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Abstract

In the first part of this thesis, we will study free fermions as models for topological insulators, on gravitational
backgrounds which include both torsion and curvature, in d =241 and d = 4 + 1 dimensions. We compute
the parity-odd effective actions for these systems, and use these effective actions to deduce the structure of
anomalies (in particular, the torsional contributions) in the edge states which live on the boundary between
two different bulk phases. We also give intrinsic, microscopic derivations of these torsional anomalies by
considering Hamiltonian spectral flow for edge states in the presence of torsion. All of these calculations
fit perfectly within the well-known framework of anomaly inflow, and extend the framework to include
torsional contributions. Furthermore, our condensed-matter-inspired setup provides natural resolutions to

some previously ill-understood ultraviolet divergences in intrinsic edge calculations of torsional anomalies.

In the second part of this thesis, we consider the Bosonic and Fermionic U(N) vector models close to their
free fixed points, with single-trace deformations turned on. We derive the higher-spin holographic duals
corresponding to these vector models by first formulating these theories in terms of the geometry of infinite
jet bundles, and then interpreting the renormalization group equations for single-trace deformations as
Hamilton’s equations of motion on a one-higher dimensional emergent spacetime. We evaluate the resulting
bulk on-shell action explicitly, and show that it reproduces all the correlation functions of the vector models.
Furthermore, we show that the linearized bulk equations of motion contain the Fronsdal equations of motion
on Anti-de Sitter space, thus proving equivalence with Vasiliev higher-spin theories to linearized order. The
bulk theory we derive is consistent with the known AdS/CFT framework, and gives a concrete boundary to

bulk implementation of AdS/CFT as a geometrization of the renormalization group.
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Part 1

Torsion, Parity-odd response and

Anomalies



Chapter 1

Introduction

Quantum field theory anomalies imply that symmetries that were present in the classical Lagrangian are
broken due to quantum effects. While at one time they might have been thought of as a sickness of certain field
theories, anomalies lie at the heart of some of the most fundamental physical phenomena in real materials.
The canonical example is the integer quantum Hall effect (IQHE) where a 2+41-dimensional electron gas in
a large, uniform magnetic field exhibits a Hall conductance which is quantized in units of e?/h when the
chemical potential lies in a Landau level gap (and has been measured to be quantized up to 10 significant
digits). The precise quantization arises from the connection between the Hall conductance and a topological
invariant of 2+1-d electron systems called the first Chern number C;. Since C; is a topological quantity
which is determined by the ground state, it is not affected when the system is perturbed continuously, and
is insensitive to the microscopic details of the sample as long as the bulk energy-gap is not destroyed. Thus,
response coeflicients which are determined by topological invariants are the most universal features of gapped

systems.

For all understood topological response coeflicients there is a complementary way to view the quantization
by studying the properties of the gapless, fermionic modes that lie on the boundary of the system. There
is a deep connection between topological transport in the bulk of a gapped material (say in 2+1-d) and
field theory anomalies that are present for the (say 141-d) gapless boundary states[l, 2]. The connection
between anomalous currents, topology, and index theorems underlies some of the most beautiful transport
phenomena that have been predicted, and in some cases observed in real materials. For the IQHE this
bulk-boundary correspondence connects the bulk Hall transport to the spectral flow of the boundary chiral
modes due to the chiral anomaly. The edge anomaly provides a complementary picture of the origin of the
Hall conductance quantization which is commonly known as Laughlin’s gauge argument (though it was not

originally written in terms of anomalies)|[3].

While most anomalies connected with charge and spin currents are well understood, the anomalous thermal,



Figure 1.1: Fluid mechanics illustration of the viscous forces. A counter-clockwise rotating solid cylinder
immersed in 2d liquid droplet with (a) non-zero shear viscosity (b) non-zero dissipationless viscosity. Note
that the resulting forces (arrows outside cylinder) are tangent and perpendicular to the cylinder motion
(arrows inside cylinder) respectively. The shear viscosity impedes the cylinder while the dissipationless
viscosity pushes fluid toward or away from the cylinder depending on the rotation direction.

and visco-elastic responses (VE) are not. The thermal and VE responses lie at the intersection between
geometry, topology, and quantum field theory as they are usually represented as topological phenomena
associated to geometric deformations of a field theory. One example of such a novel effect is a dissipationless,
electronic viscosity response in the 2+1-d topological Chern insulator with broken time-reversal symmetry[4,
5, 6]. While the ordinary shear viscosity generates a frictional force tangent to fluid motion, the dissipationless
viscosity produces a perpendicular force (see Figure 1.1)[4, 7]. This viscosity is not clearly understood
except in some special cases including the integer and fractional QHE with rotation[8, 9] and translation
invariance[10], and chiral superconductors[11]. However, all of these models share the feature that they
are Galilean invariant, and in relativistic systems, or lattice models with broken continuous translation
symmetry, it is not clear if the topological viscosity is quantized, or even well-defined (for the lattice case)[6].
This is unusual as one would naively expect that it should be quantized like all of the other examples of
topological response coefficients, such as the quantized Hall conductance (which is simultaneously present in

the 241-d Chern insulator phase)[12].

