

—0’2/%Dazq5 ! (3.51)
P="%0 i qwqexp(wq/T)—l’ '

IR

where w, = (,¢" for Type A,, multicritical phonon. In the low temperature limit,
Guitg < T < O©p =, (2k,)", (3.52)
with ©p the Debye temperature, we obtain the resistivity as a function of T,

p(T) ~ T (3.53)



CHAPTER 3. APPLICATION: LINEAR RESISTIVITY IN STRANGE METALS 33

In the standard case of n = 1, this reproduces the standard Bloch-Griineisen scaling p ~ 1.
More interestingly, in the case of the multicritical phonons at their lower critical dimension,
n = 3, we obtain p ~ T'.

Without the elastic approximation (3.49), the resistivity (3.47) takes a slightly more
complicated form,

Pk PR, Lo
p(T) @n) [27)° q"1gq|" Ny 0(ek — er)d(er — er +wy), (3.54)

which reduces to ;

2k
2 q
p(T) =Chyg /0 dqsmhg[wq Ton) (3.55)

Here, C’l’)’ is a T-independent coefficient. This modification does not alter the scaling in T" in
(3.53).

The calculation can be repeated in any number of spatial dimensions D, generalizing
(3.53) to

3+D—n

p(T) o T (3.56)

Type A, multicritical phonons with n < D suggests resistivity going as T° or T? (which
matches the scaling of the electron-electron contribution) or 7' in D = 3, and T* or 7%/2 in
D =2.

3.5 Infrared Behavior and Cascading Phenomena

We study the IR behavior of (3.50) in this section. We consider the multicritical phonons
at their lower critical dimension, with n = 3 and

wy = (3q°. (3.57)

It is useful to define
we = G3ifr < Op. (3.58)

The resistivity is evaluated to be

S
p(T) = 0 T/Tdm
)

3¢2 er —1
! ¢* T

=7 7] — .
33 0g<w®) + O(wg), (3.59)

We have taken the low temperature limit wg < T° < ©p. This asymptotic expansion
contains a log divergence in wg,, which shows that p(7") is sensitive to the IR regulator. This
IR regulator has a simple physical interpretation: We can choose wg to be the crossover scale
around which the theory flows to a n = 1 fixed point. Then, the n = 3 dispersion dominates
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F ()
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Figure 3.3: The density of states p(w) as a function of frequency with a crossover to n = 1
below wg.

in the regime below the Debye frequency ©p, and transits to n = 1 at the hierarchically
much smaller scale wg, breaking the polynomial shift symmetries all the way to constant
shift. This breaking modifies the dispersion relation to°

w? = Gq° + A, (3.60)

where ¢, is the speed of sound for standard phonons with n = 1. At the crossover scale wg,
the k% and k? terms in (3.60) become comparable. For clarity, we take

3
2 C

TG
This modified dispersion relation suggests the behavior of the density of states in Figure 3.3.
In low energies, our theory flows to the conventional BSC.

Does this modification in the IR spoil the T-linear dependence? Naively, it seems that
there is no linear term in 7" in (3.59) (but only a T'log T" term). However, a concrete answer to

this question requires explicit evaluation of the resistivity. Without affecting the qualitative
behavior, we assume a simple behavior for the dispersion relation:

w (3.61)

e In the high energy regime wg < w, < Op: w, = (3¢°;
e In the low energy regime w, < wg: wy = ¢5q.

The resistivity is evaluated to be

p=0Cg° / dqq—5 ! +/ dqq—5 !
r 0<w<w® wq eXp(WQ/T) - ]' wg=csq w®<w<®D wl] eXp(Wq/T) - ]' wq:CSq3
C'¢> 1 1
= 22 T L—l + glog(T/w@@)} + O(wg). (3.62)
3

5In more general cases, one may also include an intermediate crossover to a n = 2 fixed. Including this
z = 2 fixed point modifies the dispersion relation to w? = (3k5 + (3k* + 2k
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The linear dependence on T' persists, but now receives a T log T correction.

The behavior of having the multicritical phonons crossover to lower n’s in the IR by
explicitly breaking the polynomial shift symmetries and thus protect a large hierarchy be-
tween energy scales is called to the cascading phenomena. In Chapter 5, we will study this
phenomena systematically by examining a series of examples.

Similarly, if we use (3.55) that takes into account the inelastic effects and again let the

theory crossover to a n = 1 fixed point in the IR, then (3.55) can be split into two parts as
n (3.62):
C// 2 q5
p
p= / dq + / dq —

T ( I<w<wg Slnh2 [wq/(QT)] wq=Csq wg<w<Op Slnh2 [wq/@T)] we=(5¢>
wg 1 T
=ClPT =2+ = |1 +]1 @
(e [ el o

_ iéT {4 N 1og<l)} L Owy). (3.63)

Again, we obtain the T-linear dependence.

q5

In conclusion, by considering the interacting between electron and multicritical phonons
protected by polynomial shift symmetries in the framework of the BCS theory, we obtain
a refined classification of EFTs that describe the low energy excitations. In particular, by
requiring that the high-energy behavior of acoustic phonons be described by multicritical
phonons of Type As, we provide a technically natural explanation for the T-linear behavior
in 34 1 dimensions. What role this new mechanism could play in high-7, superconductivity
remains as an intriguing open question.
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Chapter 4

Polynomial Shift Symmetries and Graph Theory

In Chapter 2, we have established a new infinite sequence of symmetries in scalar field theo-
ries, and have shown that they can protect the smallness of quantum mechanical corrections
to their low-energy dispersion relations near the Gaussian fixed points. The symmetries are
exact at the infrared Gaussian fixed point, and turning on interactions typically breaks them
explicitly. Yet, the polynomial shift symmetry at the Gaussian fixed point is useful for the
interacting theory as well: It controls the interaction terms, allowing them to be naturally
small, parametrized by the amount ¢ of the explicit polynomial symmetry breaking near the
fixed point.

Generally, this explicit breaking by interactions breaks the polynomial shift symmetries
of NG modes all the way to the constant shift (for example, the electron-phonon interaction
in (3.32)), which remains mandated by the original form of the Goldstone theorem (guar-
anteeing the existence of gapless modes). However, one can now turn the argument around,
and ask the following question: Starting at a given Type A,, or Bs, fixed point, what are the
lowest-dimension scalar composite operators that involve N fields ¢ and respect the poly-
nomial shift symmetry of degree P exactly, up to a total derivative? Such operators can
be added to the action, and for N = 3,4, ... they represent self-interactions of the system,
invariant under the polynomial shift of degree P. More generally, one can attempt to clas-
sify all independent composite operators invariant under the polynomial shift symmetry of
degree P, organized in the order of their increasing dimensions.

These are the questions on which we focus in this chapter. In order to provide some
answers, we will first translate this classification problem into a more precise mathematical
language, and then we will develop techniques — largely based on abstract graph theory —
that lead us to systematic answers. For some low values of the degree P of the polynomial
symmetry and of the number N of fields involved, we can even find the most relevant
invariants and prove their uniqueness. In the following, we will start with the special case
of P =1 (essentially equivalently to Galileons); we reproduce the known Galielon N-point
invariants, and find their nowvel interpretation in terms of graph theory, as an equal-weight
sum over all labeled trees with NV vertices. Then we extend the classification to P > 1
and find a whole host of new invariants, including those that represent the most relevant
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(or least irrelevant) deformations of the corresponding Gaussian fixed points. The rigorous
mathematical treatment of the associated theorems is quite technical and involved, for which
we will mostly refer the readers to the appendix in our original paper [19]. This chapter is
also, however, self-contained, and can be read independently of [19].

4.1 Galileon Invariants

Consider a quantum field theory of a single scalar field ¢(¢,x) in D spatial dimensions and
one time dimension. Consider the transformation of the field which is linear in spatial
coordinates: d¢ = a;x° + ag, where a; and ag are arbitrary real coefficients. Other than the
split between time and space and the exclusion of the time coordinate from the linear shift
transformation, this is the same as the theory of the Galileon [49].

The goal is to find Lagrangian terms which are invariant (up to a total derivative) under
this linear shift transformation. We will classify the Lagrangian terms by their numbers
of fields N and derivatives 2A. Imposing spatial rotation invariance requires that spatial
derivatives be contracted in pairs by the flat metric §;;. Thus A counts the number of
contracted pairs of derivatives. It is easy to find Lagrangian terms which are exactly invariant
(i.e., not just up to a total derivative): Let A > N and let at least two spatial derivatives
act on every ¢. For the linear shift case, all terms with at least twice as many derivatives as
there are fields are equal to exact invariants, up to total derivatives. However, it is possible
for a term to have fewer derivatives than this and still be invariant up to a non-vanishing
total derivative. For fixed IV, the terms with the lowest A are more relevant in the sense
of the renormalization group. Therefore, we will focus on invariant terms with the lowest
number of derivatives, which we refer to as minimal invariants.

These minimal invariants have already been classified for the case of the linear shift.
There is a unique (up to total derivatives and an overall constant prefactor) N-point minimal
invariant, which contains 2(/N — 1) derivatives (i.e., A = N — 1). These are listed below up
to N = 5.

Ly = 9, (4.1a)
Loy = 0,0 00, (4.1b)
Lz = 309 0;¢ 0;0;9, (4.1c)
Ly =12 0;¢ 0,0;00;0,¢ Ok + 4 0;p 0;¢ Or ¢ 0,000, (4.1d)
Ls o = 60 0;¢ 0;0;¢ 0;0,$ 01,049 Opp 4 60 ;¢ 0;0;¢ 0;0,0p P O Oy

+50;¢0 0;¢ Ok 0pp 0;0;0;0,,04¢. (4.1e)

These are not identical to the usual expressions (e.g., in [49]), but one can easily check that
they are equivalent.

We can represent the terms in (4.1) as formal linear combinations of graphs. In these
graphs, ¢ is represented by a e-vertex. An edge joining two vertices represents a pair of
contracted derivatives, one derivative acting on each of the ¢’s representing the endpoints of
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the edge. The graphical representations of the above terms are given below:

Ll—pt = e, (42&)
Loypy = o—e | (4.2b)
L3—pt == 3 f 9 (42C)
Ly = 12 +4 i , (4.2d)

Ly = 60 Q + 60 +5 ﬁ . (4.2¢)

The structure of the graph (i.e., the connectivity of the vertices) is what distinguishes graphs;
the placement of the vertices is immaterial. This reflects the fact that the order of the ¢’s in
the algebraic expressions is immaterial and the only thing that matters is which contracted
pairs of derivatives act on which pairs of ¢’s. Therefore, for example, the graphs below all
represent the same algebraic expression.

Y A

Similarly, the four graphs below represent the same algebraic expression.

VN AN e

A more nontrivial example is given by the following twelve graphs, which all represent the

same algebraic expression.
X X X (4.5
N X U
The graphs in the second line above appear to have intersecting edges. However, since there
is no e-vertex at the would-be intersection, these edges do not actually intersect.
There are three times as many graphs in (4.5) as there are in (4.4). It so happens

that the coefficient with which the first graph in (4.5) appears in Ly (4.2d) is also three
times the coefficient with which the first graph in (4.4) appears in L, ;. This suggests that

I

N IX L
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the coefficient with which a graph appears in a minimal term is precisely the number of
graphs with the exact same structure (i.e., isomorphic), just with various vertices and edges
permuted.

One simple way to state this is to actually label the vertices in the graphs. If the vertices
were labeled, and thus distinguished from each other, then all of the graphs in each one
of (4.3), (4.4) and (4.5) would actually be distinct graphs. Of course, this means that the
corresponding algebraic expressions have ¢’s similarly labeled, but this labeling is fiducial
and may be removed afterwards. Note the simplicity that this labeled convention introduces:
L, is the sum of all of the graphs in (4.4) and (4.5) with unit coefficients.

The graphs in (4.4) and (4.5) have an elegant and unified interpretation in graph theory.
These graphs are called trees. A tree is a graph which is connected (i.e., cannot be split
into two or more separate graphs without cutting an edge), and contains no loops (edges
joining a vertex to itself) or cycles (edges joining vertices in a closed cyclic manner). One
can check that there are exactly 16 trees with four vertices and they are given by (4.4) and
(4.5). Cayley’s formula, a well-known result in graph theory, says that the number of trees
with N vertices is NV~2.

For N = 3, the 3°~? = 3 trees are in (4.3), and we indeed find that Lj ¢ is the sum of all
three graphs with unit coefficients. The same can be said for Ly and Lj¢. Therefore, the
minimal terms for N = 1,2, 3 and 4 are represented graphically as a sum of trees with unit
coefficients (an equal-weight sum of trees). If this were to hold for the N =5 case, it would
strongly suggest that this may hold for all V.

There are 5 = 125 trees for N = 5. They can be divided into three sets such that the
trees in each set are isomorphic to one of the three graphs appearing in Ls (4.2¢). There
are 60 graphs which are isomorphic to the first graph appearing in Ls; 12 of these are
listed below and the rest are given by the five rotations acting on each of these 12 graphs:

i
W

There are 60 graphs which are isomorphic to the second graph appearing in Ls; 12 of these

are listed below and the rest are given by their rotations:

Finally, there are five graphs which are isomorphic to the third graph appearing in Ls ,
which are simply the five rotations acting on that graph. Therefore, Ls  is indeed the sum
with unit coefficients of all trees with five vertices!

X1y

(4.6)

X
X
X1
X =

(4.7)

N-K>
22
S
Iélé
el
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Thus, we arrive at the main result of this section:

— the unique minimal N-point linear shift-invariant Lagrangian term is represented
graphically as a sum with unit coefficients of all labeled trees with N wertices.

We refer the reader to [19] for a thorough proof of this theorem.

4.2 Beyond the Galileons

Now, we extend the linear shift transformation to polynomials of higher degree. We will
need to develop the graphical approach further in order to tackle this problem and numer-
ous technicalities will arise. However, a rather elegant and beautiful description of these
polynomial shift invariants will emerge.

Consider the problem of determining all possible terms in a Lagrangian that are invariant
under the polynomial shift symmetry:

o(t, x") — ¢(t,2") + dpd, Spp = aj,..ipx" -2 + -+ az’ + a. (4.8)

The a’s are arbitrary real coefficients that parametrize the symmetry transformation, and
are symmetric in any pair of indices. P = 0,1,2,... corresponds to constant shift, linear
shift, quadratic shift, and so on. Obviously, if a term is invariant under a polynomial shift
of order P, then it is also invariant under a polynomial shift of order P’ with 0 < P' < P.

We will call a term with NV fields and 2A derivatives an (IV, A) term. We are interested in
interaction terms, for which N > 3. As previously mentioned, terms with the lowest possible
value of A are of greatest interest. It is straightforward to write down invariant terms with
A > %N (P + 1) since, if each ¢ has more than P derivatives acting on it, then the term is
exactly invariant. Are there any invariant terms with lower values of A? If so, then these
invariant terms will be more relevant than the exact invariants.

To be invariant, a term must transform into a total derivative under the polynomial shift
symmetry. In other words, for a specific P and given (N, A), we are searching for terms L
such that

opL = 0;(L;). (4.9)

Here L is a linear combination of terms with NV ¢’s and 2A 0’s, and L; is a linear combination
of terms with NV — 1 ¢’s. Such L’s are called P-invariants.

How might we determine such invariant terms in general? For a given (N, A), the most
brute-force method for determining invariant terms can be described as follows. First, write
down all possible terms in the Lagrangian with a given (N,A) and ensure that they are
independent up to integration by parts. Next, take the variation of all these terms under the
polynomial shift. There may exist linear combinations of these variations which are equal
to a total derivative, which we call total derivative relations. If we use these total derivative
relations to maximally reduce the number of variation terms, then the required P-invariants
form the kernel of the map from the independent Lagrangian terms to the independent
variation terms. Let us consider some examples of this brute-force procedure in action.
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Example 1: (P,N,A) = (1,3,2). In this case, a general Lagrangian is made up of two
independent terms, after integrating by parts, given by

Ly = 0,0 9;¢ 0;0;¢, Ly = ¢ 0,0;¢ 0;0;¢.
The variation under the linear shift symmetry (for P = 1) of these terms is given by
51([/1) - 2LC>L<7 (51([42) — L?,

where LY = a;0;¢ 0;0;¢ and L = ayx* 9;0;¢ 9;0;¢. There is only one total derivative that
can be formed from these terms, namely

0;(a;0;¢ 0;¢) = 2L, .
Therefore, there is a single invariant term for (P, N, A) = (1,3, 2), given by

Example 2: (P,N,A) = (3,3,4). In this case, a general Lagrangian is made up of four
independent terms, after integrating by parts, given by

Ly = 0,0;¢ 0,019 0;0;0,,0,0, Ly = 0,0;¢ 0;01,0,¢ 0;01,0,0,
Ls = 0;¢ 0;0,0,¢ 0;0;0,,0,0, Ly = ¢ 0;0;01,0,¢ 0;0;01,0,¢.

The variation under the cubic shift symmetry (for P = 3) of these terms is given by

53(L1) = 2L;<7 (53([/2) = L; + 2L2<7
(53(L3) - L; + L:, 53(L4) - L}<

where

L; = (6aijmxm -+ 2@@')8}4?[(}5 &aﬁk&l(ﬁ

L; = (6aijmxm + 2%)8@8;{81(;5 838k81¢

LZ = 6aiklai8jgz§ a]akal¢

LZZ = (3aimnl‘ml‘n + 2a;mx™ + a,)(?qu 8]8k85¢ 8Zajak81¢

L: = Gajklam aza]akal¢

L]f = (Qpnpx" 2" 2" + A" " + apx™ + a)0;0;0,01¢ 0;0;01,0,¢.

There are three independent total derivatives that can be formed out of these:
9i[2(6aijma™ + 2ai;)Or01p ;0,019 — 6450101 OxO19] = 2(L,; + Ly ),

0;16a;1,0;0,¢ Or01) = 2L,
0;(6ai;40;0,000 Opp) = L + L.
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It is a non-trivial exercise to find and verify this, and a more systematic way of finding the
total derivative relations will be introduced later.
Applying these relations, one finds a single invariant for (P, N, A) = (3,3,4) term:

Ly + 2Ly = 0,0;¢ 0109 0,0;0,,0,¢ + 20,0, 0;0,,01¢ 0;0,,0,¢.

Note that d5(Ly +2Ly) = 2(L) + L) + 2(2L)), which is a total derivative.

It is clear that even for these simple examples, the calculations quickly become unwieldy,
and it becomes increasingly difficult to classify all of the total derivative relations. In the
following we will rewrite these results in a graphical notation which will make it easier to
keep track of the contractions of indices in the partial derivatives. In addition to the e-vertex
and edges we introduced in Section 4.1, we represent dp¢ by a ® (a x-vertex). Note that
there are at most P edges incident to a x-vertex since P+ 1 derivatives acting on dp¢ yields
zero, whereas an arbitrary number of edges can be incident to a e-vertex. Moreover, we
introduce another vertex, called a x-vertex, which will be used to represent terms that are
total derivatives. We require that a x-vertex always be incident to exactly one edge, and
that this edge be incident to a e-vertex or x-vertex. This edge represents a derivative acting
on the entire term as a whole, and the index of that derivative is contracted with the index
of another derivative acting on the ¢ or dp¢p of the e- or x- vertex, respectively, to which
the x-vertex is adjacent. Therefore, directly from the definition, any graph with a *-vertex
represents a total derivative term. The expansion of this derivative using the Leibniz rule
is graphically represented by the summation of the graphs formed by removing the x-vertex
and attaching the edge that was incident to the x-vertex to each remaining vertex. This
operation is denoted by the derivative map p. The symbols N(e), N(x) and N (%) represent
the numbers of each type of vertex. Note that N = N(e) + N(x) does not include N (%)
since *-vertices represent neither ¢ nor dp¢.

We define three special types of graphs: A plain-graph is a graph in which all vertices
are e-vertices. A X-graph is a plain-graph with one e-vertex replaced with a x-vertex. A
*-graph is a graph with one x-vertex and at least one *x-vertex.

Note that the variation dp of a plain-graph under the polynomial shift symmetry is given
by summing over all graphs that have exactly one e-vertex in the original graph replaced
with a x-vertex. To illustrate the graphical approach, we rewrite the examples mentioned
earlier in the section using this new graphical notation. Since the algebraic expressions have
unlabeled ¢’s, the graphs in this section will be unlabeled.

Example 1 revisited: (P, N,A) = (1, 3,2). The two independent terms are written in the
graphical notation as

[
L1: L2:
«=———e
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The variation under the linear shift symmetry (for P = 1) is given by

(L)1 ()

The only independent total derivative that can be formed out of these terms is

()1,

As before, there is a single invariant for (P, N,A) = (1,3,2) given by L;. In this case, the
graphical version of (4.9) is given by

(L)1 ()

Example 2 revisited: (P, N,A) = (1,3,2). The four independent terms are written in the
graphical notation as

leL LFQ ngle' L4::®. (4.10)

The variation under the cubic shift symmetry (for P = 3) is given by

(L)L () e
(L)Lt ()

The independent total derivatives that can be formed out of these terms are
P QT ’— W):z@ +2T§
——e
()R
' ﬁ) - ﬁl " @_.
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Once again, there is a single invariant for (P, N, A) = (3,4) given by L;+2Ly. The graphical
version of (4.9) is given by

L)
TR

So far all we have done is rewrite our results in a new notation. But the graphical notation is
more than just a succinct visual way of expressing the invariant terms. The following section
illustrates the virtue of this approach.

4.3 New Invariants via the Graphical Approach

As shown in [19], the graphical approach allows us to prove many general theorems. In
particular, we have the following useful outcomes:

1. Without loss of generality, we can limit our search for invariants to graphs with very
specific properties.

2. There is a simple procedure for obtaining all the independent total derivative relations
between the variation terms for each P, N and A.

3. The graphical method allows a complete classification of 1-invariants.

4. The graphical method allows many higher P-invariant terms to be constructed from
lower P invariants.

We will expound upon the above points by presenting explicit examples. These examples are
generalizable and their invariance is proven in [19]. However, the reader can also check by
brute force that the terms we present are indeed invariant. We will now summarize points 1
and 2 and will return to point 4 in Section 4.5. Point 3 was discussed in Section 4.1. We will
refer the reader to the appendix in [19] for proofs and further details, but we will summarize
the main results in the following.

When building invariants, we need only consider loopless plain-graphs, since a loop rep-
resents 0;0; acting on a single ¢ and one can always integrate by parts to move one of the 0;’s
to act on the remaining ¢’s. Furthermore, a careful analysis shows that we can also restrict
to plain-graphs with vertices of degree no less that %(P + 1). This represents a significant
simplification from the procedure used in 4.2. For instance, in (4.10), the graphs Ls and Ly
are immediately discarded.

Taking the variation of these terms yields x-graphs and we need to determine the total
derivative relations between them. Since all plain-graphs we are considering are loopless, any
x-graphs involved in these total derivative relations are also loopless. The total derivative
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relations that we need to consider can be obtained with the use of graphs called Medusas.
A Medusa is a loopless *-graph with all of its x-vertices adjacent to the x-vertex and such
that the degree of the x-vertex is given by:

deg(x) =P +1— N(%), (4.12)

where, again, N(x) is the number of x-vertices. Note that because deg(x) > N(x) for a
Medusa, (4.12) implies that N(x) < 3(P 4 1) < deg(x) for any Medusa. Furthermore, we
need only consider Medusas with x-vertex and e-vertices of degree no less than %(P +1).
From each of these Medusas, we obtain a total derivative relation, containing only loopless
x-graphs, by applying the map p and then omitting all looped graphs. We will denote this
map as p(¥. In Section 4.4, we will give an introduction to the construction of such total
derivative relations from Medusas. Importantly, this procedure captures all relevant total
derivative relations.

In general, for given N and P, we call an invariant consisting of graphs containing the
lowest possible value of A a minimal invariant. Minimal invariants are of particular interest
in a QFT, since they are the most relevant N-point interactions. In the following, as some
illustrative examples, we apply the graphical approach to classify all minimal invariants for
N=4and P=2,3.

The Minimal Invariant: (P, N,A) = (2,4,5).

As our first example, let us find the minimal 2-invariant for N = 4. For P = 2, any
Medusa must have N (x) < (P + 1) = 3, and thus there is exactly one *-vertex in a P = 2
Medusa. Furthermore, we need only consider Medusas in which each vertex has degree at
least 2, since %(P—i— 1) = % Therefore, the counting implies that we need only consider P = 2
Medusas with A > N + 1. In particular, when N = 4, the minimal A is 5 (representing
terms with 10 derivatives). In the following we show that there is exactly one 2-invariant

with A = 5. The relevant Medusas are:

Mlz M2:

The resulting loopless total derivative relations are:

(4.13)

Note that, when acting on these P = 2 Medusas, p and p(© are in fact the same.
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On the other hand, the invariants must be constructed out of plain-graphs containing
vertices of degree no less than (P+1) = 3 . The only possibilities are:

«<———o
I R S BT o (R R
=0

The invariant cannot be constructed out of Lj since d2(Ls) is absent from the total derivative
relations (4.13). Hence, we need only consider the variations of Ly, L, L3 and Ly.

We can now determine the 2-invariants. The total derivative relations allow us to identify
L ~—LS—Lfand L} ~ —2LY. Up to total derivatives,

X
Ly 20000 ﬁb 2 0 0 I
Ly | 02000 b 0 2 0 @
02 Ly | "l 00200 ix 0 0 2 ﬁg (4.14)
L, 00021 Lg —2 -1 -1 e

The invariants form the nullspace of the transpose of the final 4 x 3 matrix in (4.14). The
nullspace is spanned by (1,1,1,1). Therefore, there is one 2-invariant given by the linear
combination Ly + Ly + L3+ Ly, i.€.,

N3O

Therefore, (4.15) gives the only independent minimal 2-invariant for N = 4.
The Minimal Invariant: (P, N,A) = (3,4,6).

Next, let us consider P = 3, N = 4, for which each vertex degree must be at least
2(P +1) = 2. Again we would like to find the minimal invariant in this case. By counting
alone, it is possible to write down Medusas with A = 5. In fact, a 3-invariant with N = 4
and A = 5 would also be 2-invariant. The only possible 2-invariant with (N, A) = (4,5) is
(4.15). However, this is not a 3-invariant because it is impossible for some graphs contained
in it to appear in a 3-invariant. For example, by replacing a degree-2 vertex in Ls in (4.15)
with a x-vertex, a x-graph I'* is produced; I'* and the only P = 3 Medusa M that generates
['* are given below:

-] w1

But M contains a e-vertex of degree lower than 2, and therefore (4.15) cannot be 3-invariant.
This sets a lower bound for A: A > 6. For A = 6, the Medusas are:

LUl ef) T
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Ms = (4.16)

<
;\
<
<

These give the following total derivative relations:

PO (M) = 6:0 + N + = LX+LI+ LY
PO (M) = M +2 = L} 421
PO (M) = ‘@ @ 49 = L} +2L

bﬁ
o
=
=
S~—
Il
_l’_

Ly +L;+ L

~
I
[\
+

2L + L7

)

LY+ L+ L]

I Il
[\ [\
+
+
W
+
[\

YaesiHn
LN NI

_|_

PO (M) 2L + L) + ALY + 2L

p(Ms)

+
[\
+
>~

2L, + Ly +2L) +4L7

PNEROIES N

Then the invariants must be made up of plain-graphs whose variations are contained in the
total derivative relations above. In other words, the invariants are made from:

N R N S
X 7 N

t~
no
Il

Iz

Ly Ls
L6 LS
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We can now determine the 3-invaraints:

L, 40000O00O0OO0OO0OO0OO0O0O®O
Lo 0200000O0O0O0OO0OO0CT1TO
L 00001001O0O0O0O0TO01
Ly 0000O0O40O0O0O0O0O0O0O®O
5 Ls 0000O0O0OO0OO0OZ2O00O0O0O0
’ Lg "l o0000000D040000
L7 00000O0OO0OO0OO0OO0OT1TT1TTQO0OO
Lg 0000O0OO0OO0OO0OOOO0OO0O®O0OO0
Ly 0000O0O0OO0OO0OOOO0OO0O®O0OO
Ly 0000O0OO0OO0OO0OOOO0OO0O®O0OO0
4 0 0 0 O O 0 0 0
o 2 0 0 0 -2 -4 -2 0
o o0 1 0o 1 0 1 0 O
o 0 0 4 0 0 0 0 O
-2 0 0 0 -2 0 0 0 O
o 0 -80 0 O 0 0 O
o -1 0 0 -1 1 0 0 O
o o0 o0 0 0 0o 0 2 0
o o0 o o0 o0 0o 0 0 2
o o0 o0 0 0 0 o0 0 -6

S O N O O O O o o o©

S N O O O O o o o o

&OOOO%—‘OOOO

w O O O O o o o o o
o O O O O = O o o o

OO OO o oo

|
—_
(]

SO O O = O O O o o o

48

The nullspace of the transpose of this matrix is spanned by (3, 6,24,0,6,3,12,6,3, 1), giving

the only invariant linear combination,
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This gives the only independent minimal 3-invariant for N = 4.
Note that L, does not appear in the invariant. Indeed, it can be discarded immediately,
since the unique Medusa associated with L, is

e

This Medusa has an empty vertex, which violates the lower bound on vertex degree.

4.4 Medusas and Total Derivative Relations

We have seen that Medusas play a central role in the search for P-invariants. It is thus
worthwhile to discuss the key features of Medusas and to demonstrate how a total derivative
relation consisting of loopless x-graphs is constructed from a Medusa. Given any Medusa,
pO (M) is in fact a total derivative relation, as can be seen from the following construction.
For fixed P and N, consider a Medusa M that contains N(x) x-vertices. Then, by
definition, it has a x-vertex of degree deg(x) = P+1— N(%). Since the maximal degree of a
x-vertex is P, graphs in p(M) contain at most N(x) — 1 loops. Form a x-graph I'® from M
by deleting ¢ < N(x) — 1 x-vertices in M and then adding ¢ loops to the x-vertex. By this
definition, M = I'®©. In the algebraic expression represented by I'¥) the N (x) — £ x-vertices
stand for N (x) — ¢ partial derivatives acting on the whole term. Distributing N(x) —¢—1 9’s
over all ¢’s in this algebraic expression will result in a linear combination of total derivative
terms. In the graphical representation, this is equivalent to acting p on I'® but keeping
fixed exactly one x-vertex and its incident edge. Setting to zero all coefficients of graphs in
the resulting linear combination except for the ones containing exactly ¢ loops, generates a
linear combination L of x-graphs, each containing exactly one x-vertex. By construction,

N(*)—1
PO =p (3 (e ). (118)

a=0

The algebraic form of the RHS of (4.18) is explicitly a total derivative relation. For a rigorous
treatment of the above discussion, refer to the appendix in [19].
As a simple example, we consider the Medusa M referred to in (4.16). We have

Y (3

For a second example, we consider (P, N, A) ) and the Medusa
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By (4.18), we obtain

p(o)(M)—p<2E +2E —2E +&_.e.* )

This Medusa is involved in a 5-invariant that we will construct in Section 4.5.

4.5 Superposition of Graphs

In Section 4.1, we discovered an intriguing construction of the minimal 1-invariant for given
N, which is a sum with equal coefficients of all possible trees with NV vertices. A close study
of the P-invariants with P > 1 in Section 4.2 also reveals an elegant structure in these
invariants: They can all be decomposed as a superposition of equal-weight tree summations
and ezxact invariants. Recall that an exact invariant is a linear combination that is invariant
exactly, instead of up to a total derivative. In the graphical representation, a linear combi-
nation of graphs is an exact Pg-invariant if and only if all vertices are of degree larger than
Pg. Each graph in an exact invariant is itself exactly invariant.

Next we illustrate “the superposition of linear combinations” by explicit examples. When
appropriate, we will consider labeled graphs and only remove the labels at the end. Consider

two labeled graphs,
SR

The superposition of I'; and I's is defined to be the graph formed by taking all edges in I'y

and adding them to I'y, i.e.,
nor= /)

The superposition of two linear combinations, Ly = Y% a,T# and Lp = Y2 b, TP, of
plain-graphs I'#, Ff with the same N, is defined as

ka kp
LaULp=> Y aibT{uT?

i=1 j=1

In the following we present numerous examples of invariants constructed by superposing
equal-weight tree summations and exact invariants for various P’s. In fact, we prove the
following theorem in [19]:

— for fired N, the superposition of an exact Pg-invariant with the superposition of Q)
minimal loopless 1-invariants results in a P-invariant, provided Py + 2Q > P.!

I'Note that this theorem also applies when Pr < 0, where we take an exact Pg-invariant for P < 0 to
mean any linear combination of plain-graphs. In particular, the plain-graph consisting only of empty vertices
is a Pg-invariant for any Pg < 0, and superposing this graph on any other is equivalent to not superposing
anything at all.
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Figure 4.1: All 16 trees for N = 4.

We conjecture that the above result captures all P-invariants, up to total derivatives. In
[19], we classified all exact invariants and all 1-invariants; therefore, it is straightforward to
construct the P-invariants in the above statement for any specific case. We now proceed to
construct several examples for minimal P-invariants to demonstrate how the superposition
construction works; further examples and relevant mathematical proofs can be found in [19].

Case 1: (P,N) = (3,3).

For P = 3, the only independent minimal invariant for N = 3 is given in (4.11), which
can be written as a superposition of two equal-weight tree summations:

D> DI
> 2> B>
LD DL

o0

As we already pointed out, this 3-invariant happens to be the minimal 2-invariant as well.
Case 2: (P,N) = (3,4).

In Section 4.3 we found that (4.17) gives the only independent minimal 3-invariant for
N = 4. It has the structure of a superposition of two sums with unit coefficients of all trees
in Figure 4.1. As mentioned in Section 4.1, there are two isomorphism classes of N = 4
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(a) Superposition of Ty and Figure 4.1.

trees:

Case 3: (P,N) = (5,4).

ARV

(b) Superposition of T and Figure 4.1.