In part I of this thesis, we will address these issues by constructing an explicit bulk-boundary correspondence
ind= 241 and d = 4+ 1 relativistic systems, which allows us to understand the anomaly mechanism associ-
ated to the topological viscosity. The interplay of the topological response with the geometric deformations of
the system makes this problem more subtle than previous known examples of topological responses, because,
while topology does not care about the details of a shape, geometry does. The model we will focus on for
most of this work is the massive Dirac model. This model represents the low-energy physics of topological

insulators in various dimensions, and with various symmetries[13]. This model responds quite differently to



geometric perturbations than typical non-relativistic electrons (i.e. systems with small spin-orbit coupling).
To illustrate the underlying premise, we first note that conventional non-relativistic electrons in a crystal are
described by the Schrodinger equation at low-energy, and are only elastically influenced by the stretching of
bonds that is captured by the strain tensor[14]. However, spin-orbit coupled electrons described, for example,
by the Dirac equation at low-energy, are also aware of the local orbital orientation, which is not contained
in the strain tensor. Instead the Dirac model couples to geometric perturbations via a local “frame field”
that we will introduce below. This additional sensitivity generates physical responses to shearing, twisting,
and compressing/stretching that are not found in weakly spin-orbit coupled systems. These phenomena are
the focus of our work and are connected with the idea of geometric torsion as we will discuss. The work

presented in part I will draw heavily from [15, 16].

In this chapter, we will introduce the basic background material required to understand the details of these
calculations, which will be presented in subsequent chapters. In section 1.1, we introduce some basic concepts
of geometry and elasticity, with a special emphasis on torsion, from a condensed matter perspective that are
relevant to our later discussions. We will follow this up with a more mathematically precise description in
section 1.2, from the point of view of general relativity and high energy physics. Finally, in section 1.3, we
introduce some basic aspects of fermions in the presence of background gauge and gravitational fields, again
focussing on the role of torsion — we will then be ready to delve into detailed calculations of viscoelastic

response and anomaly inflow for the model at hand.

1.1 Informal Preliminaries

Before we move on to a more precise description with which high-energy theorists will be more comfortable,
we try to informally introduce the necessary background material for a condensed-matter audience using
the language of elasticity theory. Conventional elasticity theory is one of the foundational underpinnings of
solid state physics as it contains within it the physics of the lattice structure, including, for example, phonon
fluctuations away from the ordered reference state. At a given time, one characterizes an elastic medium via
a displacement field u(z,,) which gives the vector displacement of a lattice site n, away from the position x,,
of a given reference state (note that we will take the continuum limit where n becomes a continuous label
and thus xz,, becomes a continuous coordinate yielding a field u(z)) . If every lattice point is displaced by
the same amount then the crystal has just been globally translated and does not feel any internal stress.

However, if the displacements of lattice sites are not identical, the material will respond by generating a
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Figure 1.2: (a) Reference state (hollow circles) and displaced state (solid circles) for an elastic medium.
Displacement vectors for each site n are denoted by u(x,). Zoom-in shows frame field vectors e, es in the
reference state (aligned to crystal x,y-axes) and the displaced state (rotated with respect to crystal axes).
(b) Edge dislocation representing the fundamental torsion lattice defect. An electron traveling the thick line
surrounding the dislocation will be translated with respect to the same path in the reference state that does
not enclose a dislocation. The Burgers vector is in the y-direction. (c¢) Disclination represented by a single
triangular plaquette in a square lattice crystal. Gives rise to curvature i.e. objects that travel around a
disclination are rotated with respect to the reference-state path.

stress (momentum-current density)

T = A%y + %y, ure = 1/2(0rue + Opuy) (1.1)

where repeated indices are always summed, 7% is the stress tensor (momentum current density), A*/** is the
elasticity tensor which relates stress to the strain us, (i.e. a generalization of Hooke’s law) and n*/** is the
viscosity tensor relating stress to the strain rate/velocity gradient uye (i.e. a velocity dependent frictional

force). See Figure 1.2 (a) for an illustration of a lattice elastic medium and a displacement field.

A non-zero strain tensor indicates that the (spatial) geometry of the elastic medium has been distorted.
The geometric characterization of the lattice is contained in the metric tensor which determines the distance
between lattice points. In the ordered reference state shown in Figure 1.2 (a) the metric tensor is just
gij = 0;; which implies that distances between sites are calculated in the usual Euclidean way. When the
material is strained, the spatial metric tensor is modified to become g;; = d;; + 2u;;[14], which is what is
meant when we say the geometry is deformed. Static lattice deformations affect the electronic behavior since

the bonds are deformed. For electrons described by the Schrodinger equation at low-energy, the Hamiltonian



is modified to become (to linear order in strain)
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where g% (x) is the inverse of the metric tensor which depends on position via the contribution of the strain

tensor. Thus, depending on the spatial profile of the strain, the electron spectrum can get modified.

While the strain/metric based elasticity theory is quite successful, it is not general enough to model all of
the electronic structure effects arising from the coupling of materials with spin-orbit coupling to geometric
deformations. What is needed is a more fundamental field: the frame field e, in d spatial dimensions where
a = 1,2,...d labels each vector of the frame (with components ¢’). The frame-field is a set of d vectors
residing on each lattice site, and heuristically encodes the local bond stretching (through the vector lengths)
and the local orbital orientation (through their relative angles on each site). As we will see later, in many
instances it is more natural to consider the co-frame field e® which is a local basis of 1-forms that are dual
to the vectors ¢, (i.e. they satisfy e*(e,) = d¢). For the reference state shown in Figure 1.2 (a) the reference
frame fields are orthonormal vectors which are aligned with the crystal axes. The distances between lattice
sites, i.e. the (inverse) metric tensor is determined from the frame fields via g% (x) = %€’ (z)el (¢)[17]. The
key relationship between the metric and the frame is that we can locally rotate the frame at each site by any

SO(d) rotation matrix R and we get the same metric back:
77 = 6" (R (2)ei (@) (Ri/(2)ej(x)) = Ry (2)Ri(2)erey = ey = g (1.3)

since RRT = 1. This implies that an elasticity theory determined completely from the metric does not
capture local orbital deformations since each different local orbital orientation yields the same metric tensor.
However, electrons with SOC propagating in a lattice will be sensitive to the local orbital orientation, which
is exactly why a frame field must be introduced to couple these materials to geometric perturbations. This

modification to elasticity theory is closely related to so-called micro-polar or ‘Cosserat’ elasticity[18, 19].

At this point it is useful to explicitly show how the frame field enters spin-orbit coupled Hamiltonians.
The low-energy description of two such systems are given by the Dirac Hamiltonian (which represents, for

example, topological insulators) [20, 21] and the Luttinger Hamiltonian (which represents, for example, the



upper-most valence bands of IT1I-V semiconductors) [22, 23]:

Hp = vaigiF“ + mT?° (1.4)
wDhichelp; u 9" pj u
H, =94 bTb] + o (prebS®) (peeyS’) = % + a(prel) (peey) S S° (1.5)

for Dirac matrices I'?, spin-3/2 matrices S, and parameters v, m,a. Hence, the prescription is to replace
terms of the form p; M? for a matrix M*, which arise naturally in materials with SOC, with Yo piel M°.
Note that for Hy, since S*S® # §°, the quadratically dispersing Luttinger model is indeed affected by the
local orbital orientation since it couples to more than just the metric tensor. The effects of the frame field
are thus not limited to the linearly dispersing Dirac equation and affect any coupling between the direction

of electron propagation p; and the spin/orbital degrees of freedom represented by M®.

There are two complimentary interpretations of the (co-)frame-field which we will use. The first interpretation
is in terms of familiar elasticity quantities, namely to first order in the displacement field, the co-frame and

frame can be expanded as
Ju,
83:,»

ou® . .
T <l
e, =0, —

=0t g G

7

(1.6)

where Q;u® = w¢ is the distortion tensor which is familiar from elasticity theory[14]. The quantity w?
is effectively the unsymmetrized strain tensor and contains information about local rotations through the
anti-symmetric combination M;; = d;qw] — 5jaw§’ . The distortion tensor also contains information about

dislocations through the line-integral

7{ widz’ :}{ du® = —b* (1.7)
C C

where b* are the components of the total Burgers vector of the dislocation(s) enclosed within the curve C

(see Figure 1.2b for an example)[14].

For point-like dislocations in 2d we can write de® = —b25(?)(x) from Stokes’ theorem where de® is the
exterior derivative of the 1-form e®. This formula suggests a second description of the e® as a set of d vector
potentials. As a comparison, we know that for electrons in an electromagnetic vector potential we use the
minimal coupling replacement p; — p; + ¢A; which shifts the momentum in the Hamiltonian, and we have

already mentioned that the proper replacement for the frame field is to scale momentum

pi = piel = pidl — piwt = pg — pyw. (1.8)



Momentum Current

Figure 1.3: Laughlin gauge argument for torsion: Thought experiment with an insertion of torsion flux i.e. a
dislocation into cylindrical hole, equivalent to twisting cylinder in the y-direction as a function of time. Non-
zero dissipationless viscosity causes transfer of p,-momentum in the z-direction, é.e. a momentum current
perpendicular to time-dependent strain.

Comparing to the electromagnetic case, this shows that each frame-vector yields a vector potential that
minimally couples to electrons via momentum ¢.e. the momentum components are the charges of these
gauge fields. With this interpretation, dislocations are just the magnetic fluxes of these vector potentials,
and the translation effect of a dislocation is just the Aharonov-Bohm effect for the co-frame vector potentials.
In general we can construct the torsion tensor, which, in the absence of curvature can be chosen to take the
simple form of a field strength tensor of the co-frame vector potentials T;;* = 0;ef — Ojei. This has an extra
index a compared to the electromagnetic version F;;, which labels the particular vector potential/co-frame
potential. This is how “torsion” naturally enters the discussion, and as we can see, it is intimately connected
to dislocation density. We also mention that there exist other elastic defects such as disclination defects
which represent sources of geometric curvature and also orbital-twisting defects that can be produced in a
strain-free lattice with a trivial metric but non-trivial frame (e.g. a torsional skyrmion[24]), examples of the

former are shown in Fig. 1.2c.