NNe

-

Superposing these graphs on the N = 4 trees produces the graphs in Figure 4.2. If T" and
T’ are isomorphic trees, then superposing 7" on the trees in Figure 4.1 produces 16 graphs
which are isomorphic to the 16 graphs formed by superposing 7" on the same trees. There
are four trees in the isomorphism class of T\ and twelve for Tg. Therefore, we just have to
give the 16 graphs in Figure 4.2a weight 4 and the 16 graphs in Figure 4.2b weight 12 and
then add them all up. The result is (4.17) with an overall prefactor of 4. Again, we have
already shown that this is the unique minimal 3-invariant for N = 4.

NN

The superposition of three equal-weight sums of N = 4 trees yields

Zlealg

Figure 4.2: Superposition of graphs in (4.19) on trees in Figure 4.1.

n-{/
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(4.19)
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Note that the sum of the coefficients is 4096 = 163.
To facilitate the check of the invariance of the above linear combination, denoted as L,
we provide the linear combination of Medusas L, such that d5(L) = p(® (Ly,):

ca g w2 Y]
g--g-=K
+432 @ -+ 108 (@ + 216 + 144 @ + 216

In general, superposing y minimal loopless 1-invariants and then identifying all isomor-
phism graphs (so that all vertices are considered to be identical) results in a P = 2y — 1
invariants. It is quite difficult to see why this has to be true in the position space (whose
proof can be found in the appendix in [19]). However, after Fourier transforming into the mo-
mentum space, the above statement becomes transparent. Consider a degree-P polynomial
shift symmetry,

< R

o(t,x) = ¢(t,X) + asyipT™ - TP A (4.20)

In momentum space, we have

3w, k) = G, K) + @iyipBhe, -~ Oy, O(K) + -+ . (4.21)

Moreover, the Feynman rule derived from a P-invariant operator with n vertices constructed
from y copies of equal-weight sums of trees is simply

(€i1‘..inkill s k;”_l)QX, (422)

where we applied the conservation law of momentum, k, = —k; — --- — k,,_; to elimintate
k, in the Feynman rule. This Feynman rule is manifestly invariant under the polynomial
shift symmetry (4.21).

In this chapter, we have seen that the graphical language is very efficient not only for
deriving theorems about our invariants, but also for stating the results. This graphical
technique is important for two reasons. First, it is quite powerful: The translation of the
classification problem into a graph-theory problem allows us to generate sequences of invari-
ants for various values of P, number N of fields, the number 2A of spatial derivatives, and as
a function of the spatial dimension D, in a way that is much more efficient than any “brute
force” technique. Secondly, and perhaps more importantly, the graphical technique reveals
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some previously hidden structure even in those invariants already known in the literature.
For example, the known Galileon N-point invariants are given by the equal-weight sums
of all labeled trees with N vertices! This hidden simplicity of the Galileon invariants is a
feature previously unsuspected in the literature, and its mathematical explanation deserves
further study. In addition, we also discovered patterns that allow the construction of higher
polynomials from the superposition of graphs representing a collection of invariants of a
lower degree — again a surprising result, revealing glimpses of intriguing connections among
the a priori unrelated spaces of invariants across the various values of P, N and A.
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Chapter 5

Cascading Multicriticality

In Chapter 2, we showed that the Type A-B dichotomy of nonrelativistic NG modes is further
refined into two discrete families, labeled by a positive integer n: Type A,, NG modes are
described by a single scalar with dispersion w ~ k™ (and dynamical critical exponent z = n),
while Type B,,, modes are described by a canonical pair and exhibit the dispersion relation
w ~ k* (and dynamical exponent z = 2n). These two families are technically natural, and
therefore stable under renormalization in the presence of interactions [18]. As usual, such
naturalness is explained by a new symmetry. For n = 1, the NG modes are protected by the
well-known constant shift symmetry d¢(t,x) = b. The n > 1 theories enjoy shift symmetries
by a degree- P polynomial in the spatial coordinates,

S(t,X) = b+ bixt + -+ by, gpat e aP (5.1)

with suitable P. Away from the Type A,, and By, Gaussian fixed points, the polynomial shift
symmetry is generally broken by most interactions. The lowest, least irrelevant interaction
terms invariant under the polynomial shift were systematically discussed in Chapter 4 (also
see [19, 57]). Such terms are often highly irrelevant compared to all the other possible
interactions that break the symmetry.

Having established the existence of the multicritical Type A and B families of NG fixed
points, in this chapter we study the dynamics of flows between such fixed points in interacting
theories. We uncover a host of novel phenomena, involving large, technically natural hierar-
chies of scales, protected again by the polynomial shift symmetries. As a given theory flows
between the short-distance and the long-distance regime, it can experience a natural cascade
of hierarchies, sampling various values of the dynamical critical exponent z in the process.
Such cascades represent an intriguing mechanism for evading some of the consequences of
the relativistic Coleman-Hohenberg-Mermin-Wagner (CHMW) Theorem. In Chapter 3, we
already encountered a first example that exhibits this novel behavior, in the context of con-
densed matter physics. In this chapter, we will further illustrate the the novelties of this
cascading behavior with a series of examples.
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5.1 Relativistic and Nonrelativistic CHMW Theorem

First recall that in relativistic systems, all NG bosons are of Type A;, assuming that they
exist as well-defined quantum objects. Whether or not they exist, and whether or not the
corresponding symmetry can be spontaneously broken, depends on the spacetime dimen-
sion. This phenomenon is controlled by a celebrated theorem, discovered independently in
condensed matter by Mermin and Wagner [58] and by Hohenberg [59], and in high-energy
physics by Coleman [60]. We therefore refer to this theorem, in the alphabetical order, as
the CHMW theorem.

The relativistic CHMW theorem states that the spontaneous breaking of global con-
tinuous internal symmetries is not possible in 1 4+ 1 spacetime dimensions. The proof is
beautifully simple. 1+ 1 is the “lower critical dimension,” where ¢ is formally dimension-
less at the Gaussian fixed point. Quantum mechanically, this means that its propagator is
logarithmically divergent, and we must regulate it by an IR regulator pip:

o) = [ Ak e 52)

(27m)? k> + pig

1
Moo log(pg|7|) + const. + O(pg|z]).

The asymptotic expansion in (5.2), valid for pp|z| < 1, shows that as we take pz — 0, the
propagator stays sensitive at long length scales to the IR regulator. We can still construct
various composite operators from the derivatives and exponentials of ¢, with consistent and
finite renormalized correlation functions in the pyz — 0 limit, but the field ¢ itself does not
exist as a quantum object. Since the candidate NG mode ¢ does not exist, the corresponding
symmetry could never have been broken in the first place, which concludes the proof.

Going back to the general class of Type A, NG modes, we find an intriguing nonrela-
tivistic analog of the CHMW theorem. The dimension of ¢(¢,x) at the A,, Gaussian fixed
point in D + 1 dimensions — measured in the units of spatial momentum — is

D—n

0(t )]s, =~ (53)

The Type A, field ¢ is at its lower critical dimension when D = n. Its propagator also
requires an infrared regulator. There are many ways how to introduce j;z in this case, for
example by

dw de eik~x—iwt
t,x)0(0)) = , 5.4
w(t:x960) = [ G555 (5.4
or by
dw de 6ik-xfio.;t

(5.5)

(6(t, %)6(0)) = /

(2m) P+ w? + (K + i)
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Either way, as we try to take p;z — 0, the asymptotics of the propagator again behaves
logarithmically, both in space

1

(o(t,x)9(0)) ~ ~@n)PRT(D)2) log(pugx[) +...  for x| >t (5.6)
and in time,
(p(t,x)p(0)) ~ — (47T)D/211)F(D/2) log(pint) + . .. for |x|” < t. (5.7)

Most importantly, the propagator remains sensitive to the infrared regulator j;z. Conse-
quently, we obtain the nonrelativistic, multicritical version of the CHMW theorem for Type
A NG modes and their associated symmetry breaking:

— The Type A,, would-be NG mode ¢(t, ) at its lower critical dimension D = n exhibits
a propagator which is logarithmically sensitive to the infrared requlator 1,5, and therefore
o(t, x) does not exist as a quantum mechanical object. Consequently, no spontaneous
symmetry breaking with Type A, NG modes is possible in D = n dimensions.

By extension, this also invalidates all Type A, would-be NG modes with n > D: Their
propagator grows polynomially at long distances, destabilizing the would-be condensate and
disallowing the associated symmetry breaking pattern.

In contrast, the dimension of the Type B,, field is

(60,9, = 3

and the lower critical dimension is D = 0. Hence, in all dimensions D > 0, the Type By,
NG modes are free of infrared divergences and well-defined quantum mechanically for all
n=1,2,..., and the Type B nonrelativistic, multicritical CHMW theorem is limited to the
following statement:

— the Type Bs, symmetry breaking is possible in any D > 0 and for anyn =1,2,....

5.2 Cascading Multicriticality

Whereas in the relativistic case, all NG modes must always be of Type Ay, in nonrelativistic
systems the existence of the Type A, and B,, families allows a much richer dynamical
behavior.

For example, with the changing momentum or energy scales, a given NG mode can change
from Type A,, (or By,) to Type A, (or By, ) with n # n/; or it could change from Type A
to Type B. The hierarchies of scales that open up in this process are naturally protected by
the corresponding polynomial symmetries. One of the simplest cases is the Type A,, scalar
with n > 1, whose polynomial shift symmetry of degree P is broken at some momentum
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scale p to the polynomial shift symmetry of degree P — 2, by some small amount ¢ < 1.
This breaking modifies the dispersion relation to

w? m kP 2R (5.8)

with (2, &~ eu?. Here, as in [4], we identify p as the scale of naturalness. At a hierarchically
much smaller scale, pg = p+/z, the system exhibits a crossover, from Type A,, above ug to
Type A,,_1 below ug. The technical naturalness of the large hierarchy ue << p is protected
by the restoration of the polynomial shift symmetry of degree P as ¢ — 0.

In the special case of n = D, this crossover from Type Ap to Type Ap_; yields an
intriguing mechanism for evading the naive conclusion of our CHMW theorem. For a large
range of scales close to p, the would-be NG mode can exhibit a logarithmic propagator.
The hierarchically smaller scale s << i then serves as a natural IR regulator, allowing the
NG mode to cross over to Type Ap_; at very long distances. Therefore, the mode is well-
defined as a quantum mechanical object, despite the large hierarchy across which it behaves
effectively logarithmically.

An interesting refinement of this scenario comes from breaking the polynomial symmetries
hierarchically, in a sequence of partial breakings, from a higher polynomial symmetry of
degree P to symmetries with degrees P’ < P, P" < P’, ..., all the way to constant shift.
This gives rise to a cascading phenomenon, with a hierarchy of crossover scales pu > p' >
w” > ..., separating plateaux governed by the fixed points with the dynamical exponent
taking the corresponding different integer values. Again, such cascading hierarchies are
technically natural, and protected by the underlying breaking pattern of the polynomial
symmetries.

Before we illustrate this behavior in a series of examples, it is worth pointing out one
very simple yet important feature of large hierarchies in nonrelativistic theories. Consider a
theory dominated over some range of scales by the dispersion relation w ~ k™, with n > 1.
If we open up a large hierarchy of momentum scales p > i (say by N orders of magnitude),
this hierarchy of momentum scales gets magnified into an even larger hierarchy (by nN
orders of magnitude) in energy scales.

A Type-A Hierarchy. The first model that we use to illustrate the hierarchy is a relatively
well-known system in 2 + 1 dimensions: The z = 2 Gaussian model of a single Aristotelian
scalar field ¢(t,x), with a derivative 4-point self-interaction turned on [48, 61]:

Sy = %/dtdQX {</52 — (0%¢)? — 20,90 — 9(3z‘</5az¢)2} :
This action contains all the marginal and relevant terms of the z = 2 fixed point consistent
with the constant shift symmetry and the reflection symmetry ¢ — —¢. At the z = 2
Gaussian fixed point, ¢ is classically marginal, and breaks the polynomial shift symmetry
of this fixed point to constant shift. Quantum corrections at one loop turn g marginally
irrelevant [48].
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This system allows a natural hierarchy of scales, stable under quantum corrections. At
the naturalness scale p, we can break the polynomial shift symmetry of the z = 2 fixed
point to constant shifts by a small amount ey < 1. This implies g ~ gy and ¢ ~ gou?,
relations which can be shown to be respected by the loop corrections. In particular, ¢? can
stay naturally small, much less than 2. The dispersion relation changes from z = 2 close to
the high scale i, to z = 1 around the much lower scale p; = p\/go < p.

A Type-A/Type-B Hierarchy. The above example illustrates the cascading mechanism
in the Type A case. Type B systems can form their own hierarchies, in the obvious gener-
alization of the Type A cascades exemplified above. There is no analog of the lower critical
dimension and the CHMW limit on n. Type A NG modes can also exhibit a flow to Type
B. This behavior, albeit not new (see e.g. [62]), can be embedded as one step into the more
general technically natural hierarchies of Type A or B as discussed above. In particular, the
crossover to Type B can provide a new IR regulator of the Type A cascade at the lower
critical dimension.

We shall illustrate this on the simplest Type A; example, although the full story is, of
course, more general. Consider two would-be Type A NG fields, ¢; (¢, %), in the vicinity of
the z = 1 Gaussian fixed point

1 . .

S = §/dthX {Qﬁ + @5 — 1(ign)* — Cg(5i¢2)2} :
For simplicity, we will set ¢; = co = 1, although this is not necessary for our argument.
Besides the rotations and translations of the two scalars, note two independent Z, symmetries
— the field reflection,

R: (¢1,02) = (¢1, =), (5.9)

and the time reversal,

T:t— —t, ¢172(t,X) — (bLQ(_t,X). (510)

We can now turn on the Type B kinetic term,
S =S + Q/dthx (¢1¢2 _ W}l) . (5.11)

2 now provides an IR regulator for the propagator. At that scale, the field reversal R and
the time reversal 7 are broken to their diagonal subgroup. At energy scales below (), one
of the would-be Type A NG modes survives and turns into the Type B NG mode, while
the other would-be Type A mode develops a gap set by 2. Note that in 1 + 1 dimensions,
the “no-go” consequences of the relativistic CHMW theorem are again naturally evaded by
this hierarchy: A NG mode exists quantum mechanically after all, and symmetry breaking
is possible, despite the fact that above the scale €2, the two would-be Type A modes exhibit
the logarithmic two-point function suggesting that symmetry breaking may not be possible.

The hierarchy between the Type A and Type B behavior is also protected by symmetries.
In fact, the system has multiple symmetries that can do this job. One can rely on the
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breaking pattern of the discrete symmetries R and 7 mentioned above. If the Type A
system is Lorentz invariant, one can use Lorentz symmetry breaking to protect small €.
More interestingly, without relying on the discrete or Lorentz symmetries, one can introduce
a shift symmetry linear in time,

5¢172 - bl’Qt. (5.].2)

While the Type A kinetic term is invariant under this symmetry, the Type B kinetic term
is not. Breaking the linear shift symmetry to constant shifts allows the Type-A/Type-B
crossover scale to be hierarchically smaller than the naturalness scale.

In these two examples, we have seen that the multicritical Type A,, and Bg, NG modes
can experience technically natural cascading hierarchies of scales, protected by a hierarchy
of polynomial shift symmetries. Perhaps the most interesting case is Type A with n = D,
which according to our CHMW theorem exhibits logarithmic sensitivity to the IR regulator.
In the relativistic case, this would prevent the symmetry breaking. We have shown that the
Type Ap modes can experience a cascade to Type A, with n < D (or to Type B), which
provides a natural IR regulator, thus making the symmetry breaking possible after all.

5.3 Prelude: Scalar Field Theory with Linear Shift Symmetry

In rest of this chapter, we introduce a new scalar field theory with linear shift symmetry,
which not only illustrates the cascading hierarchy with multiple crossovers, but also exhibits
additional intriguing renormalization properties of independent interest. The full analysis of
the quantum properties of this theory will be discussed in details in Chapter 6; here we will
only give a brief prelude of this theory and focus on the cascading behavior. In Chapter 7,
we will apply this theory to address the Higgs mass hierarchy problem.

We impose two discrete symmetries: ¢(t,x) — —¢(t,x), and time reversal T: (t,x) —
(—t,x), acting trivially on ¢, T : ¢(t,x) = ¢(—t,x). For our main interest, 7 is a bit of
an overkill: It will be an “accidental” symmetry anyway. In 3 + 1 dimensions, the Gaussian
fixed point with z = 3 is described by

1

532

/ dtd'x { & — (0:0,000)°} . (5.13)
We have normalized the field ¢ to set the coefficient in front of the kinetic term ¢? to the

canonical value of 1/2, and the coefficient in front of the (93¢)? term has been set to 1/2 by
the rescaling of space. The scalar field at the z = 3 Gaussian fixed point is dimensionless,

[¢] = 0. (5.14)

Thus, in 3 + 1 spacetime dimensions, ¢ is at its lower critical dimension. In Chapter 3, this
z = 3 fixed point is used to explain the T-linear resistivity in strange metals.

Next, we turn to the classification of all classically marginal and relevant interaction
terms up to total derivative. First of all, just as in the relativistic non-linear sigma model



CHAPTER 5. CASCADING MULTICRITICALITY 61

in 14 1 dimensions, there would be an infinite number of such couplings. In order to reduce
consistently to a finite number of independent couplings, we impose (at least) the constant
shift symmetry. The sole exception will be the addition of the non-derivative quadratic gap
term m2¢?, which of course breaks the constant shift symmetry explicitly, but does so in the
“softest possible way” without generating any self-interactions violating the constant shift
symmetry.!

There are four marginal interaction terms invariant under the constant shift. It is con-
venient to represent them in the “loopless basis”2. We find three independent terms at four

points,
OF = 80,006 8000 Opp = % (5.15)
OF = 0,000,000 00 = | . (5.16)
Of = 9000000000 = | (), (5.17)
(5.18)

and one at six points:

— (5:60:0)° / N\ (5.19)

The z = 3 fixed point has three relevant terms whlch respect the constant shift symmetry:
Two of them modify the free, Gaussian part of the theory,

and the third one gives a four-point self-interaction,
W = (0;00;0)*. (5.21)

Hence, the general action involving all the marginal and relevant couplings with constant
shift symmetry (plus the gap term) can be written as

3
S = 1/dtd3 {¢2 Zg? - 050)? —ww—ZAg”ogf)—ggog}. (5.22)
=1

We have used the collective notation for (s, with (5 = m and (; = ¢. The engineering
dimensions of various parameters are

@=3 =3 =2 (523)

IThe low-energy observer with the relativistic prejudice might be inclined to call this term the “mass
term,” but we find the notion of a “gap term” more accurate.

2This refers to the terminology used in Chapter 4, as inherited from graph theory. The “loopless basis”
is a representation in which whenever a 02 = 0;0; term acting on one ¢ is encountered, it is eliminated by
one integration by parts. In the graphical representation, this means that the two end of an edge never join
to the same vertex.
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The couplings )\él) and g3 are all dimensionless.

Renormalization group properties of any Aristotelian scalar field theory will depend on
possible hidden symmetries of the model. We already used the constant shift symmetry
above, to restrict the number of independent marginal and relevant terms to a finite num-
ber. However, the structure of symmetries of the infinite hierarchy of Aristotelian-invariant
operators that can appear in the action and are built out of n copies of ¢ and some number
A of pairs of derivatives 9;---0;--- is much more intricate. In our case of z =3 in 3+ 1
dimensions, polynomial shift symmetries pick out one renormalizable self-interaction term.
We define infinitesimal polynomial shift transformations of ¢,

d(x,t) = o(x,t) + 0p(x, 1), (5.24)

where A A
5¢(X, t) = bil...ipl‘zl ceex'? + ...+ blfl + bo. (525)

The task of classifying all terms invariant under the polynomial shift transformation (5.25)
of degree P up to a total derivative represents an intriguing mathematical problem, which
effectively leads to new graph-theory cohomology groups. This problem was set up, and
solved for some lower values of P and low-enough number of fields and derivatives, in Chapter
4.

Among all the 4-point and 6-point interaction terms in (5.22), there is a unique term
which is invariant under linear shifts, up to a total derivative. As shown in Section 4.1, for
a given number n of fields, there is a unique invariant under linear shift symmetry with the
lowest number of derivatives (in high enough spacetime dimensions); moreover, this term
has a very simple graphical representation — it is simply given by the equal-weight sum over
all spanning trees with n vertices, when we treat the vertices as distinguishable. Following
this rule, for n = 4 we thus get our unique 4-point 1-invariant,

VAN
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When we again treat the vertices as indistinguishable, this sum becomes
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Finally, here is the theory that will be the subject of our case study. Its action is given
by (5.22), in which we set

A=y, AP = 3 (5.28)
and all other non-Gaussian couplings to zero:
AP =0, g=0 w=0. (5.29)
The total action is
S = % /dt ng{</52 — (3(0:0;000)* = (3(0,0;9)* — c*0ip Oip — m*¢”
R G %8,-(;5 036 0 0,0;000) | (5.30)

This model has intriguing renormalization group properties, which will be discussed in detail
in Chapter 6. There is no wave-function renormalization of ¢, and both A3 and ¢? satisfy
a non-renormalization theorem to all orders in A\3. This does not mean that the theory can
be weakly coupled at all scales: The coefficient (2 in (5.30) — which we set equal to 1 in the
classical limit — is logarithmically divergent starting at two loops, and therefore (3 runs with
the RG scale. The effective coupling in the two-on-two scattering amplitude is not A3 but
A = \3/¢3, which runs due to the running of (3. The two-loop beta function reveals that A
increases with increasing energy.

Having illustrated the quantum corrections, we can now study cascading hierarchies of
symmetry breaking in this model, and confirm their technical naturalness. At some high
scale p, which will be our naturalness scale, and which we keep below pug, consider the
following hierarchical breaking of polynomial symmetries: First, break the P = 4 symmetry
of the z = 3 Gaussian fixed point to the P = 2 symmetry of the z = 2 fixed point by some
small amount €5 < 1. Then break P = 2 to P = 1 by an even smaller amount ; < &s.
This pattern corresponds to

C32 I ]., C22 =~ M2€2, C2 o ,u4€1, )\3 ~ £q. (531)

The dispersion relation cascades from z = 3 at high energy scales, to z = 2 at intermediate
scales, to z = 1 at low scales.® Both the large hierarchies in (5.31) and the cascading behavior
of the dispersion relation are respected by all loop corrections, and therefore are technically
natural. This follows by inspection from the properties of the quantum corrections discussed
above.

Our original motivation for this study of technical naturalness and hierarchies in sponta-
neous symmetry breaking came from quantum gravity and high-energy physics, especially in

3We can also break the linear shift symmetry to constant shifts, by some amount €y < ;. This would
generate the remaining classically marginal operators Ofla), Og and the relevant operator W, with coefficients
of order g¢ in the units of p.
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the context of nonrelativistic gravity [5, 6]. Besides extending our understanding of the gen-
eral “landscape of naturalness,” we expect that our results could find their most immediate
applications in two other areas: In condensed matter physics, and in effective field theory
of inflationary cosmology [63, 64, 65]. Both areas treat systems with nonrelativistic, Aris-
totelian symmetries similar to ours. In condensed matter, we have seen in Chapter 3 that the
multicriticality of NG modes will affect their thermodynamic and transport properties: The
Type A3 modes at the lower critical dimension will exhibit resistivity linear in temperature T’
over the range of 7" dominated by the z = 3 dispersion (up to 7'log T" corrections due to self-
interactions). In the context of inflation, our self-interacting scalar field theories represent
a new nonrelativistic variation on the theme of the Galileon [66], an extension of the z = 2
ghost condensate [67, 68], and of the z = 3 cosmological scalar theory of Mukohyama [7, 69].
Eventually, we are hoping that the lessons learned in the nonrelativistic arena will give new
insights to the fundamental puzzles of naturalness in high-energy physics and gravity: The
cosmological constant problem and the Higgs mass hierarchy problem.
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Chapter 6

Nonrelativitic Renormalization: A Case Study

In this chapter, we continue the case study of the Aristotelian scalar field theory in 3 + 1
dimensions introduced in the previous chapter. This theory exhibits intriguing quantum
properties. Our focus is on the interplay between their renormalization group properties and
the polynomial shift symmetries.

We consider the nonrelativistic quantum field theory of a single real scalar field ¢(x, )
in 3 + 1 spacetime dimensions, whose action is given by (5.22), !

S = % / dt d3x{¢2 — (8,0,040)% — C(3:0;0)? — 2 0y — m2H? — Ago}, (6.1)
where
O = 01604036 004 0h> + 3016 030 0 DDy 0u (62

This is the theory that will be the subject of our case study. This theory is renormalizable.
Its short-distance behavior is controlled by the z = 3 Gaussian fixed point, where z is the
dynamical critical exponent. Around this fixed point, A3 is a classically marginal coupling.
Our statement of renormalizability in particular implies that no other combination of terms
with up to four fields and up to six derivatives, besides the ones already in (6.2), are generated
by loop corrections; this statement is an immediate consequence of the hidden linear shift
symmetry of the system,

o(t,x) — ¢(t,x) + bz’ + b. (6.3)

The self-interaction term O may look familiar, it is closely related to one of the Galileons
[66], at least formally. Physically, the role of the term is quite different: In the relativistic
Galileon theory, the four-point self-interaction term is highly irrelevant from the viewpoint
of the free relativistic massless scalar field theory, of dimension ten in mass units. In the
theory with ¢ — —¢ symmetry, it is the lowest-dimension, least-irrelevant self-interaction
that preserves spacetime linear shift symmetry, and the theory is naturally viewed as an

'We simplify our notation by writing (9;, ... 9;,$)(;, ... 0;,¢) = (i, - .. 0:,9)?, ete.
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effective field theory. In contrast, our spatial linear-shift invariant O is marginal, and in
fact the only such invariant in a renormalizable theory with linear shift invariance. More-
over, the relativistic version of this term that appears in the relativistic Galileon contains
six spacetime derivatives, which results in a very different dynamics and in particular a very
different Hamiltonian. However, some formal features (for example, the structure of a non-
renormalization theorem that we prove in this chapter) are somewhat similar between the
two theories. Similar structures, including higher polynomial shift symmetries, have emerged
in the study of amplitudes [70, 71].

In the following, we will show that the unique self-interaction coupling A3 satisfies a
non-renormalization theorem to all loop orders. However, despite this non-renormalization
of the coupling, the self-interaction strength does depend on scales, as a result of the non-
trivial renormalization of the two-point function. In contrast to the relativistic case, there
are several natural perspectives on the Callan-Symanzik equation and the process of the
renormalization group flow, associated with the observer’s freedom to choose how to relate
time to space.

6.1 Observer-dependent Relations Between Space and Time

Throughout the thesis, we have been following the “additive convention” for referring to
dimensions, whereby |[...] is defined to be the exponent of the fundamental unit of scale (in
our case, energy). This convention is common in high-energy physics, and more generally
whenever one keeps track of only one type of dimension.

Occasionally it will prove illuminating to revert to a more elementary picture, in which
the units of measurement of time and space are unrelated to each other. In this more
fundamental picture, we have two independent dimensions: L for length of space, T for
time. We will therefore express the dimension dim(Q) of any object O multiplicatively, as
the appropriate powers of 7" and L (instead of the additive convention, referring only to the
scaling exponent as in the case of [...]). with the power of L and T being the length and
time dimension os the corresponding object. We can still choose to normalize the field such
that its kinetic term ¢? appears with the canonical prefactor of 1 /2, implying

T1/2

Given this dimension of ¢, the (9;0;0,¢)* term in the action is no longer of the same dimen-
sion as ¢*, and we need to introduce its own coupling (2, of dimension
LG
2

dim((3) = Tz (6.5)
Setting (2 = 1 would be one particular way how to relate time and space dimensions. It
would reproduce the z = 3 scaling and reduce dim( ) to the dimensions at the z = 3 fixed
point [...].
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It is important to note that the relation between time and space is observer dependent,
and conversion factors may depend on the prejudice of a given observer as to the “correct”
or “most natural” interpretation of the dynamics. We shall see several examples of such
distinct observers, and distinct physical perspectives of the same system, throughout this
chapter.

Different observers differ by their choice of a conversion factor that relates time and space.
For example, when we wrote (6.1), we took the perspective of a “short-distance” observer,
and chose to relate space to time by setting (3 = 1. In contrast, a low-energy observer may
have the prejudice to interpret the system as approximately relativistic, and relate space to
time by setting ¢ = 1.

6.2 Hamiltonian Formalism and Vacuum Instability

Using the antisymmetric € tensor, it is possible to re-write the interaction term (up to total
derivatives) in a more compact form, as

A 1
53 dt d®x (8@ 0i0;¢ 030k Oxd + 30i 0;¢ Ok @aj@m)
_ % dt d*X €51 tmndid 0046 DOy D, (6.6)

The equation of motion is:

¢ —(3°)°0 + GG(8*)°p — 20%¢ — (Fo — %gijkgémn 0,000 00 03 Opp = 0. (6.7)

Applying the Legendre transformation to (6.1), the Hamiltonian is

= / Px{ &+ (00,000 + G000 + A0 + ¢} + Hu,  (68)

where

Hyy =2 / X 1502 omndhh D300 Onds O (6.9)

The energy is not bounded from below, for either sign of A. We now demonstrate this by
explicit constructions.

First, we consider the field configuration that is rotationally symmetric in its spatial
coordinates, i.e.,

o(x,t) =o(r,t),  r=Ix (6.10)
Plugging this ansatz into (6.9), we obtain

A %
Hint - %/ (¢/>4 2 0; (6].1)
0
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where 9
¢ = gqﬁ(r, t). (6.12)

The Hamiltonian is unbounded from above but bounded from below.
Next, we consider field configurations that break the spatial rotational symmetry. As a
simple example, we take the ansatz

o(x, 1) = P(p,1) Z(ws, 1), p=I[x]. (6.13)

Here, z3 is the third component of x. Plugging this ansatz into (6.9), we obtain

Hint = 27T/\3 Hsz, (614)
where - -
Hy z/ dxs Z*(Z')* > 0, Hp z/ dp P*P'P", (6.15)
0 0
and
Z'= iZ(m t) P = ﬁP( t) n=12 (6.16)
= 8:173 35Y) — 8pn Pyt), — Ly 4 .
If we require that
Pop
P(p,t) = —, 6.17
()= (6.17)
then,
1
Hp =— <0. 6.18
F 20p5 — ( )

Therefore, there exist both configurations such that H;, is greater or smaller than zero.
By scaling ¢ up, the size of Hj,; can always surpass the quadratic terms and dominate the
Hamiltonian. Hence, we reach the conclusion that the Hamiltonian is unbounded neither
from below or above.

Assume that the couplings (7, ¢* and m? have been chosen such that the dispersion
relation is positive definite, then the theory is perturbatively stable around (¢) = 0. However,
at nonzero A, this state is non-perturbatively unstable, with the decay probability controlled
by a bounce instanton [72, 73]. To derive the instanton action and hence the vacuum decay
rate, we look for least-action solution of the equations of motion in imaginary time 7 = it,

A3

076 = ()0 + G(0°)0 — *0%6 — (36 — " ujpComn 001 0;0md OhOpd = 0. (6.19)

This type of equations of motion is sufficiently complicated and the analytic form of the
dominant instanton is not known, but its contribution to the decay rate of the vacuum will

be

3

[yac X €xXp (—)\g) , (6.20)
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with C positive and of order one. Is this factor C finite? Not if an IR regulator is absent,
in which case the instanton action would in fact diverge logarithmically with the size of
spacetime. However, C' is finite in the presence of any IR regulator, even just (3 # 0, which
in any case we know will be generated by quantum corrections.

It is often assumed that the least-action instanton will be the one with the largest group
of spacetime symmetries. In relativistic systems, such instantons would be spherically sym-
metric in Euclidean spacetime, with symmetry SO(D + 1). In our case, the imaginary-time
version of the Aristotelian spacetime still carries a preferred foliation by Euclidean leaves of
constant 7, and the system is anisotropic between space and time. The largest spacetime
symmetry that one can expect is thus the group SO(D) of spatial rotations, times the Z,
time-reversal symmetry.

Further note that the energy is conserved, and through the slice of 7 = 0 should be
zero. Interestingly, for SO(3) invariant solutions, this can be used to show that when A > 0
such an SO(3)-invariant instanton cannot exist, simply because H,, > 0 with the ansatz of
spatial rotational invariance (see (6.11)). However, an instanton solutions can (and probably
does) exist for A < 0. The least-action instanton for A > 0 must break spatial rotational
symmetry, and we therefore expect its action to be larger than the action of the spherically
symmetric instanton for the other sign of A\. This is sufficient for suppressing the tunneling.

If one wishes, the vacuum instability can be cured by embedding the model in a theory
with the symmetries reduced to constant shifts. As a simple example at the classical level,
we can turn on the marginal Og operator, in which case the action becomes

S = %/dt d*x {g&P — (0:0;060)* — X30 — 93(96} : (6.21)
We note that the potential
1
= 5 / dSX {(828]8@)2 + )\30 + 9306} (622)

can be written as a sum of complete squares for sufficiently large g3: If A > 0 and \g = \?/36,
then

1
V=35 / @x { (00046 + 113060 0,0 040)" + 23(8100.0,0)" } > 0; (6.23)
If A3 < 0 and g3 = 5A3/18, then
1 1 5\ 2
A
- Tg(é(z]ak)8€¢ a€¢)2 — A3 (81¢ 8j8k¢)2}, (624)

where the symmetrization between spatial indices is defined to be (jr) = ik + jri + kij- By
construction, for any g3 > 5\%/18, the potential V can be written as a sum of squares. This
condition is sufficient but not necessary: the bound on g3 can be relaxed by considering a
more general sum of complete squares while rewriting V.
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6.3 Quantum Corrections and Properties of Loop Diagrams

We will be interested in perturbation theory around uniform phases, not modulated phases.
We assume that (2, ¢ and m? are all positive definite.
First, the propagator

i
w? — (k)3 — 2(k*)?2 — 2k? — m?2 + ic

(6.25)

contains all the couplings that are present in the Gaussian limit of the theory. It depends
on the spatial momentum k only through its magnitude, which we will denote by k = |K|
from now on.

The Feynman rules of this model involve one four-vertex, which can be simplified using
the momentum conservation k; = —k; — ky — k3 to

wr, ky wa, ko

= —iA [k%kgkg +2(k; - ko) (ko - k) (ks - ki)

— kf(k2 . k3)2 — k:g(kg . k1)2 — k;g(kl . k2)2 . (6.26)
w3, ks wa, ky

Note that in this vertex each momentum appears quadratically, with no subleading terms.
We can write it even more compactly with the use of the fully antisymmetric ¢;;;, tensor: If
for any three momenta k, p, q we define [kpq| = €;;1k;p;qi, our vertex becomes simply

— i\[k koks)?. (6.27)

This simple vertex structure is intimately related to the underlying symmetries: When
translated into momentum space, the linear shift symmetry d¢(t,x) = bz’ + b becomes
a shift of the Fourier modes ¢(t, k) by

0

dop(t, k) = bia_ki

d(k) + bo(k). (6.28)
Acting with this symmetry on any of the legs of the vertex produces zero, as the vertex is
purely quadratic in each of the outside momenta.

Consider the 2/N-point function of ¢ with external momenta ki, ks, -+, koy. All four-
vertices in a 1PI loop diagram I'y contain at least two internal legs. Therefore, for all four-
vertices that contain external legs, one can always apply momentum conservation to eliminate
one of the internal momenta. As a consequence, by (6.27), the momentum associated with
each external leg will appear quadratically in the Feynman rule, and any 1PI diagram will
be of the form

oy = (kil kil) (k? k?) e (/{;2]{/\1 k%i\jfv) Ii1j1i2j2"'i2Nj2N (k17 k27 e 7k2N)7 (629)
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which is at least of 4N-th order in the external momenta. By power-counting, the superficial
degree of divergence of the factor Z is D =6 — 4V.

Equation (6.29) can be viewed as a direct consequence of the Ward-Takahashi (WT)
identity for 1PI functional I'[¢] from the linear shift symmetry. Let us consider the partition
function Z[.J], a functional of the current J,

ZlJ) = /an exp {—S[¢] + /dt d*x J(t,x)qb(t,x)} (6.30)

We would like to derive the WT identity by requiring that Z[.J] be invariant under the linear
shift symmetry. The action S[¢] is invariant under the transformations (6.3) by design, and
the only variation comes from the source term:

0= 62[J] = / dt dPx J(t, ) (b + b)Z[0). (6.31)

It is useful to rewrite (6.31) as

0= /dt d*x J(t,x) /dt' X (b’ +b) 5¢(§ ) <;}Z€[£)) : (6.32)

where we have introduced W[J] = In Z[J], the generating functional of connected correlation
functions. To derive the WT identity for the 1PI functional I'[¢], we perform the following
Legendre transformations,

oW |J

L[] = —WI[J] + /dt d*x J(t,x)¢(t, %), o(t,x) = 5J(t[x]). (6.33)

Then (6.32) gives the WT identity for I'[¢],

, or'fg]
/ di (b’ + D) 55205 =0 (6.34)
In the momentum space, we have
OT'[9)
dw d*k [0;0:6®) (k) + b6 (k)| =——— = :

/ wd’k [0:0,0 (k) + b5 )]&ﬁ(w,k) 0, (6.35)

where 5 denotes the Fourier modes of ¢. This implies that a 2N-point 1PI function 'y has
to appear at least quadratically for the momenta carried by all external legs. This condition
is satisfied by (6.29), which contains the fewest number of momenta.

Nonrenormalization Theorems. We now show that the theory with A3 as the only
nonzero self-interaction is self-contained under renormalization and the parameters c?, m?
and A3 are not renormalized to any order in As.
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We first consider a two-point 1PI diagram I's of ¢ with external momenta k; and ko,
with k; = —ko = k. This is the special case with N =1 in (6.29):

Ty = (K"E) (K2K2) Ty jyiag (K). (6.36)

The expression starts only at k*, and will not contribute to k? and the constant — not only
via divergent terms, but will not even produce a finite correction. Thus, ¢? and m? are not
renormalized. This statement is again true to all orders in perturbation theory in A3. This
proves the nonrenormalization theorems for ¢? and m?.

The superficial degree of divergence of the factor Z in (6.36) is D = 2, which means that
['s is quadratically divergent in the UV cutoff. We will deal with this divergence momentarily
in this section.

Analogously, in the special case when N = 2, Iy starts at the eighth order in the external
momenta, implying that, at any loop order, there are neither divergent nor finite quantum
corrections to As. (The operator O contains 6 derivatives.) This proves the nonrenormal-
ization theorem for A3. Furthermore, none of the operators W, Og or (’)P’s (containing no
more than six derivatives) that would break the linear shift symmetry are generated by the
loop corrections.

In general, for N > 1, the superficial degree of divergence of the factor Z in (6.29) is
D =6 — 4N < 0. Therefore, once the one-loop divergent correction to the propagator has
been canceled by their own counterterm, the one-loop corrections to I'sx for N > 1 will all
be finite. As usual, one then iterates this procedure, using the one-loop corrected propagator
and four-point function to generate the two-loop correction to the propagator, and so on.
Therefore, the factor Z in (6.29) is finite to all loops for N > 1.

The only primitive divergent diagrams are those that contribute to the 1PI two-point
function. Now, we compute the loop corrections to the propagator. First note that there
is no wavefunction renormalization to all orders in perturbation theory, because all loop
corrections will be proportional to at least k%, as shown explicitly in (6.36).

We have noted that the factor Z in (6.36) is quadratically divergent in the UV cutoff.
Therefore, the coefficient (2 in front of the k* term will receive a quadratic divergence.
Moreover, expanding Z in a Taylor series of k yields a logarithmically divergent correction
to the coefficient (3 (which is set to 1 classically) in front of the k% term.

First, we consider the one-loop diagram. Just as in the case of relativistic ¢* theory, the
loop integral is manifestly independent of w, k. However, in our case, even more is true: This
diagram vanishes identically,

n,p

1 [dn d®p i(—ils[kkp]?
2 ) 27 (2m)* n? — wi +ie
w, k

simply because the numerator [kkp]? = 0 is identically zero due to the antisymmetry of the
bracket in its three arguments.
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The first nonzero quantum correction to the inverse propagator comes at two loops. There
is just one 1PI diagram, which we will refer to as the “sunset diagram:”

y k@ " (6.38)

The sunset diagram is carefully examined and evaluated in Appendix B. The result is

iNk* (Ak*log A + BA® + finite) , (6.39)

where A is the sharp cutoff places on the momenta carried by the internal legs. Coefficients
A and B are real numbers estimated numerically in (B.42) and (B.27), respectively, A < 0
and B > 0. The finite term is non-singular at k? = 0 assuming that at least one of the
infrared-regulating couplings ¢? or (2 is non-zero, as shown in Appendix B. There is no
contribution such as (log A)? in (6.39), due to the simple fact that any subdiagram in the
sunset diagram except for itself is finite.

In summary, even though there is no wavefunction renormalization of ¢, two of the
Gaussian couplings — (2 and ¢? — do get renormalized when A3 is turned on. However, A3
itself satisfies a nonrenormalization theorem, to all loops.

6.4 Elementary Processes

In this section, we consider some elementary processes in the 9°¢*-theory. In Section 6.2, we
have discussed the vacuum decay and bounce instantons. In the following, we discuss two
more processes: Particle decays and two-on-two scatterings. More details about scattering
amplitudes in Aristotelian spacetime can be found in Appendix A.

Particle decay. The ¢ quanta exhibit an intriguing perturbative instability in the Aris-
totelian spacetime: Self-decay processes are kinematically allowed and a single particle ac-
quires a non-zero decay width I". The lowest contribution to I' comes from the imaginary
part of the sunset diagram. By taking the cutting rule, this describes the decay of a single
particle into three copies of itself.

As a simple example, consider an incoming particle with momentum k decaying into three
copies of itself, with momentum k/3 + q;, withi =1,--- 3, q; +q, + q3 = 0 and |q,| = ¢.
Around the z = 3 fixed point, we assume the dispersion relation to be w = v/ k% + m?2. Then,
the conservation law of energy enforces

k2 ’
VES +m? = 3\/(5 + q2) +m2, (6.40)

which can be satisfied for any k with

1
1m?\
k2<817:> . (6.41)
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The ¢ quantum is absolutely stable at k &~ 0 below the threshold. At small |k|, there
is a very sharp long-lived resonance. At large k, the decay width I' can be obtained by
calculating the imaginary part of the sunset diagram, which gives

)\2
I~ 2k (6.42)

C3
In the more fundamental picture in which space and time are a prior: unrelated, dim((3) =
L3/T and dim(\3) = L?/T®. Therefore, dim(T") = 1/T, as expected. A more thorough
exposition of decay rate calculation in Aristotelian spacetime can be found in Appendix A.

Particle scattering. We consider the two-on-two scattering. The incoming particles carry
momenta k; and ky; the outgoing particles carry momenta k} and kj. At the tree level,

K P, Nkikok)]t 1
7T (2m) (2P 2 2, 01 — o] (2, ) (2,
x (27)%0 (wi + wa — wi — wh) 6P (kg + ko — k) — kb). (6.43)

Here v; = dwkl/dky, 1 = 1,2, with k;ZH the component of k; parallel to the total incoming
momentum k; + ks. In the more fundamental picture in which space and time are a priori
unrelated, dim(X\3) = LY/T3. Therefore, dim(do) = L?, as expected.

6.5 Renormalization from the High-Energy Perspective

Unlike in relativistic theories, there are at least two natural classes of observers already at
the microscopic level:

e The Aristotelian observers fix the coordinates (t,y) once and for all, find the non-
renormalization of A3 but also the running of (3, which lead to the running of the
effective coupling \.

e The Wilsonian observers, during the process of integrating out a shell of modes, rescale
the system to restore the normalization condition (3 = 1. This involves a rescaling of
the spatial coordinates which depends on the RG scale. Their effective coupling runs.

When these two observers compare their notes with the Aristotelian observers, both see the
same physics but in a slightly rescaled coordinate system.

In this section, we take the perspective of the Aristotelian observer use the Callan-
Symanzik equations to compute the beta functions. To begin with, we define the normaliza-
tion conditions. Consider '™ (wy, ki;. .., wp, ky,). T is only a function of w = w; = —w»
and k* = k¥ = k2. We impose four normalization conditions

or® (w, k?)
2 2 2 , 2
I (w, k )’* =m°, 282 =, (6.44)

*
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1 OTO W, 1) L OTOW k)| "
2 |9 iy | o0 00
These normalization conditions are chosen such that at the normalization point x, the inverse
propagator reproduces the expected behavior near the z = 3 fixed point.

Our selection of the appropriate normalization point x, and our choice of the renormalized
couplings m?, ¢, and ¢ in the normalization conditions, will depend on the nature of any
particular physics question we may address. For example, in a theory with a gap m, one
natural choice of the normalization condition is the on-shell normalization. However, due
to the presence of higher order terms in spatial momentum in the propagator, sometimes
it is more convenient to choose an off-shell condition. A particularly useful choice for the
normalization point x is

* 1 (W K?) = (=M°®)0), (6.46)
where M is the renormalization scale associated with the normalization point , [M] =1/3
(dim(¢) = 1/T"/3). We will stick to this normalization condition in the following discussion.

The four-point function gives the normalization of A\3. Similarly to the two-point function,
we must choose a normalization point x, and then impose appropriate conditions guarantee-
ing that the four-point function reproduces the expected vertex structure. However, thanks
to the nonrenormalization theorem for Az, we do not have to spend much time on this.?

In terms of the bare couplings, the action is

1 .
S = 5 / dt d3X{¢2bare - C??,bare(aiajak¢bare)2 - Cg,bare(aiajqbbare)2 - )‘3,bare(/)bare}7 (647)

where Opare is given by O in (6.2) with ¢ replaced with ¢p.... We have set m? and ¢? to zero
by invoking the nonrenormalization theorems. The renormalized action is

1 .
S = 5/dt d3x{¢2 — (3(0:0;060)* — (5(0:0;0)° — A30
— 070 — 83(0,0,000)° — 5(0:0;0) — 5,0 }. (6.48)

We have introduced physical couplings, (3, (o and A3, and counterterms, dz, d3 and Js.
Around the normalization point x, the theory is regulated by the nonzero w? in the IR. For
simplicity, we would like to set (, to zero at the tree level. Since there is no field renormal-
ization, 07 = 0. d, can be set to zero trivially, due to the nonrenormalization theorem for
A3. To determine 9, and d3, we introduce the following renormalization conditions:

1 PT®(w, k)| 1 Pr(w, k)

s @ |L7Y 3 e |9 (6.49)

*

The correction to the inverse two-point function up to two loops is given by

P (wk) = -+ ——+--. (6.50)

2If one wishes, we could normalize to the equilateral tetrahedron point. (See Section 8.4 for details.)




CHAPTER 6. NONRELATIVITIC RENORMALIZATION: A CASE STUDY 76

All other loop diagrams that contribute up to the two-loop order vanish. In (B.52), the
sunset diagram is evaluated to be

- kO = Z?f Iz {Ak2 log <<§A/|w|%) + BA? + ﬁnite} , (6.51)

where

A~ —113x107% <0, B >0, (6.52)
and A is a UV momentum cutoff, [A] = 1/3 (dim(A) = 1/L). The counterterm is given by

—’—®—’—w,k ok = —i0sk® —ibk". (6.53)

Summing over the geomertic series, we obtain the exact inverse propagator:
r® = o? — k5 4+ 11® (w, k). (6.54)

Imposing the renormalization conditions (6.49), we obtain

A3 A 1
0o = 2BA?, 03 = Alog(¢GGA/M). (6.55)
Gs G
Note that the argument of the log has dimension 1 in either measures ([...] or dim( )), as

desired. The two-point Green’s function is

i

G (w, k) = 1 . (6.56)
w? = 3K [1 = GO Alog (M/|w]¥) | + O()
From the Callan-Symanzik equation,
0 0
M—— 27 ) G? = :
( 8M+6 +7<’33<3+ 7>G 0, (6.57)
we obtain "
_ 3 3 3
and dlog 2 X2
~ _ @logis Az 3
Y dlog M — 6 + O(X3). (6.59)

This is interpreted as the anomalous dimension for (5.
Next, we consider the four-point Green’s function. Up to two-loop, the only divergent
contribution to the four-point Green’s function comes from the non-amputated diagram

>< (6.60)



CHAPTER 6. NONRELATIVITIC RENORMALIZATION: A CASE STUDY 7

The four-point Green’s function is thus
G(4) (Wz‘, kz) == (—Z>\3 [k1k2k3]2) G(2) (wl, k1>G(2) (wg, kg)G(Z) (Wg, kg)G(2) (w4, k4) (661)
From the Callan-Symanzik Equation,

0 o _, 0 o _
(M8M+68A3+7€38C§+47>G =0, (6.62)

we obtain

B =0+ 0O()\3), 7 =0+0(N;). (6.63)
This result is expected: Since there is no field renormalization, v = 0 should hold to all loop
orders. Moreover, by the nonrenormalization for A3, 5 = 0 holds to all loop orders.

By applying the Callan-Symanzik equation for computing the beta functions, we fix the
coordinates (¢,x) once and for all, which defines the Aristotelian observers. Those observers
find the non-renormalization of A3 but also the running of (3, indicated by (6.58). This leads
to the running of the dimensionless quantity X, with respective to the smallness of which the
theory can be expanded perturbatively.

The dispersion relation runs with changing energy. With increasing energy, (3 decreases.
The dispersion relation is

w? = CES + 2kt (6.64)

We have introduced (; as an IR regulator. Running to the UV, (5 decreases, and the
dispersion relation “closes up.”

Despite the nonrenormalization theorem for A3, the physics does depend on the scale.
In fact, the theory is not defined perturbatively with respect to A3, but instead an effective

coupling constant

A3

—. (6.65)
G

Even though there holds the nonrenormalization theorem for Az, the coefficient (3 receives
renormalization, and thus the effective coupling A runs. To show that A is indeed the effective

coupling constant of the theory, we present the following arguments:

A

e The coupling A3 is a dimensionless quantity at the z = 3 fixed point, i.e., [A3] = 0.
However, in a more elementary picture where the time and space have independent
dimensions 7" and L, respectively, the coupling A3 develops a dimension dim(A3) =
L? /T3, which is not unit. In contrast, the quantity ) is dimensionless in both measures:

N = 0, dim(}) = 1.

e The actual expansion parameter of our perturbation theory is not A3 but A: A Feynman
diagram with 2V external legs and L loops can be written as

)T(A,w/Gs). (6.66)

Therefore, the loop-wise expansion is characterized by an expansion series of the effec-
tive coupling .

~N-1

N (VX
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e The scattering cross-section as a physical observable is controlled by A: For a tree level
process, in the limit that the IR regulators are zero, the dispersion relation is w = (3k3,
and the two-on-two cross section o can be read off from (6.43):

5 = 32 P K, [kikok[ [ (2m) (k2 + k3 — K — k) 0@ (ky + ky — K| — K))
(2m)3 (2m)? ABKBK3K KL k) — Kokl ’

where it is again A that controls the size of .

By (6.58) and (6.63), the beta function for \ is

G- _3A%

. (6.67)

Because A < 0, \ increases with increasing energy, and the theory becomes strongly coupled
at very high scales.

It is intriguing to note that the running of the A coupling to large values does not neces-
sarily imply that the theory is UV incomplete. Recall that a single particle with momentum
k with respect to the rest frame acquires a non-zero decay width. At large k, the decay rate
behaves asymptotically as [' ~ g3X2k3, in terms of the effective coupling A. The spectral
function A(w,k) for the self-interaction characterized by \ is given by [74]

ka
(W? —wi)? + wil?

Alw, k) = % (6.68)

At large k and not very small (3, wy, ~ (2k®. With increasing k, A runs until it becomes of

order 1, and the ratio wy /I’ ~ Y also approaches order 1, implying that the ¢ resonance
becomes very wide. The scattering of individual quanta with very high & makes no sense:
They decay rapidly into multiple soft quanta beforehand. Therefore, at high energies, the
large values of \ anticipated by the RG equations cannot by measured by any two-on-two
scattering, because there are only softer quanta that are available to scatter. It is possible
that the theory self-completes in the UV via some non-Wilsonian mechanism similar to
classicalization [75, 76]: Instead of the appearance of new degrees of freedom in the high
energies, an arbitrarily small length scale is forbidden to probe due to the self-decay process,
and the soft quanta may form a classical condensate. Since the speed of light ¢ characterizes
the scale above which the theory exhibits perturbative instability, it is conceivable that
the UV physics above the momentum scale /c is dual to the IR physics below +/c; this is
reminiscent of the UV /IR connection in the context of gravity.

6.6 Renormalization from the Wilsonian Perspective

From the perspectives of a Wilsonian observer, during the process of integrating out a shell
of modes, one also rescales the system to restore the normalization condition (% = 1.



CHAPTER 6. NONRELATIVITIC RENORMALIZATION: A CASE STUDY 79

In the Wilsonian approach, we consider the action

1

5=

/ dt d*x {q‘s? — (0:0;010)* — Xo} : (6.69)
where \ will eventually turn out to be equivalent to s /(3 for the Aristotelian observers. In
the previous sections, we applied the sharp cutoff on internal momenta, p, q and K = p+q,
and evaluated the sunset diagram. The sharp cutoffs are |p|, |q], |K| < A. Choose a fraction
0 < f < 1. In the Wilsonian approach, we integrate out the high energy modes by restricting
the momentum integral to be over the range

{(p.a): 0 <pl|,|al, K| < A}\ {(p,a): 0 <|p|,|a], K| < fA}. (6.70)

The integration over this precise momentum shell is impractical to perform. However, we
can take the advantage of the known result for the log divergence in the sunset diagram over
the range {(p,q) : 0 <|p|, [ql, [K| < A},

U
2

—NS(A),  S(A) = AkSlog (¢§A/|w|%) T (6.71)

w,k\;(q/w,k

The high energy contribution to the low energy effective action from the integration over the
momentum shell (6.70) is

N[S(A) = S(FA)] = XN AkSlog f 4+ - . (6.72)

The effective action obtained from integrating over the momentum shell can be written as

1 : _
Seﬂ‘ == 5 /dt d3X {¢2 — fA(azﬁjﬁkgb)Q — )\O} s (673)
where . .
A=XNA+0WN). (6.74)
To compare with the original action (6.69), we taking the following rescaling in (6.73):
K=f"% t=ft, xX=fx, ¢=f"¢ (6.75)

Here z is the dynamical critical exponent and - is the anomalous dimension of the scalar
field. The rescaled action is

Seft = % / at' % { POl )? - PR @00 - X O}, (6.76)

where

Ny = AfOEES, (6.77)
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Here, 0! = 0/9(x')". Requiring that the action (6.76) take the same form as (6.69), we obtain
1 — 1 —
= 3+§/\2A+O()\3), N = —ZA2A+O()\3), (6.78)

and 5
N =X+ 5 Y Alog(1/f) + OOM. (6.79)

Since A < 0, as one integrates out the high momentum shell, the coupling A decreases and
the field ¢ develops a positive anomalous dimension. z < 3, CHMW theorem is fine. The
beta function for X is defined to be

— d\ 33 ~4

B = Jogf 2 ANA+ON). (6.80)
This result matches (6.67) with (3 = 1.

From the perspectives of the Wilsonian observer, the effective coupling A runs, and the
theory also becomes strongly coupled at very high momentum scales. More interestingly,
the anisotropy between space and time also changes, due to the rescaling of the spatial
coordinates that depends on the RG scale. This is reflected in the correction to z in (6.78).
When they compare their notes with the Aristotelian observers, both see the same physics
but in a slightly rescaled coordinate system; such a rescaling of the coordinate system is the
most evident by comparing the actions used by different observers.

According to the Aristotelian observer, the action can be written as

S = % / dt d*x {052 — 2(8:0,000)" — Ago} (6.81)
We take the rescaling of spatial coordinates,
x = é; (6.82)
together with a rescaling of the field ¢,
¢ =%, (6.83)
we obtain a rescaled action,
S = % / dt d*x {dﬂ — (20,04') — Xo’} , (6.84)

where X = \3/(3, 9l = 0/0x"" and O’ is the same as O with d replaced by @’ and ¢ replaced
by ¢'. This action S’ is exactly the one taken by the Wilsonian observer.
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6.7 Large N Expansion

In this section, we consider the O(N) extension: ¢!, I = 1,---,N. There is a unique
dressing of the vertex by vector indices, and a unique O(N) theory of an N-component
scalar. In the momentum space, it is easy to see that there is a unique four-vertex, written
as a direct product between the vertex structure given in (6.27) and Kronecker symbols with
their indices symmetrized:

_ Z[qu]Q (6IJ5KL T 6IK5JL 4 51L6JK) (685)

In the position space, one can construct this unique four-vertex in the graphical repre-
sentation, by adding a graphical structure representing the contractions between fields ¢’s in
(5.26): Denoting the contraction between two fields, (¢! ... %), by a dashed link, the unique
invariant under the linear shift symmetry in its graphical representation is

Vs Do+ T+ 0N
PNl D
IR
DGO+ X X (6.86)

Treating the vertices as indistinguishable, this sum becomes
L+ DG+ T+
1](016 - 0:0,000) (036 - 0k6) + (916 - 0,0:0) 9k - 00;0)
+ (0i¢ - 0:0k0)(0;¢ - 0;0k)) + (0:¢ - 0;0)(0:0k¢ - D;0) |- (6.87)

40

Using the antisymmetric € tensor, we can rewrite this interaction term (up to total deriva-
tives) in a more compact form, as

% dt d3X 5 = % /dt d3X 6ijk€gmn(ai§b . @@gb) (akamgb . 8ngb)
A
=2 [ dtdxeipe0m(0:6 - 0r8)(0;0m - 0xDu0)- (6.88)

The action can be written as

S = % / dt d3x{¢ cd— C28,0,000 - 8,0;000 — A3 O
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~ G006 00,0 — 0,6+ 0,6 —m*6 - |. (6.89)

In the following, we show that the quantum correction to the propagator vanishes com-
1
pletely in the large N limit. Let us first take the rescaling of the field ¢': ¢! — N2¢!, and
define the 't Hooft coupling, A\; = A3/N. Therefore,

S = g /dt d3X{¢5 ch— 3 00,000 - 0,0;006 — M O
— G000 000 — 0006 —m*p-6 ). (6.90)
Then, the propagator becomes

517 i

N w? — kS — C2k* — k2 —m?

(6.91)

The four-vertex is
_ N)\t[qu]Q (6IJ5KL 4 5IK6JL + 5IL5JK) ) (692)

Consider an amputated Feynman diagram with V' vertices, I internal legs L independent
loops. Note that L = I — V + 1. Each propagator will contribute one power of N and each
vertex will contribute one power of 1/N. Summing over N fields ¢ in a loop will contribute
an extra IV to the Feynman diagram. If there are ¢ loops that are summed over in a Feynman
diagram, then the overall power in N is

VoIl+l=1—L+/. (6.93)

The diagram is of the leading order N if and only if there is way of contracting the indices
of the fields ¢! such that ¢ = L. Requiring / = L forbids any overlapping subdiagrams
and restricts the diagrams to be of the cactus-type, in which there is no internal leg that is
contained in more than one loop.

Diagrammatically, the full propagator is denoted by a thick line and can be written as a
geometric series of 1PI diagrams,

= +4‘—++---, (6.94)

where 1PI is a sum of all 1PI cactus diagrams. This induces the recursive relation

_ JL (6.95)

which vanishes identically due to the linear shift symmetry, in analogy of (6.37). This implies
a nonrenormalization theory in the large N limit for the couplings (3 and (2, in addition to
the nonrenormalization theorems for ¢, m? and \,. We conclude that the theory is scale
invariant if the relevant deformations (3, ¢* and m? are turned off.
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Moreover, both the nonperturbative decay rate of the vacuum and the perturbative decay
width vanish in the large N limit:

_ 1 —
Pue  exp(=NC/X) =0, T~ N§3Af|k\3 0, (6.96)

where A\, = \, /¢3. The theory becomes absolutely stable in the large N limit.

Looking for holographic duals [77, 78] for this theory in the large N limit might be
instructive. Because of the O(N) symmetry in the boundary theory, we expect the possible
bulk theory defined in one higher dimensions to be a nonrelativsitic version of Vasiliev
theories. Developing such holographic duals will be useful for further understanding both
holography and nonrelativistic field theories. It is also intriguing to note that the relevant
terms with coupling constants (3, ¢* and m? are free to turn on, which may correspond to
interesting deformations in the bulk gravity theory.
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Chapter 7

Application: A Naturally Light Higgs

In Chapter 5, we have seen that nonrelativistic scalar field theories can exhibit a natural
cascading hierarchy of scales, protected by a hierarchy of polynomial shift symmetries. Using
the toy model that we introduced in Chapter 6, we argue that a high-energy cross-over to
such nonrelativistic behavior naturally leads to light scalars, and thus represents a useful
ingredient for technically natural resolutions of scalar mass hierarchies, perhaps even the
Higgs mass hierarchy puzzle.

The 2012 discovery [1, 2] and the observed properties of the Higgs boson suggest that the
Standard Model may be self-contained up to a very high scale. This intriguing possibility
brings the naturalness puzzles back into renewed focus (see e.g. [79, 80]), and invites us to
look for new ideas about naturalness. There are two perspectives on naturalness:

e Technical naturalness by 't Hooft. This is the notion that we have presented in §1.1
and have been working with throughout the thesis. This criteria of naturalness states
that a parameter may be naturally small if setting it to zero leads to an enhanced
symmetry.

e Naturalness criteria by Dirac. This is a stronger version of naturalness, which simply
requires that there be no “unexplained” small numbers in Nature.

We would like to emphasize that our philosophy in through is to search for mechanisms
which produce technical naturalness: explaining the permissibility of small numbers, but
not necessarily their origin.

In the previous chapters, we have learned that the concept of technical naturalness ex-
hibits many surprises in nonrelativistic settings. New symmetries emerge [18], and they
protect new hierarchies of Nambu-Goldstone bosons with cascading scales of partial sym-
metry breaking [22]. In this chapter, we apply this phenomenon to relativistic scalars such
as the Higgs, and investigate the possibility of a crossover to nonrelativistic physics at high
energy scales and its influence on the naturalness of a small Higgs mass.

For gravity, nonrelativistic physics with possible fundamental anisotropies between space
and time is beneficial for improving the short-distance behavior, possibly leading to a UV
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complete theory [5, 6]. In contrast, there seem to be no similar benefits from viewing the
Standard Model (SM) as a low-energy effective description of an underlying fundamentally
nonrelativistic theory: The SM is already renormalizable and nearly UV complete (assuming
that one can remedy the growth of the hypercharge coupling at high energies). However, an
embedding of the SM into a nonrelativistic theory may be of interest, if it provides a way
out of the Higgs mass hierarchy problem without ruining the observed Lorentz symmetry at
accessible energies.

The essence of the naturalness problem of a light scalar with nonderivative self-interactions
(such as the Higgs) can be succinctly illustrated by considering a single relativistic scalar
®(2#) in 3 + 1 dimensions with action

1 A
S = —/d4x 9,P0'd — m*®* — —o* ) . (7.1)
2 12
We have presented this example in §1.1: Both nonderivative terms in (1.1) break the same,
constant shift symmetry ® — ® + 0P with & = b, and therefore must be of the same order
of smallness (measured by ¢ < 1) relative to the naturalness scale M,

m? ~ eM?, A~ e (7.2)

This gives the following simple but important relation,

m

M 7 (7.3)
which then implies the naturalness problem: m cannot be made arbitrarily smaller than M
without A being made correspondingly small to assure that the naturalness condition (1.3)
hold. At typical values of A not much smaller than 1, m will be of the order of the naturalness
scale M, ruining the hierarchy. Note that this naturalness problem is present already before
gauging.
Finding new ways around relations (1.2) without putting technical naturalness in jeop-
ardy is the main goal of this chapter.

7.1 A Toy Model

For simplicity, and to highlight the novelties associated with nonrelativistic naturalness,
let us consider a simple toy model first: The theory of a real scalar field ¢(t,y) in 3 + 1
dimensions, y = (y,i = 1,...,3), with Aristotelian spacetime symmetry. Our model was
introduced in Chapter 5 and studied further in Chapter 6, and we summarize the relevant
key points in the following.

We start with the free theory controlled at short distances by the Gaussian fixed point
with dynamical exponent z = 3. The action is

Sy = % /dt d3y {¢2 — C:?&@j@kgb 8@8@ - C228183¢ ala](;ﬁ — 0281'@25 Oip — m2¢2} . (74)
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The first two terms define the Gaussian z = 3 fixed point, and the remaining three terms are
its relevant Gaussian deformations. Classically, we can set (2 = 1 by a one-time rescaling of
space-time coordinates. We measure the dimensions in the units of energy; with the scaling
of the z = 3 fixed point, we have,

=-1, [Wl=-1/3  [3]=1/3 (7.5)

and the field ¢ is dimensionless (i.e., at its lower critical dimension). The dimensions of the
relevant Gaussian couplings are

[C22] = 2/37 [CQ] = 4/37 [mz] = 2. (7'6)

To this free action, we add interaction terms Sj,; whose choice depends on the desired
symmetries; in the simplest model, we take

Sint = —%/dtdi‘yo - %/dtd‘o’y(ﬁ“, (7.7)

where

1
O = 0;¢ 0;0;¢ 0;01¢ Or¢ + gaiﬁb 0j¢ O p 0;0;0.¢. (7.8)

The four-point six-derivative self-coupling constant A3 is marginal ([A3] = 0). With Higgs
applications in mind, we also added the nonderivative ¢* self-interaction. In our microscopic
theory, its coupling is relevant, [Ao] = 2. Our theory with the interaction term given by (7.8)
is power-counting renormalizable, since at the z = 3 fixed point O is the only marginal or
relevant interaction term invariant under the linear shift symmetry. (With the symmetry
reduced to the constant shifts, there would also be one relevant and three additional marginal
interaction terms.) Our theory with the interaction term given by (7.8) is power-counting
renormalizable, since at the z = 3 fixed point O is the only marginal or relevant interaction
term invariant under the linear shift symmetry. With the symmetry reduced to the constant
shifts, there would also be one relevant and three additional marginal interaction terms.

The theory with the linear-shift invariant interaction given by the A3 term in (7.7) (and
with A\g = 0) exhibits intriguing quantum properties.The quantum behavior has been studied
in details in the last chapter, and we will only briefly summarize the relevant part here. There
is no wave-function renormalization of ¢, and both A3 and ¢? satisfy a non-renormalization
theorem to all orders in A3. This does not mean that the theory can be weakly coupled at all
scales: The coefficient (2 in (7.4) — which we set equal to 1 in the classical limit — is logarith-
mically divergent starting at two loops, and therefore (3 runs with the renormalization-group
scale. The effective coupling in the two-on-two scattering amplitude is not A3 but A = A\3/¢3,
which runs due to the running of (5. The two-loop 3 function reveals that X increases with
increasing energy.

The theory exhibits interesting instabilities. First, note that the contribution of the A3
term in (7.7) to the Hamiltonian is unbounded both below and above. Assuming that the
couplings in (7.4) have been chosen such that the dispersion relation is positive definite,
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the theory is perturbatively stable around (¢) = 0. However, at nonzero A3, this state is
non-perturbatively unstable, with the decay probability controlled by a bounce instanton
[72, 73]. The analytic form of the dominant instanton is not known, but its contribution
to the decay rate of the vacuum will be T'yae o exp(—C/)), with C' positive and of order
one (assuming at least one of the infrared-regulating couplings m?, ¢ or (3 is non-zero). If
one so desires, this vacuum instability can be cured by embedding this model into a (more
complex but stable) theory with the symmetries reduced to constant shifts [23].