With the background theory now set up, we will move on to discuss the current state of the field of topological
VE response, and some of the questions which we will address in this thesis. The first calculation of a
topological VE response was the work of Avron et al. which showed that a dissipation-less viscosity is
present in integer quantum Hall states[4, 25, 7]. The work was not followed up on until over a decade
later when Read showed that, not surprisingly, fractional quantum Hall states could also exhibit such a
viscosity, and that the response would be quantized if rotation symmetry were preserved[8, 9]. Soon after,
Haldane showed that rotation symmetry is not a necessary ingredient and that the viscosity is related to

a fundamental property of an unreconstructed quantum Hall edge: the edge dipole moment[10]. For these



systems the viscosity, denoted (z, is a quantized multiple of h/¢% where {5 is the magnetic length, and
was dubbed the Hall viscosity. This quantity has units of angular momentum density, or momentum per
unit length, or dynamic viscosity (force/velocity), and interestingly, it depends on a non-universal length
scale which varies when the magnetic field is tuned. In fact, one even can remain on the same Hall plateau
with fixed Hall conductance, and tune the field so that the viscosity changes. When rotation symmetry is
present, conserved angular momentum can be transferred between edges via an applied torque (e.g. due to
the electric field generated from perpendicular applied flux). The amount of transferred angular momentum
does not depend on £g, and is given by the quantized multiple of & appearing in (g . The same is true of the
edge dipole moment, which is also independent of ¢p for unreconstructed edges, and is the same universal

number multiplying A.

This quantization emerges quite naturally in the Landau level problem where the quantum Hall effect is
generated by an external magnetic field. However, the situation is much more subtle and complicated when
the quantum Hall effect is generated by a topological band structure which can naturally furnish multiple
length scales. We will focus on this type of system to study the impact that a combination of geometry and
topology will have in band theory. A dissipation-less viscosity response, analogous to the Hall viscosity, was
shown to exist and was calculated in a (properly regularized) continuum model for the Chern insulator, i.e.
the massive Dirac Hamiltonian in 2+1d [6]; much of the first part of this thesis will build on this observation,
generalize it to higher dimensions, and flesh out many details related to their proposal. The regularized value
was found to be (g = # where £ = hv/2m is the length scale induced by the Dirac mass m (with units
of energy) for a material with a Fermi-velocity (speed of light) v. In relation to the discussion of elasticity

theory above, the non-zero viscosity coefficient produces a Chern-Simons response for the co-frame fields:

Serrlen] = %{ /dgxdt e“”/’egaye’;nab (1.9)

where a,b = 0,1,2, and n,, = diag[—1, 1, 1] is the flat-space Minkowski metric. This is essentially multiple
copies of the conventional Abelian Chern-Simons term, one for each of the co-frame fields (including the

co-frame in the time direction). As shown in Ref. [6], if we calculate the electronic contribution to the stress

1 5SEff
det(e) deg

response TH = one finds that electron momentum-density is bound at dislocation defects and
momentum-current is generated perpendicular to any velocity-gradients/strain-rates (see Figure 1.3a for a
picture of the latter). This is completely analogous to the charge density bound to magnetic flux and charge

current produced by electric fields (or time-dependent fluxes) in the quantum Hall Chern-Simons response.

The principal issue, however, is that the viscosity (y does not appear to be quantized, or even universal,



which might seem rather strange in light of all the previous results on topological responses in topological
insulators[26, 12]. However, there is a natural resolution to this discrepancy, which we will explain in the

next chapter.

1.2 Formal Preliminaries

Gravity is usually described as a theory of metrics, corresponding to a measure of invariant distance
ds® = g datdz” (1.10)

where x* are local coordinates on a manifold. We can package the information contained in the metric
(and more in fact) into the components of a co-frame, a local basis of 1-forms e* = ey, dz" on the manifold.
Equivalently, we can regard e® as a local section of the oriented co-tangent bundle of the manifold. The

metric is related to the components of the 1-forms via

eZegnab = Guv (1.11)

where 74, are the components of the Lorentz-invariant Minkowski metric. We will denote the dual set of
frame vector fields as e,, with e®(e;) = 6. To translate (co-)tangent bundle data from point to point on the
manifold, we need a connection or covariant derivative V. Conventionally we write the translation of the
frame along a vector field X as

Vxe® = —wab(z)eb (1.12)

where we have introduced the components of the spin connection w?,, which we regard as a set of 1-forms.
In a basis of local coordinates this equation can be written as X*V el = —X”w#“bei’,. The spin-connection
can be thought of as a non-Abelian gauge field that couples to the rotation and Lorentz transformation
generators. Throughout our work, we will make one assumption about this connection, which is that it is
metric compatible. In metric terms, this means that the metric is covariantly constant Vxg = 0, but using
the relationship between the metric and the co-frame and the definition (1.12), it also corresponds to the

spin connection being valued in the orthogonal group,! i.e., Wep = —Wpa (where wap = Ngew®y). Under a local

IWe will work in d = D + 1 spacetime dimensions, so the relevant orthogonal group is SO(1, D).

10



change of basis (i.e., a local Lorentz transformation) e® —+ A%e?, the connection transforms as?

w' = (AwA™t —dAAThe, (1.13)

Thus w?, is the ‘gauge field’ for local Lorentz transformations. The curvature 2-form, or field strength, of

the connection

R% = dw% + w% Aw. (1.14)

transforms linearly

R% — (ARA™Y),. (1.15)

The components of the curvature 2-form give the Riemann tensor, R.q = 3 Rap;cae® A €”. If we denote the

covariant derivative acting on (local) Lorentz tensors by D, the torsion 2-form is defined as

T® = De® =de® +w Ae’ (1.16)

Torsion also transforms linearly under local Lorentz transformations.?

T — A% T°. (1.19)

We write the components of the torsion 2-form as T¢ = $Te® A €”.