The ¢ quanta also exhibit an intriguing perturbative instability in the Aristotelian space-
time: A single particle with a large enough momentum k with respect to the rest frame
acquires a non-zero decay width I'. This is the usual phenomenon of quasiparticle damping
known from condensed matter. The leading contribution to I' arises at two loops, and at
large k goes as I' ~ (3A?|k|?. The ¢ quantum is absolutely stable at k ~ 0; at small |k| above
the threshold, we find a very sharp long-lived resonance. With increasing |k|, A runs until it
becomes ~ 1 and the ¢ resonance becomes very wide. The scattering of individual quanta
with very high |k| makes no sense: They decay rapidly into multiple soft quanta beforehand.
Thus, one cannot simply argue that the running of the A coupling to large values makes
the theory UV incomplete: These large values of A cannot be measured by any two-on-two
scattering; only softer quanta are available to scatter and the theory may self-complete in
a mechanism reminiscent of classicalization [75, 76]. In this chapter, we do not need any
such completion and will use this model only up to a very high naturalness scale where the
coupling will still be small.

7.2 Nonrelativistic vs Relativistic Observers and Naturalness

While the theory is unambiguously defined by its microscopic behavior around the z = 3
fixed point, its physical properties will look somewhat different to different observers.

Unlike in relativistic theories, there are at least two natural classes of observers already at
the microscopic level. The Aristotelian observers fix the coordinates (¢,y) once and for all,
find the non-renormalization of A3 but also the running of (2, which lead to the running of the
effective coupling A\. The Wilsonian observers, during the process of integrating out a shell
of modes, rescale the system to restore the normalization condition ¢ = 1. This involves a
rescaling of the spatial coordinates which depends on the RG scale. Their effective coupling
runs. When they compare their notes with the Aristotelian observers, both see the same
physics but in a slightly rescaled coordinate system.

At low energies, the lowest-derivative terms dominate. The higher-derivative terms are
suppressed, and the system develops an accidental approximate Lorentz symmetry, with
small Lorentz-violating corrections. Observers at those energies will find it natural to inter-
pret the system relativistically. We shall refer to such observers as “low-energy relativistic
observers.” While for the microscopic observers c? is a relevant coupling, for the low-energy
relativistic observers ¢ appears to be a constant of nature, insofar as they cannot detect
deviations from the constancy of ¢ due to the small Lorentz-violating terms. Given their
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relativistic prejudice, their natural coordinate frame is
¥ =t, =y (7.9)

Note that this gives the correct dimensions of a relativistic coordinate system, [2°] = [z'] =
—1. In these coordinates, the low-energy relativistic observer finds the action of our system
to be

1 1
S =3 /d4x {Vﬂ)V“@ —m*® — E)\hqﬂ
— C(ViV;Vi®)? — C2(V;V; @)% — Xgé} (7.10)

where V, = 0/0xt, & = /2 is the scalar field properly rescaled to match the perspective
of the relativistic observer, and O is given by (7.8) with 0 replaced by V and ¢ by ®. The
low-energy parameters are given in terms of the microscopic parameters as follows. For the
relativistic observer, the mass m of ® is equal to the gap parameter m of the microscopic
theory, and its nonderivative self-coupling is given by

A = Ao/ (7.11)
The remaining couplings in (7.10) are given in terms of the microscopic parameters by
G =Gl =G/ A=/ (7.12)

from the low-energy perspective, they represent irrelevant terms which violate Lorentz in-
variance.

In accord with the principles of causality, we require that technical naturalness hold at the
level of the microscopic, nonrelativistic theory. Technically natural hierarchies with varying
degrees of complexity are possible [22]. In the simplest, one ¢ controls the breaking of the
linear shift symmetry to no shift symmetry at all, and all couplings are of order ¢ in units of
the naturalness momentum scale . However, this crude pattern may be naturally refined:
A3 and (3 preserve linear shifts and can be controlled by their own smallness parameter:
A3 ~ &y and (3 ~ eu®. At this stage, quantum corrections to ¢? will not be generated
(due to the nonrenormalization theorem), and can be kept of order £y < e5. Finally, the
nonderivative terms break constant shift symmetry, and can be of order ¢y < ;. We thus
obtain a technically natural cascading hierarchy of scales. This cascade is associated with a
natural hierarchy of crossover scales: At very high scales (around p), the system is dominated
by the z = 3 scaling, then it crosses at lower scales to a z = 2 regime, followed by another
crossover to the z = 1 regime, until it finally reaches the lowest scales set by the gap m.
Next we need to examine how this cascading hierarchy appears from the viewpoint of the
low-energy relativistic observer.

We begin at the microscopic level, with the following, technically natural hierarchy of
couplings,

2 2 2
<3 ~ 17 )‘3 ~ €9, C2 ~ Ell,



CHAPTER 7. APPLICATION: A NATURALLY LIGHT HIGGS 89

A~ eyt m? ~ Ao ~ gop®, (7.13)

and
oK K eg K 1. (714)

What are the sizes of the couplings that the low-energy relativistic observer will see? Plugging
(7.13) into (7.11) and (7.12), and introducing the naturalness energy scale M = u?, we obtain

m? ~ egM?, Ap ~ 50/6i’/2 (7.15)

for the scalar mass and self-coupling, and

2 3
22 g5 1 5  Eog2 1 X gpee 1 (7.16)
3 3 47 2 2 27 3~ 9/2 6 .

&3 g2 m e2m

for the irrelevant nonrelativistic corrections.

This is the central result of this chapter: In contrast to the standard relativistic relations
(1.2), we now have a new small parameter ¢; which controls ¢, modifies the relations to
(7.15), and makes a technically natural large hierarchy of scales with sizable values of the
coupling A\, ~ 1 possible.

Finally, we would like to address another question: How important is it to embed the
Higgs into a z = 3 theory? Can we choose the simpler z = 2 short-distance behavior, perhaps
improving the prospects of a realistic gauging? Interestingly, the answer is no, if we insist on
Ap in (7.15) to be ~ 1: In the absence of z = 3 terms, the leading nonrelativistic corrections
originate from (2 ~ 1, and they become important at unacceptably low energies < m. The
z = 2 observer would be almost as mystified about the naturalness of a light Higgs as the
relativistic observer. Thus, z = 3 is the lowest value of z in the microscopic system for which
our mechanism with relations (7.15) and A\, ~ 1 can work, without generating large Lorentz
violations at low energies.

7.3 Towards the Higgs and the Standard Model

Now we would like to couple this naturally light scalar to the rest of the SM. We will assume
the Higgs-less part of SM to be exactly relativistic until the coupling to the Higgs; the
coupling will induce violations of Lorentz invariance that we wish to keep naturally small
in order to conform to the stringent experimental bounds on Lorentz violations [81], and
without spoiling the mass hierarchy.

For simplicity, we will continue working within the logical structure of our toy model,
but the results are more universal, robust and model-independent. First, as noted in Section
6.7, our toy model can be extended to a unique theory with global SO(N) symmetry with
¢ in the N. The case of N = 4 will correspond to the candidate Higgs; with the flip of the
m? sign, ¢ will develop a condensate (¢) = m/v/ g ~ 1.
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Phenomenologically, we would like m ~ Mgy, of the order of the electroweak scale, while
M ~ My of the order of some high scale M, such as the Planck scale or a GUT scale.
To illustrate our mechanism, we will try to go the whole hog and realize a hierarchy across
15 orders of magnitude, between the electroweak scale and the Planck scale. For numerical
simplicity, we take m ~ 1 TeV and M ~ 10'® GeV. At the same time, we want the Higgs
self-coupling A, not too much smaller than ~ 1.

As a very simple and concrete example, take the following “10-20-30” model:

ga~ 107100 g~ 107 g~ 107, (7.17)

From (7.15), we obtain
m/M ~ 1071, X\, ~ 1, (7.18)

precisely as desired! (Smaller Ap, say ~ 0.1, are easily arranged by small changes of (7.17).)
Moreover, the irrelevant Lorentz-violating couplings (7.16) are pushed above the TeV scale:
1 ~ 1 1

=2 Y —10
CgNﬁ, CZNWa A3~ 1077 —

— (7.19)

The 52 couplings yield small nonrelativistic modifications of the Higgs dispersion relation
w? = m?+Kk? by higher power terms |k|* and |k|®, representing the first observable signatures
of the “new physics” that cures the hierarchy problem: the Higgs sector exhibits a crossover
towards z > 1 at scales of order m ~ 1 TeV. Pushing the nonrelativistic corrections to
higher scales should be possible in slightly more sophisticated versions of our simplest 10- 20—
30 scenario; for example, making A\, < 1 further suppresses the size of §3, since (3 ~ A2 /m*
and Cz can be suppressed by simply choosing a smaller ¢,.

We can couple the scalar ¢ to several species of relativistic fermions W¢(¢,y), whose two
chiralities we assume to be in distinct representations to prevent bare masses (as in the SM).
In the microscopic theory, their dimension is [U;] = 1/2. Their relativistic kinetic term
written in nonrelativistic coordinates is

> / dt Py (W y + ¢, U py'0, ). (7.20)

Before coupling to ¢, all fermions see the same limiting speed, which we set equal to ¢y =
c. When we couple the fermions to ¢, their dispersion relation acquires nonrelativistic
corrections from Higgs loops; we need these to be small, without spoiling the Higgs mass
hierarchy. The most relevant coupling of ¥ to ¢ is the Yukawa term

Y / dt >y U ;0. (7.21)
f

When non-zero, the Yukawa couplings Y} break the constant shift symmetry of ¢, and one
may expect them all to be bounded from above by the parameter ¢y which controls all the
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other terms breaking the constant shift symmetry in the Higgs sector. (This is in the units
of p3, since [Y;] = 1.) However, there is some wiggling room: Detailed estimates of the
Higgs loop corrections show that we can increase the range of the Yukawas to include the
window from &y to /g, without spoiling the smallness of m* and Ag. This requires that we
also include the nonrelativistic terms (3;U~'9;0°¥ with (3; < 1 to the action (which will
be generated by the Higgs loops anyway). This increase in the range of the Yukawas works
because the corrections to m? and Ag due to fermionic loops are at least quadratic in Y’s.
Thus, the window of naturalness for the non-zero Yukawas has been extended to include
cop® S Yy < VEop?, self-consistently requiring that {3y ~ Y7 /m? for each fermion.

The low-energy relativistic observer rewrites the theory in terms of the naturally normal-
ized fermions 1;(z") = 32U ;(t,y), and sees the Yukawa terms as

> v / d'z @4y, (7.22)
f

with y; = Y;/c*2. The naturalness window for the Yukawas as seen by the relativistic
observer extends to
1/2 ,_3/4
N 50/ /e, (7.23)

This extension past the naive bound y; < &o/ 5:1)’/ *is crucial: In our 10-20-30 scenario,
the naive bound would require y; < 107 excluding all fermions. The extended bound
(7.23) requires y; < 1, a range which naturally accommodates the masses of all the known
fermions, from the top quark at the upper bound, down to the likely values of the neutrino
masses not too far above the naive bound. Thus, in the 10-20-30 scenario, all the SM fermion
masses can be Dirac masses, in a technically natural way.

Next we couple the system to relativistic Yang-Mills fields. In the microscopic theory,
this is done by covariantizing the derivatives to

Db = ¢ + ieagd, D;¢p = 0;¢ + iea;o. (7.24)

We normalize the gauge fields such that when rewritten in the nonrelativistic language, their
standard relativistic action is

/dt d*y [%(@-ao —a;+...)% = (/4 (0ia; — Oa; + .. )*]. (7.25)

Thus, we have [a;] = 0, [ag] = 2/3, and the gauge coupling is relevant, [e] = 1/3. The
low-energy relativistic fields A, and the Yang-Mills coupling are related to these microscopic
variables by A; = ¢*/2a;, Ay = ¢'/?ay, and ¢2,; = ¢?/c.

What is the size of the Yang-Mills coupling gyy seen by the low-energy observer? The
microscopic gauge coupling e breaks the constant shift symmetry of ¢. Hence, the gauge
loops can be expected to correct m? by ~ e?u*. To maintain naturalness, this would require
e? ~ gou?; the low-energy observer would then find the Yang-Mills coupling

gyM = e/cl/2 ~ 5(1)/2/51/4. (7.26)
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Unfortunately, if these estimates are accurate (i.e., in the absence of additional cancellations
or hidden symmetries), it would be very difficult to make gyy ~ 1 while keeping A, ~ 1.
In particular, in our simple 10-20-30 model the natural values of the gauge couplings come
out unrealistically small, gyn ~ 1071°, implying unrealistically light gauge bosons. It is at
present unclear whether these estimates can be improved to achieve a scenario with more
realistic values of gyyr; this question would require a more detailed analysis of the interplay
between polynomial shift symmetries and gauge symmetries, which will appear in [82].

In this chapter, we have presented a new mechanism leading to naturally light scalars
whose nonderivative self-couplings can be large. Our results have been based on rather
conservative estimates of the quantum corrections, ensuring but not necessarily optimizing
naturalness. These estimates can certainly be further tightened, refined by invoking more
symmetries, or otherwise improved. In particular, it should be noted that we have not relied
on (nor included) the omnipresent loop suppression factors involving powers of ~ 1/(1672).
A more detailed investigation is needed before we can conclude whether our mechanism is a
useful ingredient for resolving the Higgs mass hierarchy puzzle in the SM. It is clear, however,
that our results about naturalness are relevant to other scalar fields, with or without gauge
invariance, including the inflaton.
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Chapter 8

Aristotelian O(/N) Nonlinear Sigma Model

In this chapter, we apply the techniques and intuitions that we have established in the
previous chapters about the Aristotelian QFTs to a more complicated system: Aristotelian
nonlinear sigma model (NLSM) with a nonlinearly realized O(NN) symmetry. This type of
models has been mentioned in Section 2.3 to illustrate the naturalness of NG modes with
higher-order dispersion relations. However, the details of the RG structure of Aristotelian
NLSM remains as a challenging task. In this chapter, we continue this study and map out
the RG structure of the Aristotelian O(N) NLSM in 2 + 1 dimensions.

One motivation for studying Aristotelian NLSMs comes from gravity. One may view the
NLSM as a simple proxy for a gravity theory, without the added details of gauge invariance.
The relativistic NLSM is a widely used toy model in high energy physics. For example,
the NLSM with an arbitrary worldsheet is crucial to the construction of string theories.
Moreover, in analogy with string theory, the 2 4 1 dimensional NLSM at a Lifshitz fixed
point, with dynamical critical exponent z = 2, and with a dynamical worldvolume can be
used as a building block for a membrane theory [5]. The ground state of such a bosonic
membrane theory considered in [5] at quantum criticality produces the partition function of
the bosonic string theory in one lower dimension. However, again, the details of the quantum
behavior of this membrane theory have not been explored.

Interest in Aristotelian NLSMs also arises from condensed matter physics. Systems with
dynamical critical exponent z # 1, which lack Lorentz invariance, have been commonly
discussed in many contexts ranging from quantum ferromagnets [83] to systems which are
closely related to topological order [84]. Some particularly interesting classes of models
with z = 2 are (generalized) Rokhsar-Kivelson models or quantum Lifshitz models in 2+1
dimensions [85, 86, 87]. An interesting feature of these models is the existence of a quantum
multicritical point from which one can access a rich variety of phases. At the so-called
Rokhsar-Kivelson (RK) points, the ground state wave functions (wave functionals) are given
in terms of the Boltzmann weight of two-dimensional classical statistical mechanics models.
For example, the original RK model studies the quantum dimer, an effective model which
describes quantum spin liquid ground states. The ground state of this model is given in terms
of the equal superposition of all dimer configurations. In particular, the O(N) NLSM has
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been widely studied in the context of critical phenomena and in condensed matter physics
[88, 83]. O(N) NLSMs with anisotropic scaling between time and space appear in numerous
condensed matter contexts, such as the study of phase transitions and critical phenomena.
For example, the O(N) NLSM around a z = 2 Lifshitz fixed point, which is of interest in
this chapter, can arise as a low-energy effective field theory of the quantum spherical models
with competing interactions, which is important for describing phase transitions in some
condensed matter systems [89, 90, 91].

In spite of the recent effort, for example in [43, 92], the full renormalization group flow of
the O(IN) NLSM at the z = 2 Lifshitz fixed point in 2+ 1 dimensions remains unknown. This
z = 2 fixed point is protected by the quadratic shift symmetry [18] in the weak coupling limit.
In this work, we provide a complete analysis of the RG flow of this theory in the full space
of marginal and relevant couplings. One may view the present work as the first step towards
a more ambitious goal: to generalize to the Aristotelian case the landmark calculation by
Friedan of the one-loop beta function for a 1 + 1 dimensional relativistic sigma model with
target space an arbitrary Riemannian manifold [93].

In Section 8.1 we construct the classical action for the NLSM around a z = 2 Lifshitz
fixed point in 2 + 1 dimensions and discuss the boundedness of energy. In Section 8.2 we
calculate the one-loop beta functions and study the RG structure. Unlike the relativistic
NLSM, the NLSM around a z = 2 fixed point is not generically asymptotically free in the
UV, but instead exhibits a more intricate RG structure. In particular, there exists an RG
trajectory characterized by the detailed balance condition. In Section 8.8 we extend our
control of the NLSM to the nonperturbative region by taking the large N limit. In terms of
the 't Hooft coupling, the exact beta functions (to all loops) can be computed by summing
over all cactus diagrams recursively, and they coincide with the one-loop beta functions in
the large IV limit, as in the relativistic case.

8.1 The Classical Theory

The target space of our anisotropic nonlinear sigma model is SV ~! equipped with the max-
imally symmetric metric. The model will be invariant under two classes of symmetries: the
target-space isometry group O(N), and the “worldvolume”! spacetime Aristotelian symme-
try group.
where A is a positive real constant scaling factor and z is the dynamical critical exponent.
In addition, we will require both time and space reversal invariance.

One way to parametrize S™¥~1 is by using the fields by n = (n%),a = 1,...,N, and
requiring them to satisfy the constraint

¢

n-n=1 (8.1)

This system of fields makes the symmetries more manifest, but it is redundant in view of
(8.1). We will mostly switch to a suitable set of N — 1 independent fields, representing a

4

Tn 1 + 1 dimensions this “worldvolume” reduces to the conventional worldsheet.
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local coordinate system on SV~1, by writing
n=(r,...,m ,0) (8.2)

where

o=V1—-m-m. (8.3)
In this representation, 7 = (7)), I = 1,..., N — 1, is a local coordinate system on SV~
covering the target manifold everywhere except at one point. We will call 7 the “Goldstone
fields”.

To write down an explicit action, we assume a z = 2 scaling in the UV regime. We will
therefore focus on terms in the Lagrangian that are classically marginal or relevant around
the Gaussian z = 2 fixed point in 2 + 1 dimensions.? We will measure dimensions in the
units of spatial length L and time T,

[0 =L [0]=T". (8.4)

Since the magnitude of n is constrained to equal 1, it is natural to assign to n the classical
scaling dimension of zero. In this measure, [n] = 1. At the z = 2 Gaussian fixed point, the
dimension of the time derivative is twice the dimension of the spatial derivative,

T =12 (8.5)

At this z = 2 fixed point in 2 4+ 1 dimensions, classically marginal Lagrangian terms have
scaling dimension 4 in L', relevant operators have lower scaling dimension, and irrelevant
ones have higher scaling dimension. We classify all independent classically marginal and
relevant operators, up to total derivatives. To accomplish this, it is useful to note a few
consequences of the imposed symmetries.

First, our requirement of time reversal invariance implies that the number of time deriva-
tives in each term is even. Together with the condition of marginality or relevance, this
means that each term contains either two time derivatives (and therefore no spatial deriva-
tives), or no time derivatives. The full action in terms in imaginary time ¢ (i.e., in Euclidean
signature) is thus given by

1
S:?/ﬁfﬂK+W, (8.6)

where g is a coupling constant, the kinetic term K contains the terms with two time deriva-
tives, and the potential term V contains the terms with no time derivatives. Immediately,
one concludes that L must be purely quadratic. In fact, there is one unique kinetic term,

K:%hm. (8.7)

2More generally, we could allow for separate scaling in time and space, and only lock the corresponding

scales together at a later stage. This “double scaling” would require a revision of some of the fundamentals

of QFT. For example one would have to generalize the renormalization group to a two-parameter family of

flows. The O(N) invariant sigma model may be used as a playground for testing the viability of such ideas
in a simple and controlled setting.
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Next, we classify all contributions to the potential V. There is one unique marginal term
quadratic in n,

o= %8271 - 0%n, (8.8)

and one unique relevant term quadratic in n,
1

All other possible quadratic terms are related to the ones above via integration by parts.
Insofar as boundary terms or global topological issues can be ignored, this completes the
classification of quadratic terms.

This leaves terms that contain four spatial derivatives but include more than one inner
product in the internal O(N) index. Two of these terms contain only first spatial derivatives,

Uy = ¢ (O Om)?, ty = 5 (O Oym) (- 0ym) . (8.10)

These are independent of each other for N > 2, and independent of the quadratic terms
classified above, and therefore represent new interaction terms that can appear in the action.
In addition, there are terms with at least one second derivative:

(Om - 9in) (n-0;0;m), (n-8;0;n)(n-00n), (Om-0n)(n-0n), (n- 62n)2 :
The constraint n - n = 1 implies

which can be used to reduce the above four terms to (8.10).

Finally, all terms with a third derivative and two inner products vanish identically, given
the fact that the inner product not containing the third derivative must have only one spatial
derivative, and that

on-n=0. (8.12)

To summarize, the full action, including all the independent marginal and relevant terms,
is given by
1
S = g_z/dtd% {IC + O+ mly + U] + CQW}

=5 dtdm{n n+C [871 8n+4(8m 8Zn)+2(8,n o;n) (Oin - Ojn)

+ o - ain}. (8.13)

This action is the same as the model examined in [43]. From the low-energy point of view,
when ¢? > 0, the relevant term W supplies the missing part of the relativistic Lagrangian
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for the S™~! nonlinear sigma model in 2 + 1 dimensions, expected to induce a flow in the
infrared to the Gaussian fixed point with z = 1. When ¢? < 0, we expect the ground state to
take the form of a modulated phase, spontaneously breaking spatial translation and rotation
symmetries [94, 95]. We will focus on the ¢? > 0 case throughout this chapter. The classical
dimensions of the fields and couplings are

W=1 == l=kl=1 [d=7 (8.14)

Around the z = 2 fixed point, where T = L?, it is more conventional to define the scaling
dimension, which is the power of L~! of the ordinary dimension. The scaling dimensions of
g%, ¢, m and 1, are all 0, and ¢ has scaling dimension 1.

For stability, we require that the potential term )V be bounded from below. In the
following we identify the conditions on the couplings that ensure that V is a sum of complete
squares, which is a sufficient condition for the positive definiteness of the potential.®> We
focus on the case N > 2 in this section. Let us write the most generic potential which is a
sum of complete squares as

I
1
V=2 S~ as0;0%n + b,0:0;m + 65 (n - 9*n) n+ dy (n - 9,0m)n]”, (8.15)
s=1
where ag, by, ¢s and dg, s = 1,..., I are real numbers. In (8.15) we have dropped the relevant

deformation W, which is taken to be positive since we have assumed ¢? > 0. By applying
the identity (8.11), we obtain

/ dt 2z V) — % / dt e Y { A& n+ B, (0 - 0m)* + C, (9m- dym) (O - ym) }.

where
As=(as+b)" +a2, By=2[c2+ (by+ds+2)cs+dy], Cs=(bs+dy)* b2 (8.16)

We further require ) A, > 0, i.e., not all a, and b, are zero. This condition is necessary for
maintaining a physical dispersion relation dominated by the quadratic scaling. Classically,
we normalize ¢ to 1 by rescaling space and time coordinates. Then, comparing with (8.13),
we obtain

4 B, 2> C
D s _ L2 1
n Zs < 15 7 " Es b 15 (8 7)

Analyzing this set of equations result in the following bounds on 7; and 7,:

ne = —4, M+ > —4, M+ 2n > —4. (8.18)

3This condition may not be necessary. We leave the more general case for future work.



CHAPTER 8. ARISTOTELIAN O(N) NONLINEAR SIGMA MODEL 98

10

n
o

-10

Figure 8.1: The potential is a sum of squares if (7;,72) is in the white region. This ensures
that the Hamiltonian is bounded from below in this region.

These are necessary conditions for the potential V to be expressed in terms of (8.15). The
converse statement is also true: any 7,7y satisfying these bounds can be written as a sum
of squares.

Figure 8.1 shows the region in the 7;-12 plane where the energy is certainly bounded
from below since the potential can be written as a sum of squares. At this point, we cannot
exclude the possibility of a piece of the shaded region where the energy is bounded from
below but the potential is not a sum of squares of the form (8.15). However, it is conceivable
that in the shaded region the theory may exhibit interesting nonperturbative instabilities
and consist instead of bounce instanton solutions [72, 73].

Finally, when expressed in terms of the non-redundant field 7, the terms in the action
take the following form. First, we have the terms which will contribute to the propagator —
the two marginal terms that define the Gaussian fixed point,

1[0(x-m)]?

n-n:ﬂ-w—i—é—l P (8.19)
and )
1 1 10;(m - m)0;(m - )
2 92 _ 92 92 I T 1
O'n-0'n =0 87r+1_7r.7T[23(7r 7r)+4 T 7 : (8.20)
and the relevant deformation
Oim - Ok = Oy - O + 2T MO 7). (8.21)

4 l—m-m
In addition, we have the two independent marginal terms that will only generate interactions,

4 1—7m-7
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and

(&in - 9;m)? = 8i7r-aj7r+la"(ﬂ'ﬂ)aj<”'ﬁ)] {am-ajwrlai(ﬁ'ﬂ)aj(ﬂ'ﬂ . (8.23)
4 l—m-m 4 l—m-m

This form of the action in terms of the non-redundant components of the Goldstone field 7
makes the O(N) symmetry less manifest, but it will be more practical for deriving Feynman
rules and dealing with explicit loop calculations.

8.2 The Quantum Theory

We first focus on the quantum corrections near the Gaussian UV fixed point. In this regime,
the theory is weakly coupled, and the standard techniques of perturbation theory and Feyn-
man diagrams are applicable.

Before any serious loop calculation, we discus some formal aspects of the perturbative
theory. We seek a regularization scheme that preserves the O(N) symmetry. We will use
dimensional regularization with minimal subtraction. One additional benefit of this scheme
is that it automatically removes power law divergences. Nevertheless, dimensional regu-
larization captures all logarithmic divergences, including those which arise as subleading
divergences to power law divergences. Thus, we will be able to systematically focus only on
the logarithmic divergences, which will simplify the loop calculation. Power law divergences,
which are important for examining issues of naturalness, will be treated separately in Section
8.7.

Around the z = 2 fixed point, the propagator is

2

11[2 _ g 11[2
DM k) = ot (8.24)

where k = |k|. The relevant deformation ¢*k? acts as a natural O(N)-invariant IR regulator.
The theory is free of IR divergences and is thus well-defined in perturbation theory. This
is in contrast to the relativistic NLSM in two dimensions, where a lattice regularization is
required for the IR divergence in order to preserve the O(N) symmetry.?

The renormalizability of the z = 2 anisotropic NLSM follows in close analogy with the
relativistic case. The action can be Taylor expanded with respect to the Goldstone fields 7
parametrizing the coset space O(N)/O(N — 1) which has the topology of a (N — 1)-sphere
SN=1 of unit radius. Since the scaling dimension of n is zero, the classical scaling dimension
of 7 should also be zero, and the theory is borderline renormalizable by power counting. In
terms of the Goldstone fields 7, the O(N — 1) symmetry is linearly realized, which restricts
the counterterms to be O(N — 1) invariant. However such counterterms can in general
violate the nonlinearly realized O(N)/O(N — 1) symmetry. Regularizing the theory in a way
that preserves the O(N) symmetry of the action, a set of Ward-Takahashi (WT) identities

4 Alternatively, one introduces a Zeeman term sourcing o, which explicitly breaks the O(N) invariance.
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can be derived, as a consequence of the O(N) symmetry of the correlation functions. This
calculation is in complete analogy with the relativistic NLSM (see [88] for details). By
solving the WT identities, it can be shown that the renormalized action is O(/N)-invariant,
but that the radius of SV~ is also renormalized, which corresponds to a field rescaling. This
demonstrates the renormalizability of the z = 2 anisotropic NLSM.?

In the following, we will apply dimensional regularization to calculate the RG equations
by analytic continuation to D + 1 dimensions, where D = 2 — e. When we move away from
2+ 1 to (2 —€) + 1 spacetime dimensions, the classical dimension of g* shifts:

LQ—E
2] = 8.25
) =~ (5.25)
and the dimensions of all other parameters remain the same.
Recall the action derived in (8.13), which we write in terms of bare parameters:
1
S = ? / dt dPz {/Co + Cg [Oo + (771)0 (u1)0 + (772)0 <Z/{2)O] + C%Wo}. (8.26)
0

Here, we have introduced the subscript 0 to emphasize that all couplings and fields are bare.
The subscript 0 on the operators is short-hand notation for the same subscript on the 7’s
contained in those operators. Note that we will work in Euclidean signature henceforth. The
renormalized action in D + 1 dimensions can be written as

1
1°9*Z,

/dt dDI {IC + C2Z< <O + 7]12121/[1 + T]QZQZZ/[Q) + C2ZCW}, (827)

where 1 is a momentum scale used to absorb the change in the dimension of g2,
n=(r",0) (8.28)
and o =Z7 1 —7-m.

There are in total 6 counterterms, Z,, Z¢, Z1, Z», Z. and Z, corresponding to g, ¢, n1, 72,
¢ and the radius of SN~! respectively. Explicitly breaking the O(N) symmetry by giving
a mass to 7! or adding the Zeeman term [ dtd?z ho, with h sourcing o, results in no new
renormalization constant. The bare fields and parameters are related to the renormalized
ones via

o = ZY?x, Cg = ZCCZ, cg = Z.c%

. (8.29)
9(2) =p Zngz7 (m)o = Zim, (12)0 = Zan.

8.3 Feynman Rules

For developing the Feynman rules, it is useful to work directly in the broken phase with the
7 representation, which is intrinsic to the target manifold and does not invoke its embedding

>The proof of the renormalizability of the z = 2 NLSM is discussed in detail in [92].
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into a higher dimensional space. In order to determine the propagator and the infinite series
of 2j-point vertices, we expand all terms in the Lagrangian in powers of 7 and its derivatives.
We will be able to read off all of the one-loop renormalization properties of the theory by
focusing on the two-point and four-point Green’s functions only. Higher order correlation
functions will just yield identical renormalization equations. The highest order in 7 that
we would have to keep in this case is sixth-order, since this contributes to the one-loop
renormalization of the four-point Green’s function.
Keeping terms up to the sixth order in 7, we obtain

K=K®4+zKW 4 2°© ... | (8.30a)
0=0% 4709+ 7200 ... (8.30D)

for the two terms that contribute to the z = 2 Gaussian fixed point. Here,

K@ = % . 0 :é 0, (r- 12, K9— %@(W Mo m?,  (83la)
0<2>:%a%.827r, 0<4>:é[a2<7r-7r)}2, 0<6>:116a2(7r-7r)a2[(7r-7r)2}. (8.31b)

For the relevant deformation that induces the flow towards z = 1 in the Gaussian limit,

W =WwW® 4+ ZzwW® 4 72Ww6 4 ... (8.32)

where
W :% - O, W) — é O(r 1) Bu( ), WO = % Oufm-m) B [(m- 7). (8.33)

The two remaining marginal terms are

U =uU? +z2u® v+, U=+ 22U+ (8.34)

where
Uy - %@w oy ue - %(aﬂ )y dy(m-7),  (3.35)
Uy — i(aﬂr om0 ym),  U® = %(@-w Lm)Ou(r T 0s(m 7). (8.35D)

Write Z =146, Z, = 1+ 0, and so on. We split up the action into the bare action, in
which all of the Z factors are set to 1,

|

Shore= 7 / atdPz {K + 0@ + AW, (8.36a)
|

Share = o / dt d”z {K(‘” +¢? [O<4) + itV + 772?/12(4)} + c2w<4)}, (8.36b)
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1
Shore = o / dt dPx {IC(G) +¢? [O“’) + i + muéﬁ)} + c2W<6)}, (8.36¢)

and the remainder, collectively called the counterterm action,

1

S = jeg? / atdPz { =5, + (6 = 8,)20D + (5. — ) EW |, (8.37a)
1

S(S‘?) = MEQQ /dt dDiC {(6 — 69)’6(4) + (5 + (sc _ 59)C2W(4)

+ 2 [(5 + 8 — 0,)O0W 4 (6 + 0y + 6 — S )mUY + (6 + 65 + 6, — 55,)772@12(4)} } (8.37h)

There is no need to write down the sixth-order counterterm action because we will only
calculate the one-loop renormalization of the propagator and the four-point vertices, not the
six- or higher-point ones.

Next, we present the Feynman rules for the propagator, the four-point vertices and the
six-point vertices. The propagator is

7 w,k B ,LLEgz(SIJ
DY = | I = i apr e (8.38)

Denote the Feynman rule for the 4-point vertex as

‘/1(14[)2]3[4(Wi,ki) = 9 (839)

where the symbol (w;, k;) is short for (wy, ky; wa, ko; ws, k3; wy, ky). We will suppress the 1
indices in V® in general. Then,

VO (@i, ki) = — wlg? Ve (Vi ) v (8.40)
where
K@ Vi = () + wy)? 602651 4 (245 3) + (2 ¢ 4), (8.41a)
OW: VY = |vky 4 vho|* 67172677 1+ (2 &5 3) + (2 > 4), (8.41b)
UD VI = (Vi - vs) (Vs - vEy) 812651 4 (2 45 3) + (2 > 4), (8.41c)

USY VS = [(Vhy - VEs) (Vs - VE) + (Vhy - VEg) (Vs - V)] 57112670
+(2<3)+ (2 4), (8.41d)
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W VS = vk + vEy|? 6172651 + (2 45 3) + (2 5 4). (8.41¢)

Similarly, denote the Feynman rule for the 6-point vertex as

wy, ko 12 [BCU3,k3
1 I
ve© (wi, ki) = w1 1k1 Wy 4k4

we, Ke T 15W5> ks

= _Melgz [Vléﬁ) + ¢ (chG) +mV® + 772‘/2(6)> + 02‘/1/(5)]7 (8.42)
where
KO VO = (wy + wy)? 602l 4. (8.43a)
OO VI = |vky + vky|t g0 T2ttt 4. (8.43D)
U VO = (Vhy V) (Vs + V) - (Vs + vhg) 6128850 L (8.43c)
U V3D = [k - (Vhs + V)] [Vhs - (VEs + Vig)] 01125711570 4. (8.43d)
WO V) = vk + vy §T 2T L (8.43¢)
Here, “---7 denotes the sum of fourteen terms obtained by permuting the numerical sub-

scripts of the first term,

45)+(4+06)+243)+(2+3,45)+(2+3,4+0)
+(24)+2+4,3<5)+(2+4,3+06)
+(245)4+(2+5,346)+(2<5,4+06)
+(26)+(26,3<5)+(2+6,4<5). (8.44)

We will also need the Feynman rules for the counterterms. The counterterm contribution
to two-point vertex is

1
VO = g = _waﬂ [—04w? + (8¢ — 6,)C2k* + (8. — 0,)c*K?], (8.45)

The counterterm contribution to the four-point vertex is

I I
wi, ki wa, ko
4
Vc(.t.) =
ws, ks wy, ky

I3 Iy
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1
- _NEQZ [(5 - 59)Vlé4) + (0 +0c — 59)02‘/1/(\;1)
+ 0+ b = 8V + 0+ 81+ 0 = 0V + 0+ 8+ o - 5,mVs”) | (3.46)

8.4 Renormalization Conditions

We define the physical couplings (., c., g«, 7] and 75 at the fiducial point where the external
frequencies and momenta are zero. Since the field will be renormalized, the n-point Green’s
functions at the chosen fiducial point should be defined with respect to a new field 7! instead
of the original field 7, where

I_ I
T, =TT,

(8.47)

with r a coefficient determined by the renormalization conditions.
First, we define the inverse propagator to be I''*/2(w, k%). We impose the following three
renormalization conditions,

OT 12y, k?)

Ow?

1821"[1[2 (W, k2)

2 (9K

ATz (w, k?)

ok?

w=0, k2=0

w=0, k2=0

w=0, k2=0

1
= —oh, (8.48a)
- peg?
2
= —_ghlz, (8.48Db)
- peg?
2
S —ghle, (8.48c¢)
- peg?

Next, we would like to define the renormalization conditions for the amputated four-point
1PI vertex

DI (1, ) = T, k)50 2655 Tyt e )158200 4 T, ke )5H 655, (8.49)
Denote the following four-point configuration by x:
1
* w1:LU2:—W3:—W4:§w;
kij=-ks=p, ks=-ki=q, p-q=0. (850)
Note that
VI (%) = wghlaghls (8.51a)
Ve () = (07 + )" (8 o gt (8.51b)
VO (4) = p2g2shileglals, (8.51c)
‘/2(4)(*) p2g? (53§70 4 §hTaghals) (8.51d)
V() = (57 + ¢°) (9712010 4 ghisghte). (8.51e)
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The following renormalization condition will fix the field renormalization:

Ol4(%) 1
B =— (8.52)
w:p2:q2:0 /’L g*
We need two additional conditions to define 1] and 73,

Op20q? w=p2=q2=0 N peg? T .

82Ft (*) gf *

WP | gy w? BT &
w=p*=qg*= *

For convenience, we henceforth choose to set (, = 1 by rescaling space and time coordinates.

8.5 Omne-Loop Beta Functions

The one-loop correction to the inverse propagator is

1/7
q 5]1[2 1
S ) = — - {[w2 + k' + (1= n) Pk (— + e) } + f, (8.55)
I, I, AmCp €
w, k
where
¢ =log (%u) , (8.56)
and N N+2 8
p= Nm 4+ 2 48 (8.57)

Here, § denotes finite pieces to be absorbed by counterterms.

The one-loop correction to the four-point vertex comes from the “candy diagram” and
the “quadrupus diagram” (here, the candy diagram stands for the sum of the s-, ¢- and
u-channels),

XX + % (8.58)

Let 2 = w; + wy and K = ky + k. The quadrupus diagram is
v,q

I 1,
wr, ky wa, ky

wa, k2 12 I3w37 k3
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L [dv d%

= 5 / o (27T)D ‘/}1[2[3]4[5[6(W1;kl;w27k2;w37k3§w47k43 v,q; —v, _q) DI516(V7 CI)- (859>

The s-channel candy diagram is

Wi, kl M ws, k3

I I3
I Iy
w27k2 I/\—F)'Q w47k4
q+K

1 [dv dPq 4
25/%<27T)D 1/1(11)21516(w1,k1;w2,k2;l/,q;—1/—Q,—q—K)

X DI5I7(1/, q) Dlols v+ Q,q+K)
< Vi o (ws kgiwa ke —v, —qs v + Q,q + K). (8.60)

Here €2 = w; + wy and K = k; + ky. The ¢t- and u-channel results can be obtained by
cycling the indices. Summing over the three candy diagrams and one quadrupus diagram
and keeping track of the 1/e contributions, we obtain

XX+

= _3277'1C/~L€ [SN (Vlgl) + C2V(f()4)> + C2 <f1771V1(4) + f2772V2(4))
4 8(n — N)CZVV(é)} (% + e) +1, (8.61)
where f; and f5 are functions of n; and 7y given by
fi= —% (2N +3)n7 + 4(N + 3)mnz + (N + 10)n2 + 81 + 481, — 16], (8.62a)
fo= —% [0} -+ 8mima + (N + 10)n3 + 24m; + 321, + 80]. (8.62b)

The two-point 1PI contribution to the one-loop order is

meh = Q +—o—, (8.63)

. 1 92 1 2 92 1 274
H__Mg?{[m (EM) _5‘]% - lﬂ <E+€) +5C_5g]gk

N {M (% n g) Y- 59] c%?} +0(g?).  (8.64)
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Switching to the physical fields 7, the geometric sum in the Schwinger-Dyson equation gives
the exact physical inverse propagator,

% (w0, k2) =

(w2 + k' + Pk® — ,u6g21_[) §htz. (8.65)

7”2,LL692

We require r = 1, g. = g, ¢, = Cand ¢, = cat £ = 0 (i.e., p = ¢,/C,). Then, the
renormalization conditions in (8.48) imply

o =0+0(g"), (8.66a)
2
g 4
%= 1 T O ("), (8.66b)
2
. gnm 4
d. = e T O (g4, (8.66¢)
and
gi =" 1- 7Y Lo () (8.67a)
* 4r( ’ '
1=C=C+0(g"Y), (8.67D)
2
2 _ 21 _ 9 ln 4
o =c (1 4WC)+O(9). (8.67¢)

Therefore we observe that there is no renormalization to ¢ at the one-loop level.
In terms of the physical field m,, the amputated four-point 1PI function is

II21314 1 N92 1 4) (4)
DRt b) = = [Tk (L) + (-6 (v,C + VS )
- 2
m g°f (1 (4)
- 14+ =47 0+6;—90
riucg? | +327r <e+)+ to1 Q]VI
- 2
T2 g°fa (1 (4)
— 1+=—==-+/ O+0y—0,| Vs
rtucg? | +327r (e+)+ t 0 g] 2
A [ N+n)g* (1
- i 14 Whng 47T) (E+€>] vy +0 (g% (8.68)

The renormalization conditions in (8.52) imply

(8N - f)g*
32me

(N -1)g°

4re

§=— +0 (g, 5 = +0(g"), i=12 (8.69)

and

2
g =rtg (1 — Ngf) +0(g% . (8.70)
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Together with (8.67a) we obtain

(V- 1)g*
&

which is related to the anomalous dimension of 7 via

dlogr (N —1)g*

Po1+ +O (g, (8.71)

— _ 4
vT=— - +0(g")- (8.72)
Moreover,
N —2)g*¢
g% = g {1 + =2t 47r)g } +0(g%. (8.73)

Since g, is the physical coupling defined at a fiducial point, it is independent of /. Hence,
the beta function for g is

dg? (N—-2)g" 6
= =— @ . 8.74
Fe? dlog 11 AT + (g ) ( )
We further require nf = n;, i = 1,2 at £ = 0. The renormalization conditions in (8.53) set
(8N — fi) g*¢ .
e 1l— 7 =1,2. )
n; m 3977 y ) (8 )

The terms O™ and W® serve as consistency checks.
Requiring that ¢, in (8.67¢) and 7} in (8.75) be independent of ¢, and taking (8.74) into
account, we obtain the following set of RG equations:

dn; Fi¢?

= = 4 , =1,2 .
B, dlogp 32 +0 (g ) . .2, (8.76a)
_ dlog _ & [N + (N +2) +8}+(’)( D) (8.76D)
e = dlogp 167 n 2 7 '
where
Fy = (2N +3)n? + 4(N + 3)mne + (N + 10)n2 + 8(N + 1), + 48, — 16, (8.77)
Fy =1} +8mnz + (N + 10)55 + 24n, + 8(N + 4)1, + 80. (8.78)

If one also keeps track of terms linear in ¢, the only beta function that is modified is fg:

N —2)g*
Bp—e— 229 o, (8.79)
4
In the next section we will demonstrate that 3,, = 0 if 5, = —4 and 1, = 0, in which case

the theory is said to be at the detailed balance (if ¢ is tuned to be zero). If one further set

4re
2 _ 2
g _gc N—Q’

N #2, (8.80)
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then the theory becomes scale invariant at the one-loop level. In the large N limit this
scale invariance becomes exact. A systematic study of the critical exponents associated with
this Wilson-Fisher fixed point and its application in condensed matter systems is of future
interest.

A particularly simple case is when N = 2, which provides a consistency check of the beta
functions we calculated previously. In this case, one can parametrize the field in terms of an
angular variable:

n = (cosd,sinf), (8.81)

which has unit Jacobian on the circle and therefore introduces no nontrivial measure terms
to the path integral. Then,

non=0%  0%n-9%n=(0%0)"+(0,00,0)°,  dmn-0m =000,
(On - 9m)® = (Oin - O;n) (Bin - Oyn) = (00 9,0) . (8.82a)

The action becomes

1

T2

s dt d*x {9‘2 + 2 [629 920 + g Cr. aieﬂ + 20,0 aie} , (8.83)
which demonstrates that the self-interaction of the field 6 is characterized not by n; and 7,
separately, but by the particular combination 7 given in (8.57). In particular, n = 0 describes
a Gaussian fixed point.

Of course, one can transform to angular coordinates analogously for any N > 3 as well,
but there would be nontrivial measure terms in that case and the action does not simplify
as it does for the N = 2 case.

The above analysis is borne out in the previous calculations of the beta functions. In
2 4+ 1 dimensions, at N = 2, the beta function of g vanishes. This is in analogy with the
relativistic NLSM in 1 + 1 dimensions. However, the renormalization group flows of ¢2, m;
and 7y are nontrivial:

2

V2 = gﬂ (m +2m+4)+ 0 (g%, (8.84)
2
By = (0} + 20mm + 12173 + 24m + 967, — 16) 3927 +0(gY), (8.85)
2
B = (07 + 8 + 1203 + 24 + 48, + 80) 22— + O (g7). (8.86)

However, when N = 2, n; and 7, are no longer independent couplings. Indeed, as found
above, the appropriate coupling is 1. One finds

1 9
By = 5B + By = 16792772- (8.87)
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In particular, when 7 is set to zero, all beta functions vanish. Boundedness of the Hamiltonian
from below requires n > 0, or 1y + 21, +4 > 0.

At the Gaussian fixed point with n = 0, one can set the relevant coupling ¢ to be
naturally small, in which case one has the purely z = 2 Gaussian fixed point action. This
action enjoys a quadratic shift symmetry [18],

0 — 0+ bjja's?, (8.88)

where b;; is a symmetric tensor and ' are spatial coordinates. This is the underlying
symmetry that protects the smallness of ¢? and 7 simultaneously. This theory describes a
natural Type A Nambu-Goldstone boson (NGB) with a quadratic dispersion relation. These
types of NGB do not violate time reversal symmetry and each is associated with one broken
symmetry generator.

8.6 Asymptotic Trajectories

In this subsection we study the structure of the RG trajectories described by the RG equa-
tions (8.74) and (8.76). We will focus on the marginal operators in the action. In fact, the
relevant deformation can be set to zero naturally in the weak-coupling limit, where the free
theory is protected by a quadratic shift invariance. We will address this in more detail later
in Section 8.7. The canonically normalized action is

Smarginal = %/dt dzx{ (7 70+ 0w - O%m) + % [[3t (m- 1) + (62 (- 7?)]2]

+ % (O - Om)? + % (O - 9y) Dy - y) + -+ } (8.89)

where we defined
U =Myt Us =g, us=g° > 0. (8.90)

These are the couplings that control the strength of various interactions. For the one-loop
approximation to be valid, we require that uy,us,u3 < 1. The corresponding one-loop RG
equations are

w=M;, i=1,2,3, (8.91)
where p 0
Us .
1 = t= — =1223. .92
u'l dt b 327_‘_7 /L b 73 (8 9 )
and

My = (2N + 3)ui + 4(N + 3)ugug + (N + 10)u3 + 24ujus + 48uyuz — 16u3,
My = u3 + Sugug + (N + 10)uj + 24uyus + 48uus + 80u3, (8.93)
Mz = —8(N — 2)u3 < 0.
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Here we denoted the RG time by ¢, which is not to be conflated with the ordinary time or
the Mandelstam ¢ variable. The solution for wus is

U30
Ust) = T8N — Dut (8.94)
We have taken the initial RG time to be zero at which point ug takes the value uzg. N = 2
is a special case discussed earlier.For N > 2 and any ugy > 0, we have that ug — 0 in the
UV (t — o0) and uz will become strongly coupled as it flows towards the IR. For N > 2,
the equations have only one fixed point, the Gaussian fixed point at (uy, us,u3) = (0,0,0).
We would like to study the behavior of the above set of RG equations around the Gaussian
fixed point with u; = uy = uz = 0. Our approach is to search for the simple RG trajectories
that are straight rays. We then linearize around these simple RG trajectories to discover
the behaviour of the nearby trajectories. This allows us to determine the stability of these
simple trajectories as they approach the fixed point. We refer the readers to [96] for more
details on RG equations with more than two couplings and [97] for quasi-linear systems, but
we will review this procedure briefly here.
Let us start by examining this simple family of RG trajectories that are straight rays
that either point towards or away from the Gaussian fixed point. We parametrize these

trajectories as
U10 U20 U30 (8 95)

1wt T i—a BTi—aw

where a # 0 and wu;g, ¢ = 1,2, 3 are constants and at least one of u;q is nonzero. Furthermore,
u;p are the values that u; take at the initial RG times ¢ = 0. Depending on whether a is
positive or negative, we divide these straight-line rays into two types, namely:

Uy

e UV asymptotic trajectories (UVAT): For a < 0. The range of ¢ is (%, oo) The theory
approaches the critical point at t — oo, i.e., the theory is asymptotically free in the
UV along any UVAT.

e IR asymptotic trajectories (IRAT): For a > 0. The range of ¢ is (—oo, %) The theory
approaches the critical point at ¢ — —o0, i.e., the theory is asymptotically free in the
IR along any TRAT.

Plugging (8.95) back into (8.91), we obtain

auy = M; . 1,7=1,2,3, (8.96)
uj=ujo
with M given in (8.93). It is always possible to rescale a by making a different choice of the
initial RG time t = 0 along the RG trajectory. In what follows, we always choose a = —1
for the UVATSs and a = 1 for the IRATs.
Next, to analyze the stability of an asymptotic trajectory, we take a small deviation v;,
1 =1,2,3 away from the trajectory as follows:

. U0 +v;

. 8.97
1—at ( )
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Substituting this change of variables back into (8.91), we obtain the linearized equations

dv; <~ [ OM .
dz :Z (8% _a5g.> v;+0((v*), i,4,k=123. (8.98)
j=1 J lug=uro
where 7 = —11In(1 — at).

The dimension of the manifold of stability around a UVAT is the number of negative eigen-

values of the matrix %ﬁi 4 6% For an IRAT, this is the number of positive eigenvalues
Up=ULQ J

of the matrix %M; = 5; The stability manifold will always contain the trajectory itself.
U’ lug=ugo
We solve the equations —u;g = M; , with M; given in (8.93). We will omit the

Uj=uj0
subindex 0 in the following and simply write —u; = M;. There are two solutions for us:

1

SV =D (8.99)

U3:O, Uz =

Subtracting the us- from the u;i-equation allows one to solve for us in terms of u; and wus:
up[1 — 4(N + Dy | = 2(N + 1)ui + uy — 96u3. (8.100)

We now examine the solutions to this equation. Note that at the special value u; = m
this equation degenerates and us drops out entirely. The solution us = 0 does not satisfy
the resulting equation, in this case. The solution us = 8]\,;_2 does work, but only at the
particular value N = 8. In this special case, one finds two real solutions for us to either the

u1- or us-equation after plugging in the specific values for u; and us. The solutions are

1 —5+7 1
N =28: (ul,u2,u3) = (%’T’E) (8101)
Having dispensed of the special case u; = m, we now assume u; 7#* m. Solving

for uy in (8.100) and plugging back into the UVAT equations yields an equation for u; and
uz. When ug = 0, the remaining equation for u; reads

Uy [1 — (N =17)u; — 4(N = 2)(N + Dui +4(N — 2)(N + 1)*u3| = 0. (8.102)

Here, u; = 0 just yields the trivial solution. On the other hand, the cubic equation has one
real solution for N < 47 and three real solutions for N > 48, which is determined by noting
that the discriminant of the cubic equation has a zero at N = 47.55.

For ug = m # 0, the same analysis of the corresponding cubic equation shows that
there is one real solution for N = 3,4,5, whereas for N = 6,7 and N > 8, there are 3
real solutions for uq, each with a corresponding value of us. In the special case of N = 8§,
two of the solutions for u; coincide, leaving just two real solutions for u;, namely u; = 2

36
and u; = %. The value u; = % has the corresponding wuy value us = —é. The value
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u; = == is actually the special case considered earlier in (8.101), which has two values of us

36
and therefore there are still three real solutions for N = 8 in this case. In addition to the

solutions to the cubic equation, we find one other solution that exists for all N > 2:

1

s g 40 (8.103)

(u1,ug, uz) =

In fact, this solution corresponds to imposing a detailed balance condition. This condition

often reduces to the requirement that the part of the action that depends only on spatial

derivatives take the form of the square of the equation of motion of an associated Euclidean
theory in one lower dimension.

In the case of our sigma model, requiring that the theory satisfy the detailed balance con-

dition with respect to the relativistic SN~! nonlinear sigma model means that the potential

term should be ]
2 dt d*z g, ,(m)An! A (8.104)

where

nlnt

l—m-m
is the round metric on the unit SV~! in the 7! coordinate system, and A is the covariant
Laplacian on the Goldstone fields,

At = 0 + T, 0, 0. (8.106)

Since the Riemannian connection of g, is given by

ek e ot
D5y =0, + [ gry(m)m", (8.107)
the expression for Ar¥ simplifies to
A = (0> + W) n¥. (8.108)

Comparing 8?n - 9*n and g;,;(7) An? An/, we find that these two terms differ by an additive
factor of W?2. Hence, in terms of the fields n, the theory at detailed balance corresponds to
the action

1
San = 5 /dt d*x {0+ [(0°n-0*n) — (Om - 0in)*]} . (8.109)
g
This is a special case of our general action, with
m=-4, mn=0, c=0, (8.110)

which is indeed the uz # 0 UVAT that exists for all N in (8.103).
When ug # 0, it is instructive to consider the flow in (7,79, u3) space. Since the beta
functions of 1, and 7, are proportional to uz = g2 in (8.76), the slices at fixed uz > 0 in
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the three-dimensional RG phase diagram are identical to each other except for their RG
time scale. Therefore, it is sufficient to analyze the flow lines projected onto any such plane.
In Figure 8.2, we plot the RG flow in this plane as well as the nullclines when 3, = 0
(solid curve) and when f,, = 0 (thick dashed curve). These nullclines intersect at points
on UVATSs. Note the horizontal alignment of two of these intersections at the special value
N = 8 in agreement with the previous analysis. There is also an interesting switching in
the branching pattern of the 3,, = 0 nullcline from N = 14 and N = 15. For N = oo,
the 3,, = 0 nullcline limits to two horizontal lines at 7, = 0 and 7, = —8 and the four
intersection points become (1y,19) = (0,0), (—4,0), (4, —8) and (8, —8).5 The RG structure
becomes even more transparent in the n,-ns plane, where 1y = 1, + 12, which is presented
in Figure 8.3. In Figure 8.3, arrows on the flow lines point towards the UV. Solid curve is
By, = 0 nullcline, thick dashed curve is 3,, = 0 nullcline. Their intersections are points on
UVATSs with stability manifolds of dimension 1 (green), 2 (blue) and 3 (red). The vertical
black line for N = 8 shows the horizontal alignment of two trajectories. The branching
pattern of the solid nullclines switches between N = 14 and N = 15. The theory is UV
complete along the stream line on the 7;-17, plane that connects the upper blue point and
the green point.

In summary, we have found three UVATSs for 3 < N < 5, five for 6 < N < 47 and seven
for N > 48. Let us now analyze the stability of these trajectories as we approach the fixed
point.

The stability matrix for each UVAT has at least one eigenvalue of —1 (the stable direction
corresponding to moving along the trajectory towards the fixed point). It turns out that in
this case, the UVATs with u3 = 0 always have at least one unstable direction (the stability
matrix always turns out to have an eigenvalue of —1). Presumably this corresponds to the
unstable flow towards negative us.

The detailed balance UVAT with (uy, ug, uz) = m(—ll,(), 1) has a stability matrix

with eigenvalues (—1, —%, 1) and therefore always has a 2-dimensional stability manifold.
We can analyze the stability of the other trajectories numerically. These are indicated in
Figure 8.2 by red, blue or green dots. A red dot indicates a trajectory with a stability
manifold of dimension 3 (the two dimensions of the plane are attractive towards the point
and the direction, us = g2, perpendicular to the plane is the direction of the trajectory itself,
which is always attractive). The blue dots indicate trajectories with stability manifolds of
dimension 2. The green dot indicates a trajectory with stability manifold of dimension one.

Putting all these results together, we get the following:

e For 3 < N <5, there are three UVATs. The uz = 0 solution has a one-dimensional

stability manifold. The trajectory (uq,ug, uz) = m(—él, 0,1) (detailed balance) has

6Some UVATS lie outside the region where the potential is a sum of squares. Some flows leave and others
enter this region. Perhaps the region is augmented in an N-dependent way. Otherwise, in some regions of
parameter space, it would seem that the theory predicts its own IR or UV demise.
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Figure 8.2: RG flow lines projected in the n;-ny plane.
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Figure 8.3: RG flow lines projected in the 1 -ny plane, n,. = ny + ns.

a two-dimensional stability manifold (blue dot). The other uz = m solution (red
dot) has a three-dimensional stability manifold.
e For 6 < N < 47, there are five UVATs. The us = 0 solution and the ug = -

8(N—2)
trajectory indicated with a green dot have one-dimensional stability manifolds. rfhere
are two trajectories with two-dimensional stability manifolds (blue dots). There is one
trajectory with a three-dimensional stability manifold (red dot).

e For N > 48, there are seven UVATs. In addition to the case 6 < N < 47, there are now
two more uz = 0 solutions. One of these has a one-dimensional manifold of stability
and the other has a two-dimensional manifold of stability.

The four UVATS plotted on the 7;-12 plane in Figure 8.2 will approach the Gaussian fixed
point when ug decreases along the RG flow towards the UV, which indicates the potential
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existence of a UV asymptotically free region. However, most of the RG trajectories that
approach the Gaussian fixed point in the UV will escape the sum-of-square region for large
enough RG time, except for the UVAT at detailed balance and the green UVAT, and by
continuity every point along the stream line on the 7;-1 plane that connects these two
points. In the large N limit, this arc lies along the dashed curve.

Solving the equations u; = M; with the restriction ug > 0 gives only one solution for us,
which is u3 = 0. One solves for uy in terms of wuy:

up — 2(N + 1)u?

= . 111
2TTUN + D (8.111)

There is no solution for which the denominator above vanishes. Plugging this back into the
IRAT equations yields, as before, a cubic equation for u;, which has one real solution for
3 < N <47 and three real solutions for N > 48.

In summary, there is one IRAT for 3 < N < 47 and three IRATs for N > 48. The
fact that we have always found at least one IRAT means that there are some values of the
couplings for which the theory is not asymptotically free.

The stability matrix for each IRAT has at least one eigenvalue of 1 (the stable direction
corresponding to moving along the trajectory from the fixed point). Since uz = 0, the IRATs
always have at least one unstable direction (the stability matrix always has an eigenvalue
of —1). We can analyze the stability of the each trajectory numerically, with the following
results.

e For 3 < N <47, there is one IRAT having a one-dimensional manifold of stability (an
isolated trajectory). Nearby trajectories do not originate from the free fixed point.

e For N > 48, there are three IRATSs, one having a two-dimensional manifold of stability
and two having a one-dimensional manifold of stability.

We emphasize that the above discussion is only valid in the regime in the vicinity of the
critical point, where all (uy, us, uz) couplings are sufficiently small. There are however two
novelties that do not arise in relativistic theories:

e Self-decay processes are kinematically allowed in theories with higher z’s. However,
at the one-loop level, there is no diagram contributing to the decay rate, and thus a
one-particle state is stable at one-loop level. At two-loops, there will be nonzero decay
rate from the imaginary part of the sunset diagram —5— . In the deep UV this decay
rate will be comparable to the energy scale and there will not exist any long-living
particles, unless the theory is asymptotically free, in which case the decay rate will
be suppressed by the smallness of the coupling. It is possible that the theory UV
completes in a non-Wilsonian way in the regime where the theory is strongly coupled,
for example, by decaying into many soft quanta and creating some classical object
reminiscent of the classicalization phenomenon [75].
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e In the deep IR, the relevant operator W becomes more and more dominant and the
theory cascades towards z = 1 [18]. At the momentum scale much smaller than e,
the theory becomes approximately relativistic. This natural flow towards a relativistic
fixed point in the IR is guaranteed by the quadratic shift symmetry in play.

In Figure 8.2, there are trajectories leaving or entering the shaded region, in which the
action cannot be written as a sum of complete squares. In fact, there exists a large region
within which the trajectories are asymptotically free in the UV but run across the sum-of-
squares border. This indicates possible nonperturbative instabilities since the potential is
not guaranteed to be bounded from below. However, the decay rate for the theory to leave
a false vacuum is presumably suppressed by the smallness of the coupling constant g2 as in
23], for example.

On the other hand, it is still possible that the configurations in the shaded region do not
actually exhibit instability. In the case that at some energy scale Ayy the RG trajectory
signals UV instability, the effective description as a NLSM may break down before reaching
Ayy and the theory should be already replaced by its UV completion; in the case that at
some energy scale Ajg the RG trajectory signals IR instability, the theory may have cascaded
to a lower value of z beforehand.

8.7 The Power Law Divergence

By power counting, the one-loop correction to the two-point Green’s function is quadratically
divergent. Higher power law divergences will be cancelled by the path integral measure.”
In the above analysis, we applied dimensional regularization so all power law divergences
are regularized to zero. However, to examine issues of naturalness, it is necessary to ex-
plicitly calculate the size of these power law divergences. In the sharp cutoff regularization
scheme, the quadratic divergence is cancelled by introducing the corresponding counterterm.
The contribution from the relevant term WV can naturally be set to zero if and only if the
quadratically divergent contribution to ¢? vanishes exactly.

To extract the quadratic divergence in the two-point Green’s function, let us introduce
the UV cutoff A for the momentum. Then,

O k*A? LI nk2A2 LI
=— 02N N +2 8] = —— o2, 8.112
37 [N+ (N + 2)n2 + 8] o ( )
Therefore, ¢ can be set to zero naturally if and only if
N+ (N +2)n,+8=4n=0, NB,, + (N +2)p,, =45, =0. (8.113)

When N = 2, n = 0 implies 8, = 0 and so the vanishing of the quadratic divergence is
preserved under RG flow. However, this is no longer true at any other value of N and in

"The role that the measure terms play here is qualitatively very similar to the relativistic case [88].
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general ¢? does indeed receive a quadratic divergence®:

) _ 7792A2 _ 92A2
2 &

dc [Nm + (N +2)ne + 8]. (8.114)

Despite the quadratic divergence to ¢?, it is however natural to set ¢ to zero in the weak
coupling limit. If we view the NLSM as a low energy effective field theory, we can apply
the enhanced quadratic shift symmetry (8.88) on 7! in the free-field limit. The symmetry
transformation in analogy of (8.88) is

L S (8.115)

We further define the naturalness scale p at which the quadratic shift symmetry is broken.
Then, restoring the dimensions, we have

g =0(e), &=0(?), (8.116)

which predicts
¢ =0(g1) . (8.117)

In the small g% regime of the weakly-coupled NLSM, ¢? can be naturally much smaller than
the naturalness scale. We refer the readers to [18] for further details.

Based on (8.116), we can argue that the theory flows towards a relativistic theory in the
deep IR, with the nonrelativistic effects being relevant only at the momentum scale set by
c. From a low energy perspective, due to one’s prejudice favoring Lorentz symmetry, it is
convenient to introduce a redefinition of spacetime coordinates,

0
oyt

vy =c s, v,

(8.118)

Therefore, the effective action from the relativistic observer’s perspective is

2

S=gq]d y{Vun - Vi
C2
+ a [V?n-Vn+m (Vin - Vin)® +ny (Vin - Vin) (Vin - V;n)] }, (8.119)
where,

V, = (c‘%v’) . (8.120)

The new coupling is g?/c* = O (1/1?). The nonrelativistic effects come from the second line
in (8.119) become negligible at the momentum scale much lower than c.

8 A similar result is reported in [43], in which dc? is claimed to be zero for all N's at n; = 4 and 1y = —4
(note the differences in our notations). However, these values of 77 and 7, are not preserved under RG flow,
which invalidates the claim to asymptotic freedom in [43].
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It is also interesting to examine the quadratic divergence at the detailed balance point,
where we have 71 = —4 and 7 = 0 given by (8.103) and the beta functions for n; and 7,
vanish. The quadratic divergence (8.112) is still present for N > 2

O B k2A2

—2) 6l 2, 121
5 (N=2)3 (8.121)

This quadratic divergence can be exactly cancelled by adding in fermionic degrees of freedom
and making the theory supersymmetric [98].

8.8 The Large N Limit

We can extend control over the theory beyond weak coupling in g by considering the large
N limit with the t Hooft coupling A\, = ¢?N held fixed. In terms of the physical field T,,
the action is

N

S = dt de{lC* + P2 (0. + 0 ZU; + mZo ZU) + cQZCW*}. (8.122)
:LLEZg)\t

In terms of 7, the operators can be expanded to all orders as follows:

1. . ]-OO n+1 n 2
K= gt g 32 )" oG (8.123)

(9:%é‘%-a%wéZZ”“(w-w)”aZ(w-ﬂ){02(7r-7f)+Z(n+1) [0 (- )"}

+ 6l4 Z ZmH (n + 1) (n —+ 2) (7‘(’ . 7'(')” [81 (71' . 71-) 81 (ﬂ- . 7-(-)]2 , (8.124)
W= éaﬂ - O + % nZ% Z" M (wom)" 0y (m ) Oy (- ) (8.125)

1 1 < n n 2
L{1:§(8ﬂr~8ﬂr)2—|—1—6nz:02+2(7r-7r) [(‘3@(#77)} (8j71"8j71')

+ 1—;8 D72 (1) ()" [0 - 7) Oy (- )], (8.126)
Uy = i (O - ajﬂ')Q + éz Z" 2 (.m0 (- ) 0; (- ) (O - Oym)
+ 6_14 2" (A1) (w-m)" [0 (r - ) O, (- )] (8.127)

n=0
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(132

The operators with the subscript “x” can be obtained by replacing 7 with =, /r. To leading
order in the large N limit, only cactus diagrams need be summed over, which can be done
recursively.