A very basic property of the connection, is that it satisfies the following translation algebra

[vaa vb] = - gbvc + Rcd;abJCd (120)

where J°¢ is the generator of rotations. We will see an explicit representation of this algebra in the next

section. The left hand side can be interpreted as successive parallel translations along e, e,, —€p, —€,, and

=a’

thus we see that the components of the torsion tensor correspond to the non-closure of these successive

translations by an extra translation, while the components of the Riemann tensor imply that a rotation is

2Note that we are reserving the term ‘Lorentz transformation’ for these local changes of basis for the orthonormal co-frame.
These should not be confused with (linear) diffeomorphisms, which are local changes of the coordinates.
3The Bianchi identities are
DR%, = dR% — R AW +w* AR =0 (1.17)
DT® AT + w g AT = Ry A e (1.18)

If the torsion vanishes, the latter corresponds to a symmetry property of the Riemann tensor.
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also involved.

In classical general relativity (GR), a basic property of the theory is that the torsion is taken to vanish;
this is one manifestation of the equivalence principle. In fact, there is a unique connection, the Levi-Civita
connection &%, with this property which is determined entirely by the co-frame alone (i.e., the metric).
Indeed in the familiar Einstein-Hilbert Lagrangian formulation of GR, the torsion vanishes as a constraint. In
other formulations (the first-order or Riemann-Cartan formulations), e* and w®; are regarded as independent
degrees of freedom and the torsion may then vanish by equations of motion (for suitable choice of matter
field configurations). In the latter formalism, one can envisage including sources that would induce torsion,
much as the usual sources induce curvature. It should be emphasized though that in our context, we regard

e® and w?, as background fields, with no dynamics of their own.

Given the form of the translation algebra (1.20), the vanishing of torsion in fact corresponds to a choice
of state. As in the previous section we can consider an elastic medium given by a (space-time) lattice A.
We will typically be interested in continuum limits, giving rise to a continuum quantum field theory, in
the presence of a variety of background fields (so that we can study various transport properties). At each
point in the lattice, we have defined a frame, whose magnitudes are tied to the (local) lattice spacing (see
equation (1.6)). The commutator of translations on the lattice is defined by hopping along a square path;
failure to return to the starting position corresponds to the path encircling a dislocation of the lattice, and
the magnitude and direction of the translation determines the Burgers’ vector b of the dislocation. There
exist two primary types of dislocations: (i) an edge dislocation with b perpendicular to the tangent vector
of the dislocation line (b) a screw dislocation with b parallel to the dislocation line (only exists in 3+1-d
or higher). An example of the former is shown in Fig. 1.2b. Now consider the continuum limit. If the
limit is taken in such a way that we obtain a density of dislocations b(x), then we should associate this with
non-zero torsion in the continuum theory. Lattice dislocations correspond to point sources of torsion. The
frame is rotated if the path encircles a disclination and continuum limits yielding a density of disclinations
correspond to curvature. Disclinations are significant if and only if the field in question carries a non-trivial
Lorentz representation (that is the generator J? is non-zero), i.e., it carries spin. The effects of dislocations
do not carry this requirement. We reiterate that here by torsion and curvature we mean non-dynamical

background fields coupled to our dynamical fields of interest, such as free fermions.

Thus, in condensed matter systems coupled to elastic media, we conclude that lattice defects in the micro-

scopic theory give rise to background curvature and torsion in the continuum limit, and thus the nature of
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the background is determined not just by the metric, but by both the co-frame and connection. As we will
show in detail below, this corresponds to the presence of independent Lorentz and diffeomorphism currents
(whereas in the absence of torsion, these reduce to just the conventional stress-energy tensor). However,
even in the absence of torsion in a particular special choice of background, torsional perturbations should be
also considered in the context of transport properties. Studying effective actions* of a given field theory in
the presence of background co-frame and connections is equivalent to studying the correlation functions of

the these currents, as the backgrounds correspond to sources for the current operators.

It is convenient to introduce some additional notation. As indicated above, given a co-frame e®, there is a

uniquely determined Levi-Civita connection &“, whose torsion vanishes. We define the contorsion C%, via

w = &ab +C% (121)

SO5
¢ = C%Ae (1.22)
RY% = R+ (DC),+C"%AC% (1.23)

Note also that the contorsion is a Lorentz tensor. Generally, we will regard e* and w®, as independent. For

later use, we will also define

1
H = §Habce“ ANeb Aef = e AT g (1.24)
where Hupe = —3!Cla;e) = 3T[pe;q). H is not in general a closed form, and hence we define the Nieh-Yan
4-form:
N =dH =T* AT, — Rap AN e® A el. (1.25)

1.3 Dirac Fermions Coupled to Torsion

In this section, we discuss various aspects of free Dirac fermions on a generic gravitational background,

mainly focussing on the role played by torsion. We are studying Dirac models since they represent the

4We use the term ‘effective action’ here interchangeably with ‘generating functional’. The latter term is most appropriate,
as indeed, the use of the effective action is that it encodes the correlation functions of currents.

5We define D as the LC covariant derivative, (bC)ab = dC% + % AN C% + C% A &% and R as the LC curvature
Ry = doy + 0% A8,
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minimal continuum models of topological insulators in any dimension.