In the following we derive the beta functions to all loops by summing over all cactus
diagrams. First, we focus on the two-point Green’s function. There are only two interactions
contributing in the large N limit,

(O, - Oim,)?, (9, - Oym) (O, - Oy (8.128)
The propagator is
_ 51112 TZNGZQ/\t (8 129)
N w?+ Z:Ck* + Z.2k? '
The four-point vertex is
NZZ:(?
_WZCCA,: (Zlnl U + Zyn, ué‘”) , (8.130)
g

where a superscript (4) indicates the part of the potential involving the four-point interaction.
Diagrammatically, the exact two-point function can be written as a geometric series of 1PI
diagrams,

511[2 :U’e>‘*

where 1PI is a sum of all 1PI cactus diagrams. Therefore, one derives the recursive relation

‘ - QO (8.132)

Denote the amputated 1PI two-point function as 67*/2I1. Then, (8.132) implies

N ZZ 5.0 (1
=——(Z Z 5 —-+7¢ 8.133
167T€T’2[L5Z9( 1+ Zama) € <e+ )7 ( )
where
¢ =log (C*“) . (8.134)
Cy
Therefore,
_ohk T2 U Z N

. (8.135)
N w g zet 4 (2.0k2 - 12520)

There is no divergence to be absorbed by Z, or Z;. Take r =1, A\, = Aand ¢, = cat £ = 0.
The renormalization conditions in (8.48) imply

Z,=1, Z; =1, (8.136)
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and

AN =71%)N, 1=¢( =¢C (8.137)

Moreover,

A 1
2= 7. - 7z Zomp) (= +1). 8.138
C c 167¢ (Zim + Zama) c . + ( )
Now, we compute the four-point Green’s function for 7f. The tree level vertex is
_ NZ (4) (4) (4) (4) 2977(4)
X = i [+ O+ 2ot & Zop " ZetWO (8.139)
t

Since Z. has been obtained from the two-point calculation and the W vertex does not
contribute to any divergent corrections of other four-point terms, K4, O®W, L{l(4) and L{2(4),
we will thus exclude the W(”), n > 4 interactions in the following calculation. We start with
the infinite sum of multi-headed quadrupus diagrams:

>:<:><+§Q\%+§% T (8.140)

all of which are of the cactus-type. There are exactly two types of vertices that have nonzero
contributions to such multi-headed quadrupus diagrams:

2

(M - )" [0y (1 - TP, (- )" (0% (7. - )]~ (8.141)
An n-headed quadrupus diagram yields
N Znt (A, (1 "
- — e KW 4 0W > 1. 8.142
MeAtr2n+4{4ﬂ-(€+)} [ + ], n= ( )
Then,
NZ 1
. K@ 4 oW
K==z )
NZ
= [Zml U & Zom, u§4’] . (8.143)

The exact four-point vertex at large N comes from the sum of all cactus diagrams

><:><+>©<+>@<+...:><+>©< (8.144)

N
M = ) [+ 0 ™ + "] (8.145)

where
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Further note that

NZ X\ (1 C L —
>©< = L ( +€) {[221771(771 +113) + Zana(2m; +772)}Uf4)

T 327 A \e

o ué‘*)}. (8.146)

The renormalization condition (8.52) requires

A
7 =
M[1+2=(E+0)]

(8.147)

where we have applied 72 = \,/); from (8.137). At ¢ =0 we have A\, = \; and thus

1
Z=—, (8.148)
1+ =
which further implies
At 1
N=—r—, pl=— . 8.149
1—2c¢ 1—2e¢ (8.149)
Take nf =n;, i = 1,2 at £ = 0. The renormalization conditions in (8.53) require
L+ 337?52_?(771 + 12) 1 1
4= 1— (7711-27;26))\1& 2oy Da= 1-— g;—j‘r’; Z’ (8.150)
and b )
1 — =B 4 n2)l pt 1 A
* 32m n *
m = = 2, ms = —QM—tW (8.151)
1—1—@(7714-772)5 M2 1+ 327r€>\*
Set ¢, = c at £ = 0. Plugging (8.147) and (8.150) back into (8.138) gives
Z, = ! (8.152)
B AR |
and
2 < (8.153)
= —F. :
1+ (Ul'li‘g];))\tg

Finally, require the physical coupling to be independent of ¢ in (8.137), (8.149), (8.150) and
(8.153), we obtain the exact beta functions,

A
B)\t = —E, (8154)
A
By = —32; (207 + 4o + 13 + 8m1) (8.155)
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At

e = 32—7T772(772 +38), (8.156)
= 2 ) (8.157)

fycz - 167'(' 771 772 9 .

while the anomalous dimension for 7 is given by
dlogr N\
= = —. 1

8 a0 = (8.158)

These exact RG equations match the one-loop beta functions in Section 8.5. This matching
is exactly the same as occurs in the large N limit of the relativistic NLSM.

From (8.148), (8.150) and (8.152) it is clear that the couplings that control the strength
of the operators are \;, u; = m1\;, us = 172, and 2. Note that

1
1

Buz = 35— u3. (8.159h)
m

It is convenient to change into the set of couplings (u, us, \;), where u = u; + us, in terms of
which the beta functions are

2 2 2
A u u3

6/\t = 671 = W? ﬁug = %7

1
1 (8.160)

which can be solved exactly by

1 t\! 1 t\! 1 t\7!
! ()\w + 47r) v (uo 167r) B (u20 327r) ’ (8.161)

where A\, up and wugy are initial conditions for A\;, u and wus, respectively. The theory is
asymptotically free in the UV only if ug < 0 and ugy < 0. However, the conditions given in
(8.18) that allow the potential to be written as a sum of squares require

U9 Z _4>\t7 u Z —4)\,5, U+ Us Z _4At (8162)

If one starts with A\ > 0, ug < 0 and ugy < 0 that respect the above inequalities, even
though the second inequality will be always preserved, the other two inequalities will be
violated at a sufficiently large t, unless usy = 0 is satisfied exactly. Additionally, in the
large N limit, the decay rate is at least suppressed by N~!. In conclusion, the theory is
asymptotically free in the UV if one starts with the initial data that satisfies

0 Z U10 Z _4)\th Uo0 = 0. (8163)
It is also interesting to note that the quadratically divergent contribution to c? is

(502—A—2(u + us) (8.164)
T8 2 '
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Furthermore, dc? in (8.164) is exactly zero if and only if u; + us = 0, which is preserved by
the RG flow. Setting u; = —uy = —u,
B L (8.165)
u = —U . .
327
In order for the entire flow to satisfy the bounds on 7; and 7 given in (8.18), we require
u > 0. In the IR, \; increases while u; and uy decrease to zero, and the theory becomes

S=+ | d d*x {K + O} . (8.166)
t

Again, there is a hidden quadratic shift symmetry protecting this action. To make this
symmetry manifest, we consider the NLSM as a low energy effective field theory which is
completed by a linear sigma model (LSM) in the UV. This has been addressed in [18], which
we review in the following. Consider the LSM in 2 + 1 dimensions for a O(N) vector field
% a=1,2,---, N in the broken phase with a spatially uniform condensate, which we take
to lie along the N-th component such that (¢™) = v. Let us write

¢o*= M v+%), I=1,2,-,N—1 (8.167)
We further require II? satisfying the quadratic shift symmetry,
' — ' + afa'a?, (8.168)

similarly to (8.88). This restricts the LSM to be
1 oo
Sism = 5 /dt Px {¢ b+ a%}. (8.169)

In terms of the variables,
o*=r(n", V1—m-7), (8.170)

and integrating out the gapped radial field » — v in (8.169) gives (8.166) classically. In the
large N limit, these two theories become the same at the quantum level.

In this chapter we discussed aspects of the 2 + 1 dimensional nonlinear sigma model at
a z = 2 Lifshitz fixed point. After constructing the theory in Section 8.1, we examined the
conditions imposed on the couplings by requiring that the potential be a sum of complete
squares. Then, we studied the one-loop quantum behavior of the system and obtained
the beta functions for all couplings. A perturbatively stable asymptotically free region is
identified. Due to the quadratic shift symmetry that simultaneously protects the smallness of
the coupling constant g and the speed of light ¢, the theory can naturally flow towardsa z = 1
fixed point in the IR and appears to be relativistic for low energy observers. The detailed
balance condition is preserved under RG flow if ¢ = 0. At detailed balance, the theory can be
supersymmetrized, borrowing from the methods of stochastic quantization, which enjoys the
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Parisi-Sourlas supersymmetry [98]. In the equilibrium limit, this theory corresponds to the
topological harmonic sigma model [99]. The connection between the nonrelativistic NLSM
and the topological harmonic sigma model is somewhat analogous to the connection between
the (241) dimensional Rokhsar-Kivelson model and the 2-dimensional statistical mechanical
models of dimers. Finally, we extended the beta function calculation to all loop order in
the large N limit by summing over all cactus diagrams, which is further cross-checked in a
nonperturbative manner by applying the steepest descent method.

In (2—¢)+ 1 dimensions, there exists a scale-invariant fixed point at the critical coupling
constant if the theory is also taken to be at detailed balance. This conformal fixed point
may be important for the study of critical phenomena in Aristotelian-type theories.

Another interesting future direction is to include topological terms. In (241) dimensions,
the O(5) and O(4) NLSMs can be augmented with the Wess-Zumino-Witten (WZW) term,
and the # term, respectively. These theories have been discussed, e.g., in the context of decon-
fined quantum criticality, the quantum spin Hall effect (topological insulators), and graphene.
(See, for example, [100, 101, 102, 103]). While the effect of the Wess-Zumino-Witten term
in (141)-dimensional NLSMs and principal chiral models have been well-understood, e.g., it
is known that the O(3) NLSM in (141) dimensions with a topological 6 term (6 = 7) flows
to a nontrivial fixed point, i.e., a SU(2); WZW theory [104], relatively little is known in
higher dimensions. It is noted that one cannot develop a controlled RG calculation of the
relativistic O(5) NLSM in (2+1) dimensions with the WZW term [105]. On the other hand,
the Aristotelian O(N) NLSM studied in this work may provide a natural and convenient
platform to study the effects of the topological term. It is expected that there is a nontrivial
fixed point describing a (2+1)-dimensional CFT. *

9In a recent work [106], the effects of the WZW term in a relativistic NLSM in (2+1) dimensions were
studied in the large N limit. To have a well-controlled RG calculation and a well-defined topological term,
they chose to work with Grassmannian manifolds as their target space.
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Chapter 9

Quantization of Horava Gravity in 2 + 1 Dimensions

Throughout the thesis, we mainly worked with Aristotelian QFTs of scalars. Even in this
very simple case, mapping out the role of technical naturalness in nonrelativistic systems
with Aristotelian spacetime symmetries has led to many surprises. In this last chapter of the
thesis, we extend our study of nonrelativistic naturalness to systems with gauge symmetries,
in particular to gravity. In these more complicated systems with gauge symmetries, we
expect more interesting surprises to appear.

The Aristotelian spacetime is the ground-state solution to Hofava gravity. Considerable
effort has been devoted to the study of Hofava gravity since it was introduced in [5, 6].
Being renormalizable by naive power counting, Hotava’s theory constitutes a candidate for
an ultraviolet-complete theory of quantum gravity. In spite of some work [107, 108, 109, 110],
nonetheless, as yet there have been no fully satisfactory quantum computations; in fact,
perturbative renormalizability of one version — the “projectable” model — was established
only recently [111].

The purpose of the present chapter is to take a step forward in understanding quantum
corrections to Horava gravity by making a careful computation of a one-loop quantity working
in non-singular gauges. (What we mean by this is explained in Sections 9.2 and 9.4.) More
specifically, the model we consider is z = 2 projectable Horava gravity in 2 + 1 dimensions,
and the quantity we compute is the anomalous dimension of the cosmological constant.!

Horava gravity is constructed so that, at high energies, the classical action has anisotropic
scale invariance with the dynamical critical exponent z:

t— b7t x — bx. (9.1)

As our interest is in z = 2, we take the engineering dimensions of the time and space

'In anisotropic models, the effective coefficients of the temporal and spatial kinetic terms can scale
differently — i.e., the dispersion relation runs with scale. This running can be captured by fixing the
form in which either the energy or the spatial momentum appears in the dispersion relation. We compute
the anomalous dimension of A with respect to a normalization condition that fixes the form of the spatial
momentum contribution.
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coordinates to be
t] =—1, x] = —=. (9.2)

In this convention, energy is of dimension one. The z = 2 theory is renormalizable in 2 + 1
dimensions [111].

The spacetime manifold is equipped with a foliation by leaves of codimension one, corre-
sponding to the surfaces of constant time. Its geometry is naturally parametrized using the
ADM variables — a spatial scalar N (the lapse), a spatial vector N; (the shift), and a spatial
metric g;;. The classical scaling dimensions of the fields are
1
S lal=0 (93)

The gauge symmetries are the diffeomorphisms that preserve the foliation. We parametrize
the infinitesimal transformations by (Z, X*),

[Nl =0,  [Ni] =

6t = Z(t), dx' = X'(t,x), (9.4)
that act on the fields by
6N = 0,(Z N) + X*VyN, (9.5a)
SN = 0,(Z NY) + (0, — N*V,) X' + XV, N, (9.5b)
0gi; = Z¢i; + Vi X; + V;X,. (9.5¢)

A proper understanding of Hotava gravity requires a careful treatment of its gauge fixing.
To this end, it is useful to begin with the simplest model possible. It is tempting to begin
with the conformal case in 2 + 1 dimensions, because it has no local propagating degrees
of freedom. Unfortunately, not only does it require the “non-projectable” version of the
theory, which has second class constraints and their attendant difficulties, but also it raises
the thorny issue of gauge anomalies for the Weyl symmetry.

A more modest starting point is “projectable” Horava gravity in 2 + 1 dimensions. Pro-
jectability is the condition that N = N(¢) be a function of time but not of space, so that it
is constant on each spatial slice. We assume this condition for the remainder of this chapter.
The 2 + 1 dimensional projectable case is more than just a toy model for understanding the
qualitative behavior of the more realistic 34 1 dimensional non-projectable theory. Mapping
out the renormalization group structure of the projectable theory is important to further
understand the phases of gravity, both in the context of Horava gravity and the Causal
Dynamical Triangulation approach to quantum gravity [112, 113].

The action is written in terms of quantities invariant under those diffeomorphisms pre-
serving the foliation of spacetime, namely scalars built from the intrinsic and extrinsic curva-
tures of the leaves of the foliation and their covariant derivatives. The intrinsic curvature of
a two-dimensional leaf is completely determined by its spatial Ricci scalar R. The extrinsic
curvature is captured by the tensor

I .
Kij = 537 (93 = VilN; = V;Ni), (9.6)
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where V; is the covariant derivative with respect to g;;. The most general z = 2 action
invariant under (9.5) is

1

K2

S /dt Px NG { KK = NK? = yR? + pR — 20}, (9.7)
where K = g K;;. Since [d*x,/gR is a topological invariant in two dimensions, p does not
appear in the local equations of motion, but only in the global Hamiltonian constraint arising
from time reparametrization symmetry. As a result p cannot contribute to the perturbative
beta function, and so we drop this term in what follows.?

In general dimension, projectable Hotava gravity has a transverse traceless tensor mode
and a scalar mode. Requiring the tensor polarizations to have a good dispersion relation
around flat space then implies that v > 0. Requiring the dispersion of the scalar also to be
healthy imposes the constraint

1
)\<§ or A>1. (9.8)

In 2+ 1 dimensions, however, there are no tensor modes. We then have the option of setting
v to be negative when % < A < 1. The propagating spectrum of the theory is then healthy,
at least classically. We do not worry about this explicitly in what follows, although our final
result makes sense in this parameter region.

In this chapter, we will compute contributions to the effective action using the background
field method. In this method, fields are split into a sum of two terms: a classical background
value, and quantum fluctuations of typical size h'/2. For the action (9.7), the role of A is
played by 2. This leads us to expand

N:N+/@n, NZ:NZ—l-linl, gijzgij_'_"ihij; (99)

where N, N and g;; are background fields and n, n' and h;; are fluctuations around the
given background. Gauge transformations can also be expanded in powers of ,

Z=7Z+Kr(, X =X +ré, (9.10)

with (Z, yi) the background diffeomorphisms, and (¢,£’) the physical gauge symmetries of
the quantum fluctuations. Due to the projectability condition, we can use (7,71) to set

N=1 N =o. (9.11)
In this gauge, the action of ¢ and &' (to linear order in x) is

on = ¢+ O(k), (9.12a)

20n the other hand, it may very well contribute to the full non-perturbative beta function through
instanton corrections. Also note that, while it cannot contribute to the perturbative beta function, in
principle p itself may have a non-zero perturbative beta function that depends only on the other couplings
in the theory. For dimensional reasons, however, its beta function vanishes at one loop. (See Section 9.6.)
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on' = £ + O(k), (9.12D)
Shi; = Vi& + Vi& + O(k) . (9.12¢)

Here, V; denotes the Christoffel connection for J;j- We can use ¢ to set n = 0; since n is
independent of space and so has only one degree of freedom per spatial slice, it does not
contribute divergences. For our purposes, therefore, we can ignore the contribution from n
to the path integral.

In the following, we will work only on backgrounds that are time-independent. We
express the partition function in terms of functional determinants by integrating out the
quantum fluctuations n; and h;;, and the gauge-fixing ghost modes. The one-loop effective
action is then evaluated using heat kernel techniques. This will allow us to compute some
(but not all) of the one-loop beta functions in the theory. To fully understand the RG
properties of the theory at weak coupling (and in particular, determine whether the theory
is asymptotically free), it is necessary to evaluate the heat kernel on background geometries
with a time-dependent metric. We leave this to future work.

Previous work on the one-loop effective action in gravity with anisotropic scaling [114]
overlooked crucial contributions from the gauge-fixing sector of the theory, a problem exacer-
bated by dropping from the partition function altogether singular determinants that did not
cancel out in their analysis. We show that such confusion can be avoided by an appropriate
choice of gauge. The gauge-fixing methods we developed have, in the meantime, appeared in
a more general form in the work of [111], which applied them to show the renormalizablility
of projectable Hotava gravity. We take advantage of their more general gauge in Section 9.2
for reasons of clarity, although the bulk of our computation uses our more restrictive original
gauge.

Section 9.1 and Section 9.2 develops the gauge-fixing method and field parametrizations
we use in the remainder of this chapter in the simpler context of linearized theories. Before
embarking on the gravitational calculation, we begin in Section 9.1 with a warm-up — free
U(1) gauge theory in D + 1 dimensions with z = 2 scaling at short distances. One natural
choice in this context, used in [115], is temporal gauge. Here, we utilize a gauge choice that
manifestly respects the z = 2 scaling symmetry. Generalizing this gauge-fixing procedure to
the gravitational case will lead us in Section 9.2 to the same sort of gauge-fixing condition
used by [111] in proving perturbative renormalizability of projectable Horava gravity. Sec-
tion 9.3 uses these results to compute the dependence of the one-loop effective action on the
cosmological constant, which illustrates how the effective action can depend on gauge, and
how to extract the correct gauge-invariant effective action.

Section 9.4 turns to computations in curved space using the background field method.
There, we compute the partition function on static on-shell curved backgrounds (R = const,
9:g;; = 0) supported by non-vanishing A. Working with an on-shell background enables
us to systematically disentangle the physical and unphysical modes and observe explicitly
the cancellation of the unphysical modes among themselves. We give an explicit expression
for the physical dispersion relation, which generalizes the flat space result. We normalize
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the gravitational field such that v/k?* is constant at all energy scales. With respect to this
choice of normalization condition, we are able to determine the anomalous dimension of A.
Extracting the beta functions for v, A and x requires working on backgrounds that depend
on time, which we leave to future research.

9.1 Aristotelian U(1) Gauge Theory

In gauge theories exhibiting an anisotropic scaling symmetry of the form (¢,x) — (bt, b'/*x),
it is desirable to choose a gauge-fixing condition that respects this symmetry. This is espe-
cially true in models at their critical dimension, for which standard gauges — in particular,
Lorenz gauge — may not be renormalizable.

In some simple cases (e.g., free Maxwell theory), there is no problem with singular gauges,
such as the temporal or Coulomb gauges, which are in fact invariant under the scaling
symmetry for any value of z. When the theory is coupled to gravity, however, such gauges
can become problematic. For example, in temporal gauge the Faddeev-Popov determinant is
det(d;). While in the flat case this determinant can be dropped, in the gravitational case it
couples non-trivially and should not be ignored. However, such operators have no dependence
on large spatial momenta, leading to uncontrolled ultraviolet divergences. Moreover, this
problem persists in both dimensional regularization and heat-kernel based methods. Such
gauges therefore give rise to ambiguities, which need to be resolved in a manner consistent
with BRST symmetry. From a more pedestrian perspective, our strategy ensures that the
gauge-fixing Lagrangian, which is quadratic in the gauge-fixing condition, is of the same order
in derivatives as the original Lagrangian. Thus, the two can be combined more seamlessly.

In the first two sections, our goal is to introduce® such gauges in linearized z = 2 gravity.
In this section, we illustrate the process in free anisotropic U(1) gauge theory. This serves
as a warm-up to the second case of z = 2 projectable Hotava gravity in 2 + 1 dimensions
linearized around flat space in the next section. We will apply these results to make a
simple quantum computation. Section 9.4 will be concerned with the generalization to static
backgrounds in the background field method.

We begin with free U(1) gauge theory in D+ 1 dimensions exhibiting z = 2 scaling in the
UV and z = 1 in the IR. The gauge field is a U(1) connection on Aristotelian spacetime [23].
The time and space components, Ag and A; (i = 1,--- , D), have gauge transformations,

6Ay =, 6A; = 9i(, (9.13)

with ((t,x) an arbitrary scalar function. The invariant field strengths are

3The gauges we use in this chapter also appeared in the work of [111], where they were used to demon-
strate the perturbative renormalizability of projectable Hotava gravity. We originally arrived at them as
a way to remove singular behavior in the background field formalism while preserving anisotropic Weyl
invariance.
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At the ultraviolet z = 2 Gaussian fixed point, the engineering dimensions of the gauge fields
are

D D

The basic most generic action with this scaling in the UV that is invariant under both the
spacetime and gauge symmetries (including parity and time-reversal) is

[Ao] (9.15)

DN | —

1

4U2EjFij}7 (916)

1 1
S = / dt de{§EiEi — SO0 -

where v is the “speed of light” in the infrared.
In components, the action becomes

1 A

= Jarxa ays® (). (9.17)
where . o
@2 _ ;O

ST = <8taz 0(5” + ((92 — ’1)2)@8]-) ) (918)

and O is the generalized d’Alebertian operator,
O = -0} — 0* +v*0* (9.19)
A natural z = 2 generalization of the Lorenz gauge is given by the gauge-fixing functional
fIA] = Ay — (—0% + v?)0; A, (9.20)

To quantize the theory with this gauge-fixing, we should further introduce a pair of fermionic
ghosts (b, ¢), a bosonic auxiliary field ®, and the fermionic BRST differential s acting on the
fields as

sAg = ¢, sA; = O, sb =, s® = sc=0. (9.21)

A generalized R, gauge-fixing action based on (9.20) can now be obtained from a gauge-fixing
fermion of the form

U= /dthxb{%DCP - f[A]}. (9.22)

Note that, unlike standard R gauge, if we wish to avoid introducing dimensionful parameters
then D must be a differential operator of dimension one. The BRST-exact action is

sU = /dt dPx {%@D@ — Of[A] + b(’)c}, (9.23)
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The resulting BRST-invariant gauge-fixed action is
SBRST =9 + S\I/, (924)

giving the quantum partition function
Z = / PD{ Ay, Ai, b, c, D} RSt (9.25)

As in the case of the standard R¢-gauge procedure, the partition function is independent of
D.

Setting D = —0?+v? is a particularly nice choice, as it eliminates the cross-terms between
Ay and A;, after integrating out ®. Redefining the A, field via Ay — VD Ay results in a
Jacobian J4, = (det D)2, which cancels the factor of (det D)~/2 produced by the integral
over ®. The action then becomes

1 1
SBRST[AO7 Ai, b, C] = /dt dDX{ - §A00A0 + EAzOAz + bOC} (926)

The overall sign in front of the piece quadratic in Ag in (9.26) is negative, so we must Wick
rotate Ag when we rotate t. The partition function evaluates to

Z = (detO) 7 . (9.27)
This represents D — 1 physical propagating modes with dispersion relation
w? = k* 4+ 0%k2 (9.28)

Before we move on to Horava gravity, we make the following comment. As in the Lorentz-
invariant theory, one can diagonalize the kinetic operator of (9.17) explicitly in field space,
without gauge-fixing. There is one pure gauge mode on which the operator vanishes com-
pletely. There is also one unphysical mode which gets a wrong-sign dispersion relation. The
rest of the modes should then reproduce the correct dispersion relation (9.28).

9.2 Horava Gravity Around Flat Space

We now turn to the linearization of z = 2 projectable Horava gravity in (2 + 1) dimensions
around flat space, with g;; in (9.9) set to d;;. The flat background is on-shell if the cosmo-
logical constant A is set to zero. However, since we are also interested in the A dependence
of the off-shell effective action, we will allow for a nonzero A.

The action is that of (9.7), with p = 0. The quadratic part? of the action is

Squad = /dt d2x{é_l <h”hw — )\h2> — hijﬁinj + )\ h@,nz + 5@1’@]8@%] — (/\ — 5) (8,712)2

4Since we are interested in the effective action, we drop the linear part, which is non-vanishing when

A#0.
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A
= 10:Dhi = 1) + 7 (2hijhi; - h2)}

I . h @ (" 2
5 /dtd X (n m) S (hﬂ) , (9.29)

where h = hy;, and the matrix S is the second functional derivative of the action. Explicitly,

2 o2
5@ = (S’g) S’g%) , (9.30)
Shn Shh

with
Sr(gz) = —5ij32 + (2X — 1)0,0;, (9.31a)
1
57(33 = [Si(i)} = %((5”-84 + 01005 — 2X6;40;) B, (9.31b)

1 A
Sf(i) =7 (61j0ke + 03005 — 2M0i0;0) OF + 5(51']‘51% + 0005 — 0ir0j0)
— 2"y [(5“9(5][(94 - (5Zkajag —f‘ 5]»@61-@;)62 + &@6@4 . (9.31(3)

Intuitively, one can think of this theory as “adding a spatial index” to the U(1) gauge theory
of the previous section: n; is analogous to Ay, and h;; to A;. Likewise, the gauge-fixing
functional f;, ghost fields b; and ¢;, and bosonic auxiliary field ®; all carry a spatial index.
The BRST differential s acts as

SNn; = C'Z‘, Shij = 6,~cj + @ci, Sbi = (DZ‘, SCI)Z‘ = SC; = O (932)

In analogy with the U(1) theory, we choose the gauge-fixing fermion

1
U= /dtd2xbi{§Dijq)j - fi}. (9.33)

where D;; is some spatial differential operator of dimension one, and f; is a gauge-fixing
functional. As pointed out in [111], the most general such operator is

Dz‘j = —ul&j@? — Uy 828] s (934)

where u; and u, are constants.

The analog of the gauge-fixing condition (9.20) reads f; = n; — Djjphjk, where D,y is a
spatial differential operator of energy dimension % (e.g., containing three spatial derivatives).
Forcing the cross-terms between n; and h;; to vanish upon integrating out ®; uniquely
determines Dijk to be Dz‘jk = Dwé)k - AéjkDM@g:

fi =n; — Dw(akhjk — )\ajh)
=n; + 1 Bzﬁjhij + Uy @@%h]k — Au 828ih, (935)
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where u = u; +uy. As before, the final result is independent of the particular choice of D; .
The analog of the BRST-exact action (9.23) is

S = 5T = /dt &*x {%cpipijcpj — &, fi[h.n] + biOijcj}, (9.36)
where
O;j = —0450; + Dir[6;10* — (21 — 1)9;04]
= 0;; (=07 —w0") +2[(A — 3w + (A — Duy) 59,9;. (9.37)
We can immediately read off the ghost partition function,
Z st = det Oy = (det O)(det O,), (9.38)
where
0, = —0? — 2u(1 — \)d*, 0, = —0? —u, 0", (9.39)

The rest of the action, after integrating out ®;, called the “effective” part, reads

1
Seff[ni, hU] = 5 / dt d2X { - nZSZ(JQ)n] + hUS@(jZ]geth}y (940)

where
S5 =Dyl Oy, (9.41a)
1 1
SO, = 1 Giadje + 016 u) (=07 +28) — 763;00(=200 — AN* D0 0s + 870" +2)

1
+ Z(Dzkﬁjag + Digajak + Djkaiag + D]eazak)
A

-3 [6:)(PimOe + DemOk) + 6ke(Disn 0 + Dy 0;)] O (9.41b)

Note that various field components need to be Wick-rotated as well as the time when per-
forming the path integral. The contribution of n; to the partition function is

-1/2

Z, = (det $7) " = (det Dy,)/* (det Oy) 2. (9.42)

Next, we compute the contribution to the partition function from h;;. We first decompose
hij as

1
hij = H;; + §h5ij; (9.43)
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where H;; = 0. We decompose H;; further as
1
Hij = Hé -+ 6,‘77]‘ + @m + (618] — 55”62) g, (944)
with constraints
Hi =0, @Hﬁ =0, oim; = 0. (9.45)
In two spatial dimensions, the transverse traceless component H,é has no local degrees of

freedom, and in flat space is forced by boundary conditions to vanish. Furthermore, in two
dimensions, one can parametrize 7; as

1 = €01 (9.46)

Thus, H;; is finally parametrized as
1
Hij — (Eikaj -+ ijai) akT} + (81@ — §5lj82) g. (947)

We require the Jacobian for this change of variables. The Jacobian for (9.43) is a constant.
The Jacobian for (9.47) is computed in Appendix D,

Tu = [det(—0%)]". (9.48)

We can eliminate this Jacobian altogether by changing variables from 7 and o to

n= 0", 5 = 0. (9.49)
The action for 77 is just
Sy = % / dt d*x 7 ST, (9.50)
where
S = —7 —u,0" + 20 = O, + 2A. (9.51)

Therefore, the contribution of 77 to the partition function is

-1/2 1

Jaet(O, + 21)

Meanwhile, A and ¢ remain coupled via the action

1 @ (P
Siz = 5 / dt d&*x (h ) S <5> , (9.53)

Z:= (det 5572)) (9.52)
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Sff;):l —(3 =N - [y+2(3 - ) u]o [y = (3= AMujo* (s
2 [y = (5 = A)uo — 1182 4 (27 + w)d* — 2A]

(9.55)

For general gauge parameters, S ,(123) can’t be diagonalized locally. When A = 0, however, the
determinant itself factorizes neatly,

1

Zhs = , (9.56)
=0 /(det O,) (det Opye)
where
Ophys = — (2 = X) 87 — 27(1 — X)o*. (9.57)
The operator Opyys is independent of the gauge-fixing parameters u; and us.
In summary, the modes corresponding to the various dispersion relations are
h,o,n; and ghost : Oy = =07 — 2(1 — \)ud*, (9.58a)
n,n; and ghost : 5g = —07 —u,0%, (9.58b)
h,o : Opnys = — (3 — )07 — 29(1 — X)0*. (9.58¢)
For these to have the right sign dispersion relation requires
u; >0, (1 —=Xu>0. (9.59)

Note that the “nice gauge” of [111] is when all three of the dispersions, including the un-
physical ones, are actually identical. This condition is satisfied if and only if

1—A
u1:27—__)\, u:lj)\.
2

2

(9.60)

Finally, the total on-shell partition function is the product of (9.38), (9.42), (9.52), (9.56)
and the extra factor of (det Dij)*l/ 2 from integration over ®;. The result simplifies greatly,

1

Z = 9.61
o= Va0 o0
This represents one physical degree of freedom, with dispersion relation
1—A
w? =2y E*. (9.62)
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This dispersion relation is healthy when A > 1 or A < % Note that this degree of freedom is
a linear combination of A and . Therefore, it will not be captured entirely if one neglects
everything except the trace component of h;;, as was done in [114]. When A > 1 (and
v > 0), the overall sign in front of (9.61) is negative and we must Wick rotate the field®
corresponding to Oppys.

Once again, this dispersion relation can be derived without regard to a specific gauge-
fixing procedure, as in the case of the U(1) gauge theory.

9.3 Effective Action with a Nonzero Cosmological Constant

Let us calculate the contribution to the determinants of first order in A. Our object of study
is the effective action I'(p), where ¢ denotes the expectation values of all fields ® of the
gravitational theory. Expanding in A,

L(p) = S(p) + Al1(p) + O(R*?) (9.63)
by standard methods the one-loop quantum effective action takes the form®
! )
Li(p) = Strlog S%(¢) (9.64)
where

525 (d
SP(p) = 5c1><(5<1>)
D=

(9.65)

is the second functional derivative of S. Since this is a gauge theory, we must also include
ghost contributions after gauge-fixing, leading to the standard expression

Ti(p) = %tr log S® — i tr1og Dgnost - (9.66)

Note that the only dimensionful parameter present is A itself, with dimension [A] = 2. As
a result, the only contribution A can have to the logarithmic divergence (and therefore to
the one-loop beta functions) is proportional to A. To evaluate it, it therefore suffices to
evaluate the first derivative of the partition function Z with respect to A. Separating out
the A dependence of S®,

S@ = M+ AMW | (9.67)

we can write

logdet S® = trlog S@ = trlog M + Atr(MMW) + O(A?). (9.68)

°In general, this field is some combination of h and &. In the “nice” gauge (9.60), this field is just h.

6This is not sufficient to define a gauge invariant effective action [116]. The full treatment of defining a
gauge invariant off-shell effective action is beyond the scope of this thesis. Instead, we will make use of a
field redefinition g;; — C'g;;, which will turn out to be sufficient for our purposes.
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M@ has contributions only from the 77 and (h, ) sectors. Collecting the corresponding
objects, from (9.50) and (9.53), we have

M: 0 W
M= L MW= : (9.69)
0 Mz 0 M,gg)
where
A A 1/0 0
Mﬁ = —8,52 - U184, Mé ) = 2’ M}EE) = 5 (O 1) ) (970)
1 2 1 2 4 1 4
1 [—(—=X)0 —|v+2(5—A)u|d v—(5—A)u|d
Y e e Gk L

[v— (3 —MNu]o* —1[07 + (27 +u)9o']

Evaluating the relevant traces, we obtain the integral form

2
tr[M MW = /dtdQXZAI/d”d Ka Gr(w, k), (9.72)

with propagators

1
and constants 13
ad =y, a3 = 2u(l — \), = 471 o (9.74)
1 1 -2\
Al == 2, A2 - m, Ag - 1 — /\ . (975)

Here, I =1 corresponds to the 77 contribution, while I = 2,3 arise from the (h,c) sector.

Later on in this chapter we will use heat kernel methods, which preserve diffeomorphism
invariance. It is difficult to use the heat kernel here, however, because we have not diag-
onalized My 5. (Note, however, that in the diagonal “nice” gauge this is not a problem.)
Although it breaks gauge symmetry and modifies the infrared behavior of the theory, to
extract the coefficient of the logarithmic divergence it suffices to use a cutoff regularization.
We integrate over all w and introduce a cutoff k, in k. In addition, the denominators have
an implicit +ie, specifying the appropriate Wick rotatation w = iwg. The integrals evaluate
to

/ dw d’k 1 logk,

(27)3 Gr(w, k) = + (finite) , (9.76)

4ri og

giving the final result

0 log k 2 1 1 1 1—2\ 3/2
1 @ = * ) )
ogdet S ‘A—O,dlv - { \/_1 + + 2\/_ ( 1 ) (9 77)

47 1—)\‘/211(1_/\) - A
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The contribution of A to the effective action (9.66) is therefore

_ loghk, [ 2 1 1 1 /1-22\?
[ agw(R=0)= dt d®>x A.  (9.78
i ) 87 {\/_u1+\/_2u(1—)\)3/2+2\/§(1—)\> / x (9.78)

This is obviously gauge-dependent. As we will discuss in Section 9.6, this gauge dependence
should be eliminated by a field strength redefinition for the background metric g,

We will utilize this field redefinition in the subsequent section in order to extract the key

gauge-independent information.

9.4 Time-independent Curved Background

In time-independent backgrounds (gw = 0), the background values of the extrinsic curvature

and the Riemann tensor are K;; = 0 and ﬁjw = Fijke(x), respectively. In two spatial
dimensions, the Riemann tensor is determined by the scalar curvature,

-1

R jpp(x) = %R 64 Gj0(x) — 059;,(%)]. (9.80)

By dimensional analysis, the only divergence sensitive to V,; R that can appear in the effective
action is L1 R, which is a total derivative. Therefore, it suffices to take R to be constant.
Consider the action (9.7) with the coupling constant p set to zero,

1

K2

S /dt *x N\/g{K; K7 — ANK* —yR* — 2\ }. (9.81)

We now expand each term in this action to quadratic order in k. With
1 . _ —
Kij = 5/{ (hl] — ij — V]nl> + O(/iz) s (982)
we have
N\/gKinj = Zﬁ \/5 <hijhj — 4V lehl'j + 2V nJij + 2V n]anl-) + O(/i ) , (983&)
1 - i N —
NV = 382\/g (2 = 40V i + 4V 0V n; ) + O (k). (9.83b)
Moreover,

N,/g R?
= ViR + xR [ﬁ'(vjhij —Vih) - %m]
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N {(Vivjhij SR R (Bhh, — L?)
+R [%thijvkhij — Vih i N + OV hE — 2(Vhy)

1
2

(Vih)* + 2095 N b — 209 (VN hE + ¥,V ;hE — 72%-)] }
(

+ O(x?), 9.84)

and
NVGA = VGA{T+ dkh+ 5 (B = 20 hy) |+ O(°). (9.85)

The action can be put on-shell by imposing the equation of motion for the background
field g,;. This essentially sets the cosmological constant to be

1 —
A= §7R2. (9.86)
Plugging (9.86) back into the action eliminates the tadpole terms linear in k. The on-shell

action is
S— L [ ar@xNyG{K, KT - AK? — (R + B 7
= g {r, YR+ T} (9.87)
Considering such an on-shell action enables us to observe explicit cancellations between
ghosts and non-physical modes, reducing the computation of the effective action to that of
a single scalar functional determinant.

We offer one caveat: since we do not impose the constraint equation generated by the
gauge choice n = 0, by “on shell” we actually mean the background satisfies the g;; equations
of motion. To render the background (9.86) fully on-shell requires imposing the further
condition p = 2yR. As noted in the introduction, however, neither the lapse nor the value
of p affects the local divergences, and therefore we can ignore both in the computation at
hand.

We now turn to the problem of gauge-fixing. We will apply the BRST formalism. Instead
of classifying the most general gauge-fixing conditions, let us take a more minimalistic ap-
proach and construct a gauge-fixing condition such that the cross terms between n; and h;;
cancel in the BRST action. For this purpose, it is sufficient to set the gauge-fixing functional
i to ,

fi =i — D1V hy; — DoVh. (9.88)

Here D; and D, are local operators of dimension one, which we will take to be linear
combinations of the diffeomorphism-invariant objects R and 0 = Vg% ﬁj. As we reviewed in
Section 9.2, equation (9.88) is not the most general gauge choice consistent with background
diffeomorphism invariance: for example, one may also include in f; terms of the form

V.V,;Vih* . (9.89)
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In the zero curvature limit, this extra term is the same as the uy term in (9.35). In the
flat case, if one requires that nonphysical modes have a right sign dispersion relation, the
conditions derived in (9.59) must be satisfied. For A > 1, a nonzero u, is indispensable
for these conditions to hold. On an on-shell background, the one-loop contributions from
nonphysical modes cancel exactly in the partition function, and it is not necessary to include
(9.89) in the gauge-fixing condition. When on-shell, we can focus on A < % and adopt the
simpler gauge-fixing condition in (9.88). Evaluating the partition function will result in a
gauge invariant expression that is analytically continuable to A\ > 1.

BRST quantization proceeds by introducing a ghost field ¢! associated to the generator
of infinitesimal diffeomorphisms. The BRST differential s acts on the physical fields in the
same way as the linearized diffeomorphisms in (9.12):

sn; = ¢; + O(li), Shij = viCj + vjci + O(’f) (990)

We also require a cohomologically trivial BRST pair (b;, ®;), with fermi and bose statistics
respectively. The ghost sector has BRST variations

sb; = @, s®; =0, sc; = O(kK). (9.91)
Gauge-fixing actions are given by the BRST differential of a gauge-fixing fermion. We
take the gauge-fixing fermion
—— / dt /b {ivi = DV hi = Dy Vil — %D(IJZ-} , (9.92)
which gives the BRST-exact action
s = — / dt /50 { i = D1V hij —~ DyVih %chi}
+ / dt /g {é — D)V’ Vie; - DiTec; - 2D,V Vs (9.93)

This action is associated to a gauge-fixing condition of the form (9.88), except that we have
replaced the d-function type by a gauge of generalized R¢ type. We have introduced auxiliary
1

fields ®* of dimension 5 and a local operator D of dimension 1. We choose the following

expression for the operator D: L
D=—-u(O+0R). (9.94)

We intentionally keep the real parameters v and u; which depend on the gauge choice.
Physical results must be independent of their values, giving a check of the final result.
The full BRST-invariant action is

SprsT = S 4+ sU =S + Sgt + Sehosts (9.95)

where

, i — 1
Spr = — / dt /GO i — DI iy — DT~ D), (9.96)
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and ‘ ‘
Sghost = — / dt dx {bic — (ViDib; + 3, VDo) (V! + V') . (9.97)

The BRST partition function is
ZBRsT = /@{niahij7biacia®i} ©SBRST (9.98)

Next, let us integrate out the auxiliary field ®; in Sgrgr. Since ®; only appears in Sy ¢,
we can focus on the following piece in the partition function,

Zy = / D, et (9.99)
Here, ®; is not dynamical and can be eliminated by imposing its equation of motion,
o, =D <n — D,V hy; — Dﬁih) . (9.100)
The resulting action after eliminating ®; in Sy, is
1 — (. T =i /. =k =
-5 /dt x\/7 <n — D, V'hi — D,V h) D (n — D\V'hy, — Dmh) . (9.101)

From now on, we will take S, ¢ to denote the expression (9.101), even though it is different
from the original expression in (9.96).

Integrating out ®; in the partition function (9.99) also contributes a functional determi-
nant. To evaluate this determinant, we first make the change of variables

®; = Vb +5;,V6, (9.102)

with g;; = /g €;; the covariant Levi-Civita symbol for g. The Jacobian is given by (D.10) in
Appendix D, B
J = det(—D) . (9.103)

In terms of ¢ and 5, the part of (9.96) that is quadratic in ®; can be written as
1 - — ~— g~
5P =2 / 4t x\/5 {6V DV 6 + 9V DV G} (9.104)

To derive that the cross term between ¢ and 25 is zero, we used the form (9.94) of D and
applied Identity 1 in Appendix C. Therefore,

2)

/ D{6, 3} & = (dete, D)2, (9.105)
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where the functional determinant is evaluated to be

deto,D = [det(vﬂﬁi)r . (9.106)
Therefore, the final expression for the ®; contribution (9.99) is
Zg = JpeSet (9.107)
where S, is given by (9.101) and
 det(-D)) 1

= . (9.108)

Jo = JiceD  ([@ethal)det|-O— (01 1) 7

We applied Identity 1 for the second equality in (9.108).

Finally, we determine the operators D; and D, in (9.92) by requiring that the cross terms
between n; and h;; cancel in the sum S + Syr, with Sy set to the expression in (9.101).
The kinetic contribution in the action S comes from

Sk = %/dt x5 { K KT = AK?
The part contained in Sy that is quadratic in terms of the fluctuations is
i / dt dx/g { high? = N — 4 (V' by = Vi)
+2 [ﬁinﬂvmj + VIV m, — 2)\(7ini)2] } (9.109)
The cross terms in Sx are
- /dt dx\/F i (vjhij - )\Vih> . (9.110)
The contributions to the cross terms from S are
/ dt d?x+/F 7 (D‘lDlvjhij +D‘1D27ih) (9.111)

These two contributions, (9.110) and (9.111), cancel if

1
Dy =Dy =D. (9.112)

Since D has been defined in (9.94), this fixes both D; and Ds.
The integration over the ghosts in the partition function can be treated separately. From
(9.97) we obtain

Sghost = —/dt d*x {szl — (ViD1b; + 3,V Dob") (70’ —I—vjc’)} . (9.113)
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We would like to evaluate the partition function

Zgnost = / D{bi, c;} €55, (9.114)
Let us reparametrize the ghosts ¢; and the anti-ghosts b; by
¢; = Vic+ gijng, bi = Vib+ gijng. (9.115)

Similar to (9.103) but for fermions instead of bosons, these changes of variables give rise to

the Jacobian )

Tehost = ——————73- 9.116
S Tdet (<) (410
In terms of the fields b, g, ¢ and ¢, the ghost action becomes
Sihost = / dt *x/5{b00, ¢ + 500, 7}, (9.117)
where
Oy =—0; —2w[1-NO+ 3R] [O+ (v +3) R|, (9.118)
O,=-0} —w(T+R)[O+ (v+3)R]. (9.119)
Therefore, _
Zahost = (det (’)g) (det (’)g). (9.120)

Now, we would like to come back to examine the non-ghost part in the action Sggrsr,
namely, the combined contribution from S 4 Sy ¢ .
It is useful to take the following decomposition of the metric fluctuation h;; such that

1
hij = Hyj + §§ijh, (9.121)

where H;; is a traceless 2-tensor, and
_ _ o -
Hiy = Hi; + Vin; +Vn, + ViVo = 53,00, (9.122)

where _ ,
g'H; =0, YV'H:=0, V=0 (9.123)
Note that the quantum field Hi# is both traceless and divergenceless. In 2 + 1 dimensions,
HZ# encodes only global information about the geometry of the spatial slice (the moduli of
the Riemann surface), and carries no local degrees of freedom. Therefore, we can drop Hé
without affecting the beta functions. The constraint on 7; can be solved by parametrizing
7; as
n; = &5V (9.124)
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The Jacobian from the transformation (9.122) is computed in (D.15),
Ty =det[0(0O+ R)]. (9.125)
Under the decomposition (9.122), we have
S+ Syt = Sn + Sy + Sho, (9.126)

where
S, = % / dt /o {79 [ @+ oB) ' O] - VT + 2TV}, (91270)
S, = %/dtdzx\/ﬁnﬁ(ﬁJr}_%) [~ -w@+B)[O+@+HE 0 (012m)
S,w:i/dtcﬁx\/ﬁh{—(%—A)@f—y(ﬁJr}_%)Q—Zul (8- 2)’00+ (o +4) R}
+%/dtd2x Go0@+R) {-%-00@0+R) —w ([@+R) [0+ o+ 1) R}

+3 [adxyGoT@+R) O+ R) —w (=) [+ o+ ) R} 01270

The full one-loop BRST partition function can be written as

ZBRST = jcp jH Zghost Zn Zr] Zh:77 (9128)

where
2z, :/@ni e, zZ, :/@neisn, Zhe :/@{h,a} e'She, (9.129)

For u; > 0 (and X < 3), we must Wick rotate n; as well as the time when performing the
path integral.
First, let us focus on Z,,. We decompose n; into scalar components v and v as follows,

n= V04 (o4 ) v+, [0+ (0+ 1) 7] . (9.130)

We choose this particular decomposition in order to make the action (9.127a) local. The
corresponding Jacobian is

Jn = det {(-0) [0+ (v + 1) R’} (9.131)
Under this parametrization, we obtain
1

S =5 dtd2x\/§{ui O+ (o + )R O,v+70 [0+ (v+1)R] (5g5}- (9.132)
1
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Collecting these results gives the partition function of n;,
(det fur]) det[~T — (0 + 1) F]
V/ (det 0,) (det O,)

Contributions from 7, o and h can be read off of the actions (9.127b-9.127¢) (in the h,o
sector the differential operator is a 2 x 2 matrix, whose determinant we take directly) and
give

Z, = (9.133)

z, - ! L (9.134a)
\/ det[T(0+ R)] y/det O,
Zhy = ! ! : (9.134b)
Vadet[D @+ R)] /(det O,) (det Opye)
where
Ophys = — (=N 0 =2y (O+R) [1-NO+LR]. (9.135)

9.5 Reduction to Physical Spectrum

Let us collect the results that we have derived above. The BRST partition function Zggrgt
is given by

ZBRST - \7{) \7[{ ghost Z Z Zha7 (9136)
where,
To = ! Ty =det[0(0+ R)] (9.137)
®7 (det|m))det[-O— (v + DR 7 ’ '
and
Zahoss = (det Oy) (det O,), (9.138a)
| 1
z (det |us]) det [0 — (~ D R] 7 (9.138h)
V/ (et 0,) (de )
z, - ! (9.138¢)
\/det E ( +R \/det O,
L ! . (9.1384)
\/det 00+ R)] /(det Oy) (det Opnys)
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The operators O,, Oz and Oppys take the form

Oy =02 — 2w [1-NO+ IR [O+ (v +1)R], (9.139a)
Oy =-0} —w(O+R) [0+ (v+1)FR], (9.139D)
Ophys = — (3 = N9} —2y(0+R) [(1 - N DO+ iR]. (9.139¢)

The full BRST partition function reduces to
1

Z = —_—
BRST T O

It is reassuring that the final result is gauge independent and all singular prefactors simply
cancel. This partition function counts exactly one physical degree of freedom. On the other
hand, on an off-shell background there is no reason to expect the result to reduce to a single
functional determinant, and the analysis would be more difficult.

While the preceding discussion is formally correct, some care must be taken with analytic
continuation to ensure that the path integral converges properly. Requiring that O, give rise
to a sensible dispersion relation gives u; > 0; for O, this requires that A < 1. However, both
of these operators drop out in the final BRST partition function, and the singular behavior
for O, (when A > 1) can be fixed by modifying the gauge-fixing condition (9.88). Working

(9.140)

on-shell gives us the luxury of ignoring this issue: both the operators O, and O, cancel out
in the final BRST partition function.

All that remains is the determinant of Oppys in (9.140), whose evaluation requires an
appropriate choice of contour. The coefficient of 97 in Opyys has a healthy sign for A < 1/2,
in which case the standard contour will do. For A > 1 on the other hand, when we perform
Wick rotation we must also rotate the field; this is perhaps not surprising, since a similar
rotation must be done for the scale factor in general relativity to get a well-defined Euclidean
path integral.

In momentum space, we obtain the following dispersion relation for the physical degree

of freedom: L .
— 2 2_ - D
X (k* = R) {k = )\)R} : (9.141)

Note that there are values such that the right-hand side is negative, indicating instability.
On the sphere (R > 0), at most one unstable mode can arise, namely the zero-momentum
mode which is unstable for A > 1.7 More troubling is the case where A > 1 and R < 0,
since as A\ — 17, the range of momenta with unstable dispersion will grow arbitrarily large.
Nonetheless, provided that the UV scale is much larger than R/(1 — ) this will not affect
the divergences of the theory, and so for the purposes of computing the beta function we can
ignore any instabilities in the low momentum modes.

w2:271
1

"In fact, the zero-momentum mode is always projected out when we take into account the lapse constraint.
We should note, however, that our background only satisfies the lapse constraint for a particular choice of p.
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9.6 Evaluation of the Heat Kernel and Renormalization

It remains to compute the determinant of (9.140), which we will do using zeta function
regularization. The real time quantum effective action is

[() = S(p) + A1 (p) + O(R?), (9.142)

where

(@) = %tr log {5(2)/kf} , (9.143)

and

S® = (1= \) " Opye = 92 + 27

2

A= = [ R

0 O+ —]| . 144
3 +R){ +2(1—/\)] (9.144)
Here, we have introduced a (spatial) momentum scale k., with [k.] = 3.

The zeta function ((s) for the operator S is defined in terms of the eigenvalues \,, of
S by

1 _
2

((s) =k Ai (9.145)

so that

= —('(0). (9.146)
s=0
To evaluate divergences, we will use the standard heat kernel representation

d
logdet S® = ——
ogdet S dSC(s)

ks oo 2
C(s) = F(*S)/O dr 7 Tre ™5 (9.147)
which gives us the following representation of the one-loop effective action,
1
==
1= 50
1d ks o
=_-— | dtd? dr 75 I(r;t 9.148
sl 1y [ [ arm i T, (9.145)
where
2
I(rit,x) = —i (¢, x| e ™57 |t, x). (9.149)

Our background is a product geometry R x My, so we decompose |¢,x) = |t)®|x). Expanding
|t) in Fourier modes allows us to write

dw . .
Z(r;t,x) = —i / 2—we’°Jte_Tat26_M Zay(15x) . (9.150)
7r

Here we have defined Zo(7;x) = (x|e~79|x) for any spatial differential operator O and set

V= ([@+7) {m (9.151)
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Note that the w-integral converges after Wick rotation (%VE it, = —iw). Performing the
integral over the frequency,
o° dw iwt 92 iwt . o dOj ~2 Z
o Wl TTO LW —e Y = , 9.152
[ et =i gre = e (9-152)

we obtain

1
VArT

Z(r;t,x) = Lay(15%). (9.153)

By rescaling 7 — 7/A, we obtain

I = l/dtd%ci ke /OO dr 7' I(7;t, %) (9.154)
"7 o ds|,_oAT(s) Jo T '
and )
A2
Z(r;t,x) = Ty(T; %) . (9.155)

ArT

The spatial term Zy can be evaluated by using the results of [117], which computed the
divergent contributions due to operators of the form

V=0 +VIV,V, + TV, + X. (9.156)
In our case,
D . R
VY =g“R 2 T =0 X=—". 9.157

Expanding 7y, in powers of 7 defines the Seeley-Gilkey coefficients,

Iy(r;x) = \/EZ am(X)TmT_1 : (9.158)

The logarithmic divergence comes from the m = 2 term. The computation of the Seeley-
Gilkey coefficient ay of [117] yields for T% = 0,
=2
1 1, .. 9 1 . 1, . _ —ij ’)/QR
= — (g"Vy ViV +—-(9"V;;) R— -V;;R" —2X ) = ———. (9.159
Qo 16ﬁ{16(g ])+8 j +6(9 i) j } 8 /T A2 ( )
The log divergence can be evaluated by introducing a cutoff =% for the 7-integral, which
gives

1
3

—4

d| kA (# k!
— * dr 7571 Al — finite) . 1
| T0) /0 ol s VA Og(A;ﬁ) + (finite) (9.160)

Inserting this into the expression for I'; gives the one-loop logarithmic divergence of the
effective action on our background:

~ 327 \1

3
— V2v (-2 _
Fl’log("yRQ = 2A) i (—2 — )\) logk*/dtd2x\/§R2. (9.161)
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So far, we have evaluated the one-loop effective action over two different background
geometries, both of which are described by a time-independent metric:

e The Aristotelian spacetime with a nonzero cosmological constant A # 0. This back-
ground geometry is off-shell, i.e., the background metric does not satisfy the associated
background equations of motion. The effective action was evaluated in (9.78). The
covariant expression is

Tijog(R=0) =Y, / dt d*x N\/g2A, (9.162)

where

1 2 1 1 1 /1—2)\\?
Yy = + -+ log k, + O(K* 9.163
A 167r{,/_u1 Vau (1= \)3 2ﬁ<1—A)} & (K9)  (9163)

contains gauge dependence. Although (9.163) was computed using a sharp cutoff,
the coefficient of the logarithmic divergence is universal, so we can use this result in
studying the logarithmic divergence that arose in zeta function regularization.

e A background geometry with a time-independent metric but a nonvanishing Riemann
tensor. We study the on-shell action with A set to be

1 —2

A= AR (9.164)
The effective action is given in (9.161):
Tyiog(YR = 2A) =V / dt d>x N+/gvR’, (9.165)
where 1 s
zi %G:;)Qlogk*Jro(n?). (9.166)

This result is on-shell, and therefore guaranteed to be gauge-independent.

Since Yy is gauge-dependent, we cannot use Y, by itself to extract physically meaningful
information. Our goal will be to eliminate this gauge dependence and identify a physical
quantity that can be extracted from Y.

We begin by examining the effective action evaluated on an off-shell time-independent
background. We expand to one-loop order, keeping only the logarithmic divergence:

P=S5+ T+, (9.167)
where

1 (e =i — =
== [ @tdx NG {E;E - 2K~ 1R~ 24} . (9.168)

K2
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Note that K;; = 0 for a time-independent background. From (9.162) and (9.165), we obtain

I‘ng:/dtdQXN\/_{ V- )& +2YAA} (9.169)

The effective action I' on a time-independent background can be written as
:—/dtdQXN\/_ 1= kY -y R’ —2A(1—H2YA)}+---. (9.170)

As we noted, the naive off-shell effective action (9.170) depends on our choice of gauge
parameters. In fact, as a function on the space of background metrics, the effective action
is gauge-independent, but the parametrization of field space can depend on gauge. Such
dependence can therefore be removed by a field redefinition. (For example, see [118, 116].)
In general, these field redefinitions could include curvature terms. In our case, however, for
dimensional reasons it suffices to rescale the metric. Under the rescaling,

95 = Cgij s (9.171)
we have o o - B
Vi—C\G, K;—CKy R—C'R, A—A. (9.172)
Under this rescaling, the effective action becomes
1 2 2 2 2
D= [dtdxN/G{-C 1= r2(Y YOy R =20(1 = 2V3)A [ 4. (9.173)

To extract beta functions requires specifying a normalization condition that fixes the field
. ) o i : =2
rescaling. First, let us choose the normalization condition such that the coefficient of the R
term is set to one. This fixes the field rescaling C' to be

'7
/{2

C=—=[1-r(Y =Y, (9.174)

thereby turning the effective action into

r— /dt PxN/7 {—ﬁ — (1 I{QY)Q} T (9.175)

where we have defined

=24
KA
Indeed, the gauge-dependent contribution Y, drops out altogether from this last expression.
The factor (1 — £?Y’) can be absorbed into the renormalization of Q. We are working in bare
perturbation theory, so that the physical coupling €2, is related to the bare coupling €2 by

Qpn = (1 — ?Y)Q. Then, the anomalous dimension of  is

3

dlog 1 kY L\ 2
So = — B = — (2 O(k%). 9.177
“ dlog k. 167\ 2v +O() ( )

(9.176)
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It is interesting to note that the running of €2 is independent of any field rescaling defined
in (9.171). A simple analysis is helpful for understanding this observation. Throughout
this chapter, we have taken the scaling dimensions of time and spatial coordinates to be —1
and —%, respectively. In a more fundamental picture introduced in Section 6.1, however,
we assign two independent dimensions, T to time, and L to length of space. In this latter
convention, we have

dim(x*) = T7'L?  dim(y) = T72L*,  dim(A) =712 (9.178)

Therefore,
dim(Q) = T2, (9.179)

which suggests that €2 is independent of a rescaling of spatial coordinates. Further note that
the rescaling of g;; can be absorbed completely into a rescaling of spatial coordinates. Hence
Q) should not change under the field redefinition of the spatial metric.

As we have seen in (9.177), an off-shell time-independent background provides us with
only one piece of RG information. There are, however, three couplings, x, v and A, in
the action evaluated on a time-independent background. Since we have the freedom of
choosing a normalization condition to fix the field redefinition, not all these three couplings
are independent. By an appropriate choice of the normalization condition, we can at least
separate the flow of one coupling constant. Again, we would like to adapt a normalization
condition to the spatial curvature term and extract the beta function for the cosmological
constant.

Instead of using (9.174), let us first take C' to be

C = r*[1+ K*C + O(xY)], (9.180)

thereby turning the effective action (9.173) into
_ 2 N /= 2 Y =2 9
I = /dtd xN\/g}{—[l — k(Y =Yy + Cl)}ER —2[1 =K} (Y — Cl)}A}+- . (9.181)

Note that dim(y/k?) = 1 by (9.178), which motivates us to take a simple choice of the
normalization condition by fixing «/k* to be constant at all scales. Then,

C,=Y)-Y, (9.182)

and the gauge-independent effective action becomes
—_ = ¥ =2
F:/dtdQXN\/;{—ER —2(1—/{2Y)A}—|—--- : (9.183)
In bare perturbation theory, we require that the physical couplings vpn, £pn and Apy satisfy

b T A= (1= KY)A (9.184)
Kop K
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Therefore, the beta function for v/x* vanishes, while the anomalous dimension for the cos-
mological constant is

3

_dlogAy 1 R 3\ .
= dlogk, 16#\/;(1—)\> + O(k%). (9.185)
For v > 0and A > 1 or A < %, dp is real and positive. It is interesting to note that
when \ = %, which is required for Weyl symmetry, 5 vanishes at one-loop order. When A\
approaches 1, which is required for Lorentz symmetry to be realized, the one-loop expression
for 05 blows up, reflecting the strong coupling problem of the A — 1 limit [119]. Of course, we
are still far from determining if the theory is asymptotically free. One will have to evaluate
the heat kernel for time-dependent background geometries to map out the full RG structure.

As a final comment, we note that there is no logarithmically divergent contribution to
the coupling in front of the term

/ dt d*>x N+/g R. (9.186)

This can be seen as follows. Since the UV properties are controlled by the terms with the
most derivatives, we can view A purely as a coupling constant and expand in a power series of
A. Since p does not contribute to the differential operator Opys, A is the only dimensionful
parameter that can arise in the one-loop divergence. The contribution of lowest dimension,
linear in A, has dimension two, and so cannot appear in the coefficient for R. Hence, (9.186)
cannot appear at all in the logarithmic divergence at one loop.

9.7 Discussions and Outlooks

This chapter dealt with the computation of quantum corrections in the simplest version of
critical Hotava gravity, the z = 2 projectable theory in 2 + 1 dimensions. Working in a
gauge with two free parameters, we computed the quantum effective action in two different
cases. The first was flat space with A # 0; this is an off-shell background, and we saw that
the naive result was gauge dependent. This gauge dependence is however ephemeral: the
effective action in gauge theory can be gauge-dependent, provided the gauge dependence can
be eliminated by a field redefinition.

On the other hand, for an on-shell background field an infinitesimal field redefinition
leaves the value of the action invariant (since the action is stationary under any variation),
and therefore the result (if correct) must be gauge independent. Working on the time-
independent on-shell background R x S? or R x H? with fyﬁz = 2A, we find a gauge-
independent effective action, as expected. Using this action, we are able to extract one of
the one-loop beta functions.

The main result here is therefore equation (9.185), which captures the flow of the cosmo-
logical constant A at one loop order in z = 2 Horava gravity in 2 + 1 dimensions, as defined
relative to a metric normalization such that v/k? is constant at all scales.
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We focused on the flow of this variable for several reasons, which are all rooted in the fact
that our computation is based on the effective action for on-shell, time-independent back-
grounds. Working on-shell has several advantages, notably the automatic gauge invariance
of the quantum effective action. We furthermore saw an explicit reduction of the partition
function to only the physical degree of freedom in the one-loop partition function. This
simplification can be traced to the on-shell condition. In this way, the computation of the
on-shell effective action could be reduced to the functional determinant of a single scalar
operator.

Time independence had the further virtue of allowing us to reduce our computations to
known properties of the heat kernels of higher order relativistic differential operators. And
as a background field computation, of course, this can all be done using only the divergences
in a single “vacuum bubble” diagram, without having to compute vertices explicitly.

One pays a price for working on time-independent backgrounds, however: divergences
in the effective action proportional to K;; are invisible. This means that out of the four
couplings® of the model — A, x, v and A — that played a role here, we can only determine
the flow of one. (Note that not all of these coefficients are physically meaningful. For
example, in the text we rescaled g;; to make one coupling take a value of our choosing.)

In order to compute the remaining beta functions, one must relax one of these restrictions.
The full computation can in principle be done entirely on-shell, provided we allow time-
dependent backgrounds. This approach runs into one of two possible difficulties. The first is
that of finding explicit classical backgrounds on which to work. The simplest backgrounds
are cosmological backgrounds of FLRW type, in which case Fij is pure trace. Imposing
the trace constraint reduces the number of beta functions that can be computed by one; to
obtain the complete flow of the theory would still require backgrounds on which Fij is not
pure trace.

If we accept this limitation, we run into the second complication, that in pure Hotrava
gravity such backgrounds are de Sitter-like. As a result they suffer from large contributions
to the effective action from temporal boundaries (the boundary area grows at about the
same rate as the bulk volume), which makes it difficult to distinguish the boundary and bulk
contributions to the effective action.

Even after overcoming these difficulties there remains a potentially troublesome point.
Our methods expressed the determinant in the (h, ) sector as a product,

det Opz = det(OyOpnys) = (det Oy)(det Oppys), (9.187)

after which we cancel against O, coming from the ghost sector. This requires the product
identity det(AB) = (det A)(det B), but this identity runs into difficulties in the infinite-
dimensional case. These can be surmounted straightforwardly when [A, B] = 0 (as was the
case for us), but it is more problematic when [A, B] # 0, as occurs in the time-dependent
case, and leads to ambiguities in the result. (For one discussion of this issue, see [120].)

8There is a fifth, p, but as we saw above it receives no logarithmic divergences at one loop.
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These problems point to a general need for more flexible methods to compute loop effects
in Hotava gravity. In the end, it may turn out that the only viable method is to work on
perturbative backgrounds, performing explicit expansions of the heat kernel of a matrix
differential operator.

For many purposes, the most interesting class of Hotava gravities are the non-projectable
theories, which relax the constraint V;N = 0 and allow N = N(¢,x) to depend on space.
For example, in phenomenological applications the non-projectable variant requires much
less fine tuning to be consistent with observational constraints [121, 122]. From a more
conceptual point of view, the “conformal” variants — those invariant under anisotropic Weyl
symmetry [5] — are also of considerable interest. We here briefly summarize the extension
of our methods to these models, and discuss some of the new challenges that arise.

The novelty arising in the non-projectable theory is that once N has local fluctuations,
it gives rise to a new constraint. Because the number of additional constraints equals the
number of additional fields (one in both cases) the number of propagating degrees of freedom
remains unchanged, but the details of the spectrum and the gravitational interaction are
modified.

In the computation of the one-loop effective action, the non-projectability leads to two
new features that should be handled carefully. The first is that N cannot be set to 1 by a
gauge transformation, and therefore needs to be incorporated appropriately into the gauge-
fixing conditions. The second is that the second-class constraint is non-linear, and so its
measure needs to be defined carefully. The question of whether the right approach is to
solve directly for the Dirac bracket, or to use the ghost formalism of [123], or whether there
exists a simple prescription giving the correct contributions to the path integral, we leave
for future work.

Now for the conformal case. For certain choices of parameters in the gravitational action,
an additional local symmetry arises: anisotropic Weyl invariance. This is a symmetry under
a Weyl scaling

N — Q*N N; — Q?N; gij — gij (9.188)

where Q0 = Q(t,x) is an arbitrary function. In this case, at the classical level the second-class
constraint of N is replaced by a first-class constraint, which eliminates the scalar degree of
freedom entirely. The question of whether this symmetry can survive at the quantum level is
of considerable interest, particularly in 2+ 1 dimensions, where conformal Hotava gravity has
no propagating degrees of freedom and therefore provides a useful analog of three dimensional
Einstein gravity, with its importance in addressing the conceptual issues of quantum gravity.

In some ways, the conformal case bears similarities to the projectable theory, in that we
can gauge fix N = 1 if we like. On the other hand, to answer questions about the preservation
of conformal symmetry, it is important to choose a gauge-fixing condition that is invariant
under background Weyl transformations.? In particular, if we want to study whether Weyl
symmetry is anomalous, we should not gauge-fix N = 1, and instead work in a more general
background gauge. This requires us to modify the gauge-fixing conditions.

9This is analogous to the situation in relativistic Weyl gravity in 3 + 1 dimensions, see [124].
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One important difference in the conformal case is that to preserve background Weyl
symmetry, the gauge fixing must respect z = 2 scaling. The type of gauge fixing used here
and in [111] makes this possible. It is this consideration that initially led us to the gauge-
fixing used earlier in the chapter. We note that background Weyl invariance requires some
new features in the gauge-fixing condition, in particular in that N and n must be included
to construct an appropriate Weyl-invariant object.

Beyond its interest as a toy model, the study of the conformal theory is relevant to the
problem of quantum membranes [5]. The path integral for relativistic quantum membranes
is not renormalizable, putting a theory of fundamental relativistic quantum membranes out
of reach. This is reflected in the Polyakov action formalism in the non-renormalizability
of three-dimensional gravity. With z = 2 scaling, on the other hand, the Polyakov action
becomes power-counting renormalizable. In this picture, the critical membrane theory would
become conformal Hotava gravity coupled to a z = 2 non-linear sigma model. The crucial
question of whether such critical membrane theories exist, or whether a Weyl anomaly spoils
criticality, we leave to future research.



158

Chapter 10

Conclusions

In this thesis, we examine the naturalness puzzles phrased in a simple model: Relativistic
EFTs of a single scalar. We take an intriguing twist to such relativistic EF'Ts by consid-
ering nonrelativistic short-distance completions that preserve Lorentz invariance in the low
energies. In this study, we discover a series of surprises in the study of Aristotelian scalar
field theories, which leads to some new ingredients for some of those long-standing puzzles
of naturalness.

In the context of spontaneous symmetry breaking, we study Aristotelian linear and non-
linear sigma models and classify nonrelativsitic NG modes. We find that the constant shift
symmetry is extended to polynomial shift symmetries, which protects the technical natural-
ness of NG modes with a higher-order dispersion. This discovery leads to a generalization of
the relativistic CHMW theorem to multicritical cases in lower critical dimension. By break-
ing the polynomial shift symmetries in a hierarchy, we find novel cascading phenomena with
large hierarchies between the scales at which the values of z change, leading to an evasion of
the “no-go” consequences of the relativistic CHMW theorem.