The Dirac action may be written as®

1 1— le _
Slpre,w] = ﬁ/eal...ade‘“ ARRERAYC A [wa“de — 5 Vit —ettmy (1.26)
= / d’zdete Bwaveaw - %vgamw - ¢m¢] (1.27)

We have written the action in this way as it is precisely real (written in other ways, the action might be
real up to the addition of a boundary term). In odd space-time dimensions, m is real, and its sign will play
a central role in determining the character of the resulting insulating state. In even space-time dimensions
m is essentially complex if no additional discrete symmetries are imposed (m — mei®75, where s is the
chirality operator). In addition, when torsion is non-zero, there is an additional term” that can be added to

the action, of the form

Stle,w] = %a/dete T ey, e.)0{Vas Y2 }0. (1.28)

The classical equation of motion for the spinor field involves the Dirac operator

1 1
D =t ((% + AﬁtA + zwu;bc’ybc + Bu) + gaTbc;a’y“bc (1.29)
where B, = %Tb (e, ) = —%Cba(gb). The B term arises upon integration by parts in deriving the equations

of motion. We have included here for completeness a non-Abelian gauge field (if the spinor is in a gauge
representation ¢ 4) and we note that the torsional B-term enters in such a way that it looks like it corresponds
to an additional gauge field. It is not of course independent of the spin connection, but does vanish with
the torsion. In fact, as explained in [27], the classical theory possesses a corresponding background scaling

symmetry when m = 0 under which the fields and background transform as

e(z) = A @e(z),  why(z) = wy(x), (1.30)

w(w) — e—(d—l)A(x)/Qw(x)7 ZD — e_A(6_((1_1)/\/222)6((1_1)[\/2). (1.31)

6The (Lorentz and gauge) covariant derivative of the Dirac spinor is Vi) = dip + iwab'y“bw + A, where A is an appropriate
(non-Abelian) gauge connection. We note also that the invariant form of the action, eq. (1.26), does not involve the frame e,
dual to e®.

"There are actually two other terms at the same level of power counting. The first, of the form

i [dete [T“(gb,gc)a[ya,'ybchb -2V, (@fyaw)} is Nieh-Yan-Weyl invariant (see below), but a total derivative. The second,
of the form i [ dete T (gb,gc)a[va,vbc]w, is redundant (it can be absorbed into the definition of a U(1) gauge field).

14



We note that this implies
T s ™ (T 4+ dA A e”) (1.32)

and hence
d—1

B, = %Tb(ga,g)) e N (Ba + ea(A)> (1.33)

If we introduce a 1-form B = B,e®, then this is equivalent to®
d—1
B+~ B+ TdA (1.35)

which is the transformation of an Abelian (R, not U(1)) connection. We will refer to this as the Nieh-Yan-
Weyl (NYW) symmetry. Note that this is not the Weyl symmetry of the metric theory, because in that case,
w must transform in order that the torsion remain zero. In our case, the Weyl symmetry (at least as far
as the Dirac operator is concerned) corresponds to a complexification of a U(1) symmetry. In addition, the
classical Dirac theory also has the usual background diffeomorphism, local Lorentz, and gauge symmetries,

which we will discuss below.

Another way to write the Dirac operator is in terms of the Levi-Civita connection, and the totally antisym-

metric part of the contorsion

10 C ]‘ a C a ]' abc
P = el (8# + At + Zw#;bc'yb > + 7 Cape 7% + By® + 3 Theay b (1.36)
a 1, . l1—al abe
= 7 65 (a/t + AﬁtA + Zw/ubc’yb > - TiHabc’Y b (137)
where we have done some 7-matrix algebra and Hape = —3!Clay) Was defined previously. We note that

from this form, that only the completely anti-symmetric part of the torsion tensor couples to the Dirac
operator, and the dimensionless parameter 1 — « determines the coupling strength. Thus we can regard it
as ‘torsional charge’, and write 1 — a = ¢p. For convenience, we will set gr = 1 throughout most of this
section (equivalently, we could redefine Hyp. by absorbing gz into it), but we will resurrect it when required

in the next chapter.

Since the Dirac theory is quadratic in fermion fields, the partition function in the quantum theory is obtained

8Note that the invariance of w?, implies that the contorsion transforms as
C% — C% — dA(e,)e® +n*“mpadA(e, )e (1.34)

and the LC connection transforms oppositely.
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by performing a path integral over fermions
Z(A, e, w;m) = det(P —m) (1.38)

The diffeomorphism, local Lorentz, and gauge symmetries of the Dirac theory remain unaffected by perturba-
tive (i.e. local) anomalies upon quantization in arbitrary dimension. In odd dimensions the NYW symmetry
at m = 0 is also non-anomalous. At m # 0, the NYW symmetry is explicitly broken. Additionally, the
mass term also breaks parity invariance. In this thesis, we will mainly be interested in the quantum effective

action for odd-dimensional Dirac fermions
Sersle,w, Al = —In det(P — m). (1.39)

More precisely, we will be interested in the parity-violating piece of the effective action, which we denote as
Sodale, w, A]. In the absence of torsion, symmetry considerations severely constrain the form of parity odd

terms. For example in d = 3, we have the Chern Simons terms

1 2
Soaale, @, A] = 5/ <UH ANdA+ rgtr (B AdB + 56 A& mfz;)) (1.40)

The coefficient oy is called the Hall conductivity, while kg, the coefficient of the gravitational-Chern-Simons
term, has no standard name (although it is loosely connected with thermal Hall conductivity). Non-zero

torsion allows us to construct additional terms like
1 1 . -
i/CHe“/\Ta—&-i//iHRe“/\Ta—i—--- (1.41)

The first term above was discussed in a slightly different guise in section 1.1 (see Eq 1.9); the coefficient
(g is a dissipationless viscosity analogous to the Hall viscosity, and we will refer to it as such. The reader
should bear in mind however, that traditionally the Hall viscosity is defined with respect to the symmetrized
energy-momentum tensor in a metric theory, and as such the viscosity we’re discussing here is a different
response coeflicient; perhaps, torsional Hall viscosity would be a better name [28]. The second term is also
similar in form, and may be interpreted as a local curvature dependent contribution to the Hall viscosity.
Similar terms can also be written in higher dimensions; we will discuss for instance the case of d = 5 in the

next chapter.