With potential applications to naturalness puzzles in mind, we continue to a case study of
a 3+1 dimensional self-interacting single-scalar field theory with linear shift symmetry around
a z = 3 Gaussian fixed point, which exhibits a nonrenormalization theorem for the speed of
light. At high energies the theory becomes strongly coupled and exhibits increasingly large
decay width and may self-complete in a mechanism reminiscent of classicalization. In the
large- NV limit, its O(N) vector extension defines a stable and conformal theory, which suggests
possible higher-spin holographic duals. It will be also fascinating to understand what role
the polynomial shift symmetries could play in the context of the AdS/CFT correspondence.

Based on this case study and taking advantages of the cascading scales of the partial
symmetry breaking, we propose a “10-20-30” model in which a high-energy cross-over to such
nonrelativistic behavior may provide a useful ingredient for a technically natural resolution
of the Higgs mass hierarchy problem: The scalar in this theory is naturally light! Introducing
Yukawa couplings to fermions in this 10-20-30 scenario, the masses of all Standard Model
fermions can be Dirac in a technically natural way. Such self-interacting scalar field theories
also represent a new nonrelativistic variation on the models of inflation.
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After establishing the polynomial shift symmetry in the continuum theory, we discretize
this symmetry on a periodic lattice, aiming for potential applications in condensed matter
systems. We then generalize the EFT classification of the electron-phonon interactions in
metals by replacing the acoustic phonons by multicritical phonons with a higher dispersion,
protected by these new discrete symmetries. By calculating the resistivity of the metal as a
function of temperature 7" in the Bloch-Boltzmann transport theory, we find that the system
of z = 3 multicritical phonons, which cascades to conventional z = 1 phonons in low energies,
gives resistivity linear in 7" (with a T'logT" correction) in 3 + 1 dimensions. This provides
new insights into the study of strange metals and probably the high-T, superconductivity.

The classification of lowest-dimensional operators invariant under the polynomial shift
symmetry of degree P is an intricate cohomological question in the sense of the coset con-
struction. However, in a novel graph-theoretical representation that we develop, the struc-
ture of such invariants reveals its elegancy: In the P = 1 case (essentially Galileons), they
are interpreted as an equal-weight sum over all labeled trees with fixed vertices; higher P-
invariants are constructed from superposing graphs that represent invariants of lower P’s.
Some special cases of such new higher P-invariants are connected to the study of the soft
limits in EFTs.

To illustrate the naturalness of NG modes with higher-order dispersion relations, we used
intensively Aristotelian O(N) nonlinear sigma model. The study of Aristotelian NLSMs is
interesting on its own from both the formal side and condensed matter physics. We apply
the techniques picked up along our studies of Aristotelian scalar field theories to the 2 4+ 1
dimensional O(N) NLSM at a z = 2 Lifshitz fixed point and obtain its full one-loop beta-
functions. In the large-N limit, we solve this theory to all loops by summing over cactus
diagrams recursively. This calculation can be viewed as a first step towards the generalization
to the Aristotelian case of the landmark calculation by Friedan of the one-loop beta function
for a 1 + 1 dimensional relativistic NLSM; such generalization may form a useful building
block of a nonrelativistic M-theory. On the other hand, the Aristotelian O(N) NLSM may
provide new features to critical phenomena. Moreover, turning on Wess-Zumino terms in
such Aristotelian NLSMs may also introduce interesting twists to the study of topological
insulators.

Another motivation for our systematic study of scalar field theories with Aristotelian
symmetry comes from the attempt to understand the quantum behaviors of Horava gravity.
Mapping out the quantum structure of nonrelativistic gravity theories and investigating the
role of naturalness in the context of gravity remain an outstanding challenge, which could
benefit the study of AdS/CFT correspondence for nonrelativistic systems, as well as our un-
derstanding of the phase structure revealed in the Causal Dynamical Triangulation approach
in quantum gravity. A prototype example is the 2+ 1 dimensional Hofava gravity at a z = 2
Lifshitz fixed point, which is also potentially useful as a worldvolume theory for describing
membranes at quantum criticality. We study quantum corrections to projectable Horava
gravity with z = 2 scaling in 2 4+ 1 dimensions. Using the background field method, we uti-
lize a non-singular gauge to compute the anomalous dimension of the cosmological constant
at one loop, in a normalization adapted to the spatial curvature term. It will be interesting
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to generalize this calculation to nonprojectable cases, which could be important for both
formal and phenomenological reasons. Despite of these efforts, nonrelativistic naturalness
in Aristotelian QFTs beyond single scalars and its implications to important naturalness
puzzles, such as the cosmological constant problem, remains largely mysterious and deserves
future exploration.
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Appendix A

Scattering Amplitudes in Aristotelian Spacetime

In this appendix, we study the decay rates and the scattering cross-sections in the Aristotelian
spacetime. We will revert to the more fundamental picture where space and time are a priori
unrelated, and will keep track of the double dimensions dim( ) (introduced in Chapter 6) of
all quantities throughout.

A.1 Decay Rates

The derivation of the decay rates follows closely the derivation in the relativistic case, which
we review as follows. We enclose the system in a cubic box with volume V; finite time length
T. We work in general 3 + 1 dimensions. Mode expansion of the real field ®(¢, x):

1 1 . ,
_ —i(wr—k-x) i(wkt—k-x)
2t %) = §k: o {ake Kk gf il } (A.1)
Commutation relation:
a1, al] = Gy (A.2)

To compute the decay rate of a particle with frequency wy and momentum k in the Aris-
totelian spacetime, we need to compute the transition amplitude for the process k — {k;} =

ky,---,k, (frequencies are wi, {ws} = {wk,, -+ ,wk, }):
1 1 :
A== 3 /dtd3x (M) ({k; Yl -~ al. ay]k)
? g/ (2w) [T, (2wy)

X exp {i(wk—wa)t—i<k—;kf> .X}

f

— iM 0w — > wr)d® (k- . .
VE T L2 i3 er) 0 =) o
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Here M is the amplitude, M = M(k — {ky}). Note that within the finite Aristotelian
spacetime with 4-volume VT, we have

{(2@45(% - wa> 5 (k -y kfﬂ T (27r)45<wk - wa> 5® <k -y kf>VT,

and the differential decay width is given by the product of the transition rate |A|?/T and
the number of the final states:

AP 37 VK
dr = = 11 @ (A.4)

Hence, the differential decay width in the Aristotelian spacetime is

dr = 23;1( (H (d;;f; Qik) Mk = {keDIE(m)"8 (o — ;wf)w (k- ;kf). (A.5)

f

Since it gives the probability of decay per unit time, its dimension is dim(I") = 1/7.

A.2 Example: Self-decay in 2 + 1 Dimensions

The calculation for the imaginary part of the sunset diagram to obtain the decay rate in
the 9% theory is quite involved and it is difficult to have analytical control on it. (It is,
however, not difficult to use standard method to estimate the decay width in high energies,
and the result is given in (6.42).) To illustrate the structure of the self-decay rate more
explicitly, let us consider the following simpler theory in 2 4+ 1 dimensions, in which the
decay rate can be computed analytically:

S = % / dt d*x {¢2 — (aiajgz))z — 0;0 0;0 — m*¢* — X305 0;¢) a,ap} . (A.6)

This action describes a renormalizable QFT, due to its underlying linear shift symmetry. We
have turned on the gap term that breaks the linear shift symmetry in the softest way. The
As-term breaks the reflection symmetry ¢ — —¢. Up to total derivatives, the interaction
with a A3 coupling can be written as

/dtdgx&-gb@jgb@i@jgb: %/dtdi‘xeijeu@iqﬁ@j(gbﬁkc‘)@. (A7)

It is convenient to write the Feynman propagator as

1

w? — (wy — 1€)?’
where wi = k* 4+ ?k* + m? > 0 for a positive m?. The 3-vertex is

—ixs{(k-p)k-q)+(p-q9)(p-k)+ (a-k)(q-p)}. (A.9)



APPENDIX A. SCATTERING AMPLITUDES IN ARISTOTELIAN SPACETIME 163

Applying the conservation law of momenta, q = —k — p, we obtain
—ixg {k°p" — (k- p)*} = —iXs[kp]?, (A.10)

where [kp] = ¢;;k'p’.
Consider the one-loop correction to the propagator,

7, P
e" " =M, (A.11)
n+w,p+k
where
2 .2 _ .A k 2 2
iM—l/@dz j{@ﬂﬂ} ___ (A.12)
2) 27 (2m)? [? — (wp — i€)?] [(n + w)? — (wpix — i€)?]

We impose the positive energy condition that w > 0. We are interested in the imaginary
part of M, which is associated with the decay width. We start with performing the integral
over 7 along the real axis. We take the analytic continuation of n to the complex plane. The
integrand has two poles in the upper half complex plane, namely,

N = —Wp + 1€, —W — Wpyk T I€. (A.13)

We complete the integration contour by including a semicircle that encloses the upper half
plane. By Cauchy’s theorem, we obtain

N[ dp kp)*
4 ) (2m)? wpwpik(w — wp + Wpik)
x Yotk i “p L (A.14)
W—Wp — Wptk + 216 W+ wp + Wpik — 2i€

By the Sokhotski-Plemelj theorem,

T =+ ie T

L _ P (1) T ind(x), (A.15)

we obtain

ImM — _7r/\§ / d2p2 [kp]4wp5(w + wWp + Wptk) — Wptk6 (W — Wp — Wptk) |
4 (27T) prp+k<w — Wp —+ Wp-l—k)

Because w > 0, we obtain

2 2 4
ImM = s / (d p_[kp| Iw — wp — Wpk), (A.16)
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which can be rewritten as

A2 [dn d*p
I —_3 /=2
mM==7 | oy

(kp)!(~2r0)0(E0)0(E? — w3)(~2mi)0(E2)0(E3 — i), (A7)

where F} = —n and Fy = n+w, the exactly the energies of the two outgoing on-shell particles.
The expression (A.17) is expected from the usually optical theorem: The imaginary part of
the one-loop diagram is equal to the square of the absolute value of the amplitude into two
particles.

Next, we would like to evaluate (A.16) and calculate the decay width. Let us start with
writing p as

p=—-uk—q, k-q=0. (A.18)
Therefore,
w=Vk*+ c2k2 + m2, (A.19)
wp = /(2K + )2 + AWk + @) + m?, (A.20)
cipiic =y [(1 =02k + 7] + 2 [(1 = w22 447 + 2 (A21)

We denote ¢ = |q|. Note that when v > 1 or u < 0, wp+wp+k > w, violating the conservation
law of energy, w = wp + wptk, imposed by the Dirac delta in (A.16). Therefore, we can at
least restrict the integration range over u to 0 < u < 1. Then, (A.16) can be further rewritten
as

)\2k5 1 q4
ImM = 3—/ du : (A.22)
321 Jo WpWp+k (aqu + aqu+k) 9=qo
where qq is the real solution of ¢ such that the conservation law of energy holds, i.e.,
W — Wwp — wp+k‘qzq0 = 0. (A.23)

For the value of u at which there is no real solution for ¢, the integrand in (A.22) is understood
to be set to zero.
At high energies, ¢> > ¢? and ¢* > m?, we obtain the asymptotic behavior

A >

In this high momentum limit, wy ~ k2, and the total decay width is

1 A2
= T = 3 p2 kY. A2
o mM 1094 + O(k") (A.25)

At low momentum, the behavior is more complicated. When k* < 4m?, the integral
(A.22) is exactly zero, since there is no real solution ¢o, and the decay width is zero; therefore,
the particle is absolutely stable at momentum with £* < 4m?. At k* = 4m?, there is a unique
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solution ¢g = 0 if and only if u = %; when k* > 4m?, the integral in (A.22) yields nonzero
value.

In the limit m — 0, the imaginary part of M is nonzero for any k£ > 0 (and for any u
with 0 < u < 1). In the low momentum limit, k¥ < ¢, we have

3v/3 \2

In this low energy limit with m set to 0, wyx ~ ck, and the total decay width is
_ 3v3%
448077
At k = 0, the particle is absolutely stable.

r

K+ O(kS). (A.27)

A.3 Cross-sections

The scattering cross-section can be straightforwardly written down as follows,

do ! <Hdkf ! )‘M(k17k2—>{kf}>‘2

- 2wy, 2w, |1 — V2 ; (2m)3 2w,
x (2w)45(w -3 wf) 5@ (k - kf>. (A.28)
f f

Here k; and ks, denote the incoming momenta and {k;} denotes the outgoing momenta. We
have defined the “longitudinal velocities,” v; and v, with

v; = E“Z7 i=1,2, (A.29)

with ky is the component of k; that is parallel to the direction of the total incoming momen-
tum k; + ko. Just as in the relativistic case, the cross-section is of dimension [o] = L.
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Appendix B

Evaluation of The Sunset Diagram

In this appendix, we evaluate the following “sunset diagram” defined in Chapter 6 (refer to
(6.38)),

1, P
N 1 / dpdv d’p d’q i*(—iA[kpq])
w, k\;(q/ w k31 ) 2127 (2m)3 (2m)3 (% — w2) (V2 — W)W+ +v)? —wi g

(B.1)
Performing the Wick rotation by taking n — i, v — iv and w — 1w, the sunset diagram in

(B.1) becomes
N =i\, (B.2)

w,k\\/w,k o

where

3 3 4
o 1 /dnd_v d’p d’q [kpq] (B.3)

== [ — .
3V ) 2m2m (27)3 (27)3 (% + wi) (V2 + W2)[(w +n+v)? + wﬁ+p+q]
We will henceforth stick to this imaginary time convention throughout the discussion in this

appendix. It is convenient to define k = k|, p = |p|, ¢ = |q| and K = |K].
Relevant couplings in the dispersion relation wy provide an IR regulator. Most generically,

wp = CGk® + Gk + Pk +m? (B.4)
The integral < is finite in the IR as long as at least one of the IR-regulating terms, (s, ¢, or
Co, is turned on. It is sufficient to show that (B.3) is IR finite if ¢ and (o are zero but (3 is
nonzero, such that
wie = K (k* + ). (B.5)
Let us examine the integral (B.3) at zero frequency, w = 0. Apply (B.20) to perform the
integrals over the frequencies in (B.3), we obtain

o / &*p d*q  [kpq]! 1
(

n 27)3 (27)3 dwp Wq Wkt K Wp + Wq + WkiK
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/ &Pp d®q  [kpq]! 1

(2m)? (27)? 4 wp Wq Witk 24/Wp Wq

1/ ’p d’q [kp(k + K)][k(k + K)q][kpq]*
: .

< -
8 (2m)? (2m)3 PP’k + KJ?

(B.6)

It is understood that the integrals over p and q are cut off appropriated in the UV. To show
that & is convergent in the IR, it is sufficient to show that the integrand in the second line
in (B.6) is nonsingular:

[kp(k + K)[[k(k + K)q]lkpq]® _
SOk T KD <k (B.7)

This proves that $/k* is finite with the choice of wy in (B.5). A similar proof shows that the
integral is IR finite if (5, ¢ and m are set to zero but the external frequency w is nonzero.
The integral & has a superficial quadratically UV divergent. We would like to study the
behavior of & around the fiducial point in the imaginary time, w? = M and £* = 0. One
can take a first look at the UV divergences by expanding the integral in a Taylor series in
k2
S(w? k) = S + 1% + Sk + Sgk0 4 - (B.8)

where @ = w/(3. By inspection, we see that Jy and &y vanish identically. The first non-zero
coefficients are &9 and 3, which can be expected to be quadratically and logarithmically
divergent with the spatial momentum cutoff, respectively. All the higher-order terms denoted
by “--” will be finite.

Since we are setting the renormalization condition around w? = M?® # 0, for practical
purposes, we will treat w? as an IR regulator and set (7, ¢ and m? to zero. Under the change
of variables,

n — G, v — (53U, (B.9)
(B.3) can be written as

&= L/d_n@ d’p d’q kpq]* ‘
31G3 J 2w 2m (2m)® (27)3 (2 + p8) (V2 + ¢O)[(@ + 1+ v)? + [k + p + q]

(B.10)

For simplicity, we will set (3 to 1 in the following calculation. The dependence on (3 can
be easily recovered in the final results. Let us define K = p+ q and X = p x q. Expanding

with respective to the smallness of k%/w? in ¥, we obtain the expression of ¥y and 3 in

(B.8):

%= o [l Po (< X)! 611
6k* J 2m 2m (2m)3 (2m) (2 + %) (2 + ¢°) [(w +n + )2 + KO] '

o« 1 fdndv &p d’q (k-X)*

%_iﬁ/ﬂﬁﬂhﬁ@ﬂﬂw+ﬁmﬁ+@
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{ 12(k - K)2K® 4k -K)?K? + k2K* }
(w+n+v)?2+ KPP [(wH+n+v)2+ K52 [~

(B.12)

In order to evaluate these divergent terms 3y and 3, we first choose our cutoff prescription.
We will start with applying a sharp cutoff A on the spatial momenta carried by internal legs
in the sunset diagram, restricting the range of integration in (B.3) to be

—o<nr<oo, 0<pqgK<A. (B.13)

Later in Appendix B.3, we will investigate the application of the Pauli-Villars regularization
to (B.3).

B.1 The k* Counterterm

First we evaluate Sy, the divergent coefficient of the k? term in (B.8). The following identity
is useful for reducing the index structure:

/ PpdPq X' XX X F(p,q, K) = 1—15(5”“ / Ppd*qX'F(p,q,K), (B.14)
where F(p, q, K) is an arbitrary function of p, ¢ and K, and
IR = GG 4 g 4 575" (B.15)
Applying (B.14) to (B.11) yields

1 /dndu d*p d*q X4
30/ 2m2m (2m)3 (2m)3 (2 + p8) (V2 + ¢f) [(w+n+v)?2+ K]

P

(B.16)

Next, we derive some useful integrals for performing the n and v integrals on (B.16).
Define

o 1
— !
J(w,z,y) = /OO dw O (T IL (B.17)
where w, z and y are real numbers and z,y > 0. We further take the analytical continuation
of w' in (B.17) to the complex plane. The integrand has two poles in the upper half plane,
namely:

W =dx, —w + iy, (B.18)

We complete the integration contour by including a semicircle that encloses the upper half
plane. By Cauchy’s theorem, we obtain

. 1 1
T, 2,p) = 2m { @ia)(w + i) + 9] | [l w)? + *](2iy) }

s 1 1
Cwti(r —y) {x[w+i($+y)] +Z/[W_i(37+y)]}



APPENDIX B. EVALUATION OF THE SUNSET DIAGRAM 169

m(x +y)

= . B.19
wy? + (2 + )] (1)
Applying (B.19) recursively, we obtain (assuming x,y, z > 0)
I( ) /dn dv 1
w, Yy, 2) = | ——
rend 2 2 (7 + 22) (" + 9)[(w +n + )’ + 27
_/d_ﬁij(wﬂ%y&)
) 2m2m n4a?
B / dn y+z
2m 2yz(n* + 2°)[(w + n)* + (y + 2)°]
y+z
= J
4:7TyZ (w,l’,y_FZ)
rT+y+=z
= ) B.20
dryzw? + (x +y + 2)?] ( )
Applying (B.20) to (B.16), we obtain
N 1 Bp dq X P4 P+ K3
N2 = 750 3 33,313 [ )2 34 3 3\2]° (B.21)
120 P @R PP R+ P+ ¢ + KOV
It is useful to further rewrite (B.21) as
o 1 / dp d*q X* 1
Sy = —
27120 ) (2n)3 (20)3 P3PKE P+ @B + K3
1 dp d*q X* w?
120 ) (2m)® 2m)3 pPP KPP w? + (p* + ¢ + K°?)?
== %072 + ﬁnite, (B22)
where . B B i .
S = L B.23
Y027 1o / (27)? (27)3 PPPK3 PP + @b + P (B.23)

is power-counting quadratically divergent in A. Note that the integral over q is convergent in
the UV, we will thus extend the domain for q to ¢ € [0,00). Applying the following change
of variable in (B.23),

q
X = =, B.24
p (B.24)
we obtain
1 dp in*) 1
So2 S —/ p3 X3 xsil?) — = %02 4A2, (B.25)
120/ (27)® (27)° pK° 1+ 23+ K 120(2m)
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where K = /14 22 + 2z cosd and @ is the angle between p and q. Furthermore,

00 s 3 o 56)
Coo = / dv / &y ——— (B.26)
0 0 K (1+x3+K)

Numerical evaluation yields €9 ~ 0.254. Hence,

o2 = BA? + finite, (B.27)

where B is a positive real number and

5< G
~ 192074

The precise value for B largely depends on how one chooses the UV cutoff and does not have
a universal meaning. However, the sign of B is insensitive to the choice of cutoff.

~1.36 x 1075, (B.28)

B.2 The k5 Counterterm

Next we evaluate 33, the divergent coefficient of the £° term in (B.12). To reduce the index
structure in (B.12), in addition to the identity (B.14), we note the following identity:
/ PpdPq X' X' XX K™K "F(p, ¢, K)

1 g .
= m (761Jk25mn . 52jk€mn) /d3p d3(1X4K2F(p, q, K) , <B29)

where F(p, ¢, K) is an arbitrary function of p, ¢ and K, and
5ijk£mn = 5ijk€5mn + 5mjk€6in + 6imk€é‘jn + 5ijm€5kn + 5ijkm5€n‘ (B30)
Applying (B.14) and (B.29) to (B.12), we obtain

o 1 /dndl/ d®*p d*q XK1
PT70 ) 2m2w 2n) 20 (P 4 ) (2 + ¢)
12K6 11
X {[( - 5 } . (B.31)

w+n+v)?+ K3 [(w+n+v)?+ K9

To perform the integrals over the frequencies  and v for (B.31), we derive the following
integrals from (B.20):

L(w,z,y, 2) —/@d—y :
2w, Ty, 2) = om 21 (2 + 22) (12 + y?)[(w + 1 + V)2 + 22]2
1
E—_gll(wa‘raywz)

220z
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Wty + (@ +y+22)(r+y+2)?

5 : (B.32)
8ryz3 [w? + (z +y + 2)?]
and
I ) /dn dv 1
w,x,Y,2) = | ——
sy 27 21 (1 + w2) (2 + y)[(w + 77 + )2 + 22
10
= —galg(w,x,y,z)
3 (@4 y) w42z Y+ 2) (4 y + 22)]
16zy25[w? + (z 4+ y + 2)?] ’
r+y+2)°33x+y)?+9(x+y)z+ 822
L ety t 23 +y)” +9( m3 | (B.33)
16zyz° [w? + (z 4+ y + 2)?]
Applying (B.32) and (B.33) to (B.31), we obtain
o 1 d*p d*q X*K 12(p® + ¢* + K3)3
¥37980 ) (2n) 2n)F PGP 2 31 3 3)2]3
(2m)* (27)° pP@® | [w? + (p® + ¢® + K3)?]
PP+ KPP +2¢° + 11K P’ +q° (B.34)
K3 [wz +(p3 + 3 +K3)2]2 K6 [wz + (PP + 3+ K3)2] ' ‘

Here Q3 is a function of w and some the momentum cutoff scale A. The divergent part in
J3 is by power counting logarithmic in A. Since the sunset diagram does not contain any
divergent subdiagrams, we expect 3 to take the form,

Sy = Alog(A/|w|?) + finite, (B.35)

where A is a constant to be evaluated in the following.

First, we evaluate A by a shortcut method: We set w to zero but introduce an IR cutoff
for p such that p;z < p < A. Since the integral over q is convergent, we also extend the
integral over q to g € [0,00). Then, (B.34) is simplified to

g~ L / d’p d’q X' K°-3K’(p’+¢)— (0’ +¢) (B.36)
g = — . .
T80 ) (27)2 (21)3 PPAKT (P + ¢ + K3)3
Applying the following change of variable in (B.36):
q
c=2 B.37
» (B.37)

we obtain

__1t/d% Bx rsint 0K — 3K (1+2°%) — (1 + 2%)?2
280 ) (2n) (21 R (14-x3-+i?3>3

S
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% log (A> , (B.38)

22407 .

where 6 is the angle between p and q and K = /1 + 22 + 2z cos §. Furthermore,

3K _ K 1 3\ 1 3)\2
¢ = / dx/ do sm59— 3K +$>_3 (3—1—:{;). (B.39)
<1+x3+K>

The integral in (B.39) can be performed numerically, yielding

¢; ~ —0.24715. (B.40)
Therefore,
I3 = Alog A + finite, (B.41)
where ¢
0,3 -6
= ~—1.1 107°. B.42
224071 3> 10 (B.42)

Next, we perform the integral (B.34) for nonzero w?. We find it the most convenient to
modify the integration domain for p and q into

{(p@): 0<p*+¢* < A%} (B.43)

Rewrite (B.34) as

Ss =

" dsin® 2 K). B.44
22407T4/dpdq/0 df sin’ 0 G3(w”, p, ¢, K) (B.44)

where 6 is the angle between p and q, K = \/p? + ¢2 + 2pq cos §, and

12(p° + ¢* + K°)? PP+ ¢+ K3)(2p® + 2¢3 + 11K3
Gs(w? p,q, K) = p’’K ( ) 3—( i - )
[w2+(p3+q3+K3)2] K3 [w2+(p3+q3+K3)2]
3 3
- P te . (B.45)
K6[w? + (p* + ¢ + K3)?]

Then, we apply the following change of variables:

p = N cos, q = Nsin, (B.46)
where -
0<(<1, 0<w<<. (B.47)
Therefore,
Sy = ﬁw (A w]3), (B.48)
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where the function €(z) is given by

1 5 T -
E/ %/ dw/ df sin® § G3((x)~°, cos b, sin), K ), (B.49)
0 0 0

where K = /1 + cos@sin(2t). From the result we derived by the shortcut method in (B.41),
we expect that lim,_,[€(x)/logz] be equal to C3 defined in (B.39), due to the universality
of the logarithmic divergences. By numerical evaluation, we obtain

lim &(x)

T—r00 log €T

~ —0.24715. (B.50)

This is indeed the same numerics by evaluating €3 in (B.39). Finally, we obtain
= Alog(A/|w|%) + finite, (B.51)

with A given by (B.42). Combining this result with (B.27) and recovering the dependence
on (3, we obtain

- kO“ - M2k {aw? 1og(g3 A/lwl}) + BA® + finite } (B.52)

where

A~ —-113x10°% B <136 x107°. (B.53)

B.3 The Pauli-Villars Regularization

We would like to apply the Pauli-Villars regularization by taking the following substitution
of the propagator in (B.55):

1 1 1
— . B.54
w2—|—w12{_>w2—|—w12{ w? + wi + AS (B.54)
Then, (B.55) becomes
1 [dndv d®p d3q
g=_ [ ¥ D kpq*
31 ) 2727 (27)3 (2m)3
1 1 1 1
2hw PP Wi HAS )\ Wl v w4 AS
1 1
- (B.55)
(WHn+v)?+wiipyg WHn+v)+wi, q+A°

Taking wg = pS, wg = ¢% and wﬁ+p+q = |k + p + q|°, expanding (B.55) in a Taylor series in
k2, and reducing the index structure we obtain

%(wz, k) = %2[€4 + %3]{?6 + - <B56)
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where
%:i/@@fﬂﬁiﬂ
30 J 2727 (2m)3 (2m)3
» 1 1 1 1
n2+p6 772+p6+A6 l/2+q6 I/2+q6+A6
1 1
_ B.57

emrom - errreeTE) (o)

g, = L [dndv dp d’'q 4y

~ 70 ) 2r2n (2m)3 (2m)3

1 1 1 1
: (772+p6 - n2+p6+/\6> <V2+q6 - v2+q6+A6)

. {12K6 ([(7]+1/+clu)2+K6]3 B [(n+u+w)21+ K6 +A6]3>

1 1
o <[(”+V+W)Q+K6]2 - [(n+u+w)2+K6+A6P) } (B.57b)

Note that &9 is a convergent integral and only contribute to finite pieces. We will then focus
on 3. Applying the integrals (B.32) and (B.33), we obtain

1
224074

S5 =

/dpdq/ df sin*0 G3(w?, p, q, K, A), (B.58)
0

where 6 is the angle between p and q, K = /p? + ¢2 + 2pq cos 6, and

G3(w27p7Q7K7A) :p6q6K4 {f(p7 q, K) - f(pA>q7 K) - f(p7 qAaK) - f<p7Q7KA)

I poan )+ S (o, 0, Kn) + Foasan K) = f(onan Kn) b (B.59)
We have introduced the following definitions:
pa= (P4 AT, qu= (¢ + AT, Ky= (KS+ A% (B.60)
and
Foay) = — 13 9{ 12K6(a% 4 4 + 2%)° 3 (@3 + y*) (9K© — 1129)
r2Y°z [uﬂ + (a3 + 3 + z3)2} 276 [w2 + (a3 + 3 + 23)2]

x?)_'_ 3+23 9K6x3+3_1126x3+ 3+Z3
3 [wQ + (23 + B +23)2]
It is useful to take the following change of variables:

p=NMNcosy, q=NAsiny, (B.62)
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where .
0 </l < o0, 0<¢<§. (B.63)
Then,
1 - 1
where

- <dl [ T ~
C(x) E/ 7/2 dw/ df sin® 0 G5 ((x0)~°, cos ¢, sinep, K, (7). (B.65)
0 0 0
Here, K= \/ 1 + cos6sin(2¢). Numerical evaluation yields

lim E(m)

T—r00 log €T

~ —0.24715. (B.66)

As expected, this is the same as (B.50).
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Appendix C

Useful Formulas in Horava Gravity

In this appendix, we prove a number of formulas which are useful in expanding out the action
of Horava gravity around curved space, in order to facilitate the derivations in Chapter 9.
The identities are understood to hold under integration and thus we set all total derivatives
to zero. Finally, we take the background to have constant curvature R.

Recall that we decompose the spatial metric fluctuation as

L, _
where h = g h;; and g% H;; = 0. Furthermore, we decompose H;; as

_ __ — 1
H;; = Hi# +Vin; +Vn + (Vivj — 5@-[!) o, (C.2)

J

where g H;; = 0, ijZ-# = 0and V' = 0. In two dimensions, we set H; to zero and

;= Eijvjn for some scalar 7.
Identity 1. OV,;® =V, (i“‘ g)q), where ® 1s a scalar.
Identity 2. V H;; = £,V (O+ R)n+ 1V:(0 + R)o.

This identity is derived below:
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Identity 3. viijij = %E(ﬁ + R)o. This follows immediately from Identity 2.

Identity 4. ﬁﬁ”vicp = 5(54— %)né, where ® is a scalar and n is a non-negative integer.

In practice, we will only need this identity up to n = 2. However, it is not much more
difficult to prove it in general via induction using Identity 1.

Identity 5. Hijviinkajk = n0n+ 1600, where © = DO+ R)>(T+ £)". This follows
directly from Identities 2 and 4.

Identity 6. For vectors ®; and @,

o, V,0"'V'é = ¢,(0+ 2)V,0'V'é + R(&,V'OV'd, - @Zvii"v%pj), (C.4a)
o, v'0"'V'e, = 0,0+ B VO'V'P, + R(®,V,0Vd - o,VI'VE,). (Cdb)
From (C.4) we obtain
o, (g7V, 0V + VOV,
_ o0+ IR @0+ V), - RS 0,0+ R VTVE, (C)
m=0

Identity 7. Applying Identity 6 on the vectors n; = aﬁjn and Vo yields

VO 4+ VOV = nm(mR)( +2R)™, (C.6a)

oV, VOV Ve - L0 (C.6b)

N)I»—A
ﬁl
g|
[E]
+
[\]
E
3

Q

Identity 8. H;O 'HY = 2nOn + 1000, where © = 00 + R)(O + 2R)". This follows
directly from Identity 7.
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Appendix D

Jacobians in Path Integrals

Here, as an appendix to Chapter 9, we review the computation of a partition function under
the change of variables ® = F'W, for some linear differential operator F' that is often, but
not always, local. The path integral for ® is defined with respect to a measure on the space
of field configurations, which in the background field method we take to be covariant with
respect to background diffeomorphisms. It is natural to define the measure in terms of a
metric G on this space. For example, if ®; has a spatial index, the inner product of two
infinitesimal variations 6®™) and §®® takes the form

Go(60W 502)) = (501 502y = / dt d*x\/5 576050 . (D.1)
The path integral can schematically be written!
/ d®+/det Gg €% . (D.2)

The metric is not covariant under a change of variables; instead, the measure transforms as

d®+/det Gp = dW+/det Gy +/det Op, (D.3)

where
Op =Gy F'G,F. (D.4)

The operator O is computed by setting

The Jacobian is then expressed as Jr = v/det Op.
As an example, let us consider the Jacobian for the transformation
;= Vip+2,V 6. (D.6)

!More correctly, G should be taken as the metric induced from the canonical path integral by integrating
out canonical momenta. This gives Gg in terms of the path integral kinetic term.
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The natural metric for ®; is the one given above, while that for ¢ and 5 is
(6W, 663)) 4 = / dt d*x/g 56N 5@, (D.7a)
6V 56 - = [ dt d®x+/g5¢WV 652, .
3o, 5615 dt d? SN2 D.7b

In the text we are primarily interested in the case where g is time-independent and whose
spatial slice is a symmetric space. Then

(6D, 6B) = (00, —TI00), + (90, —160) ;. (D.8)
Therefore,
—(1 0
and
J = +/det Op = det(—0) . (D.10)

For another example, let us conside the Jacobian for the transformation defined in (C.2),

iy = (595" + 29,5 )0 + (7.9, - %gi 0)o. (D.11)

J

Note that H;; is traceless. A natural metric on the space of traceless tensors is
(0HM  §HP)) = / dt d*x+/q5H g g S H, . (D.12)
For the scalar modes 1 and o we define
(onM, 0@, :/dt d*x+/gonWen@, (D.13a)
(60D, 55, :/dt d*x+/G oM. (D.13b)
Then, applying Identity 8, we obtain
(0H,0H)y = (60,20 (O + R) 6n), + (d0, 30 (O + R) do),. (D.14)

(In general there is an 7-0 cross-term involving V;R, but this vanishes on the backgrounds
used in Chapter 9.) Therefore, the associated Jacobian is

Ty = det [ﬁ @ +ﬁ)] (D.15)
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