Additionally, the effective action also has parity even terms. Returning to our d = 3 example, we could write
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for instance

1 o 32 A
Sevenle,w, A] = ﬁ (eabce“ A RV — %H A*xH — geabce“ Ael A ec>
1 3 G b
= — /d x det(e) | R — —Hgapc H*® — 2A (1.42)
QHN 4

where £ is the Newton’s constant, A is the cosmological constant, and ~ is a dimensionless parameter.
Although parity even terms are out of the scope of this work, we will briefly examine them for the 241 Dirac

model in the next chapter, because in this case, there is some interesting structure which emerges.

In even dimensions, it is also possible to couple chiral fermions to the frame and connection. The action is

a straightforward modification of (1.26, 1.27)

1 1— 1—
Si[;e,w] = Di /ealmade‘“ A ANETP A [Qw’y“dVPiz/) — 2V¢7‘”P¢1/}] (1.43)
1— l——
- / diz dete [2maveapi¢ — 2vea¢7apiw] (1.44)
with Py = # being the chirality projection operators. The chiral theory also has the symmetries of

the Dirac theory. However, all the symmetries are spoilt by perturbative anomalies upon quantization
on generic backgrounds. Later in this thesis, we will explore such chiral anomalous conservation laws for
Lorentz, diffeomorphism, and gauge currents, and their connection with S,44 for the Dirac model. We will
see that while torsional terms like (1.41) leave consistent anomalies unaffected, they do modify the covariant

anomalies.

Classical Ward identities

In this section, we state the classical conservation laws for fermions coupled to the coframe, connection and
a U(1) gauge field.® Although we will discuss these in the context of Dirac fermions (for arbitrary d), the

results generalize in a straightforward manner to chiral fermions in even dimensions. Let us begin by defining

9From now on, we will restrict the gauge group to U(1) in favor of somewhat simpler notation. We will use the symbol g for
the U(1) charge.
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the following currents

(J") = quy'ehy (1.45)
1, _

(J)* = WV = Vuhy*y) (1.46)

(J") = %d‘%mbw (1.47)

which couple respectively to the gauge field, coframe, and connection in the classical action. In the absence
of torsion the last two currents are not independent. The components of the current J give the usual notion
of the stress-energy tensor via

Ty = JSi€lnab (1.48)

Also note that the spin current ijb vanishes in d = 2. It will be convenient to introduce the corresponding
1-forms J = J,dat, J* = Jida* and J* = JiPdxt. Invariance under U(1) gauge transformations implies

that J is conserved, i.e. d * J = 0, which in components is the usual d,,(det(e)J*) = 0.

Diffeomorphisms

The invariance of the classical action under local background diffeomorphisms follows immediately from
writing it as the integral of a top form, as in (1.26). We will take the action of local diffeomorphisms on

fermions and background fields as
oY = eV, de® = DE* + igTa, OWap = e Rap, 0A = (730 (1.49)

where ¢ is a vector field with compact support and 4¢ is the interior product of ¢ with a differential form.
These transformations differ from ordinary diffeomorphisms by local gauge transformations, so we will refer
to these as covariant diffeomorphisms. Using equations of motion for the fermions, the variation in the action

under (1.49) is given by
6Diff.S = / [iEF A xJ + (D, + igTa) A xJ* + 1g Ry A *Jab] (1.50)
and so invariance of the action implies the classical Ward identity

D J" —igaTy A *J® —iga Rpe A %J% —iga F AxJ =0 (1.51)
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Local Lorentz transformations

The spinors and background fields transform under an infinitesimal Lorentz transformation as
S = ieaw%, Se = —0%e’, dwy = —(DO)",

Under (1.52), the action changes by
Spor.S = — / [DOap A xJ + Ogpe” A %J"]

The Ward identity is
D J® —elr p s g% =0

Nieh-Yan-Weyl transformations

The action on fermions and background fields is given by

-1
oY = —dTAw, 0e® = Ae®, dwqp =0
Under §y = f%Aw, the action transforms as
0Snyw = —(d— 1)/A [ave® A xJ" —m vol Pip]

(1.52)

(1.53)

(1.54)

(1.55)

(1.56)

The second term, where vol is the volume form, is present because the mass term explicitly violates the

NYW symmetry. For m = 0, we have the Ward identity

Nape® A xJ0 =0

(1.57)

In components, this is 7%, = g*"e® J’n,s, the trace of the stress-energy tensor. Thus in this sense, the NYW
P ) p=9"€,Jdun

symmetry gives rise to the same conservation law as does Weyl invariance of the second-order formalism.
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Lichnerowicz-Weitzenbock Formula

We end this chapter with a quick derivation of the operator ZD2, which will play a central role in some of our

computations in the next chapter. We begin by noting

P* = 4U(Va+ BV (Vs + By) (1.58)
= 7*9"(Da + Ba)(Dy + By) (1.59)
= 1""DyDy (1.60)

where D, is fully (Lorentz) covariant and D, = D+ B,. In manipulating this expression we need various

facts about the Clifford algebra and we also encounter the commutators

1

Do, Dy] = —T;,,DC+ZRCd;awcd+z'qFab (1.61)
1 1

[Dia, By] = _§Tachc+§Gab (1.62)

where G, = 0,B, — 0, B,,. Consequently, the operator @2 takes the general form
1. i 1 g 1 1 o 1 .
@2 = UabDan - ZR + EqFab’yab + 7Rcd;abfyab6d + 37 bGab -z bTach - ina;db’V d (163)

8 2 2

This is called the Lichnerowicz-Weitzenbock formula. In the absence of torsion, the curvature tensors satisfy

]O%Gb;cd = ]D%cd;ab and ]D%ba;bd =Rt d:ba- Lherefore the last four terms in (1.63) vanish in this case.
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Chapter 2

Parity odd effective actions

All types of free-fermion topological insulator/superconductor phases can be represented by massive Dirac

Hamiltonians with various symmetries, i.e.,

D
H=> p,l*+mI" (2.1)

a=1
where {T'4 T8} = 2pB for A,B = 0,1,2,... D and 7P is the flat Lorentz metric. In odd space-time
dimensions the Hamiltonians of insulators without additional symmetries (called the unitary A class) are
classified by an integer topological invariant v. Non-trivial insulators, i.e., insulators where v # 0 are said
to exhibit the D-dimensional quantum Hall effect, or just the quantum Hall effect if D = 2. These systems
are gapped in the bulk, but harbor D — 1-dimensional chiral fermions on their boundaries (D — 1 would give
an even-dimensional boundary space-time). The bulk remains gapped, unless the mass vanishes, at which
point there is a topological phase transition between insulating states where v differs by one. The precise
value of v is not determined by Eq. (2.1) alone but requires information about the regularization scheme to
uniquely define v. Throughout this chapter we will use Pauli-Villars (spectator fermion) type regularization
as it matches the structure of many simplified condensed matter lattice-Dirac models including lattice models
with Wilson mass terms. Our convention is to choose the regularization such that m < 0 is the topological
phase with ¥ = 1 and m > 0 is the trivial phase with ¥ = 0. We note that such a regularization is required
even in the absence of all gravitational/torsional effects, as noted in Ref. [29], since otherwise a 2+1-d

free-fermion model would give rise to a non-integer Hall conductivity.

The topological insulator phase with ¥ = 1 will possess chiral boundary states that will produce anomalous
currents in the presence of background electromagnetic and gravitational fields. These anomalous currents
are matched by a bulk response of the topological insulating state where all anomalous current flowing from
the boundary simply flows through the bulk to another boundary. Even without boundaries, the bulk of

the material can respond similarly when background fields are present. The bulk response is captured by
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topological terms that appear in the effective action when the gapped fermions are integrated out in the
presence of background fields. For instance as discussed in the previous chapter, the effective action for a
massive Dirac fermion in d = 2 4+ 1 flat space-time in the presence of background electromagnetic fields,

contains the parity-odd Chern-Simons term
Soaa[A] = T / ANdA (2.2)
2 Ms

where o = %(1 — Sign(m))g. The flow of the corresponding Hall current *Jy,x = cgdA into the boundary
between a trivial o = 0 phase and a topological o = ¢*/27 phase, precisely matches the U(1) anomaly
of the edge chiral fermion (to be discussed in the next chapter). In this chapter, we derive such topological
response terms in the fermion effective action in odd-dimensional space-times with curvature and torsion,
from an anomaly polynomial which is naturally defined in one higher dimension. The relevant terms are
easily identified as they violate parity and can be easily extracted. In our discussion below, we will use
the techniques presented in [30], albeit adapted to the case with non-zero torsion. Our main emphasis, as
mentioned previously, will be on torsional terms and the corresponding transport physics. In particular,
we will see that including torsion results in UV divergences in the effective action, which we will carefully
regulate. Although such divergences represent non-universal effects, the difference of such quantities between

distinct phases is finite and is captured by the boundary physics.

2.1 The anomaly polynomial

Let us consider massive Dirac fermions on a d = D + 1 = 2n — 1-dimensional manifold-without-boundary
Ms,,—1, endowed (locally) with the co-frame e, spin connection w4 g, and a U(1) connection A. In Euclidean

signature, the fermionic quantum effective action is given by
Seprle,w, Al = —In det (iDy,_; + im) . (2.3)

Formally, we may rewrite the above as

m

1
Serrle,w, A = — Z 5ln (A2 4+m?) — iZtanfl " (2.4)
Ak An
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T T /ei%)

Moy 1

Figure 2.1: An illustration of the one-parameter family of background co-frames, which interpolates between
the fiducial co-frame e((‘)) and the co-frame in which we are interested e?.

where \; are the eigenvalues of the Dirac operator: iPs,_;|¥r) = Ae|tr), |¥r) being the eigenstates. The

parity violating piece must come with odd powers of m
Soddle, w, A] = —zZtan o (2.5)

In order to compute (2.5) as a functional of the background gauge and gravitational sources (¢4, wap, A), it is
convenient to use the following strategy [30]: imagine a one-parameter family of backgrounds (e?(t),wap(t), A(t))
which adiabatically interpolates between a fiducial background (eé),w(o) aB:A)) and (e*,wap, A) (see Fig.

2.1).! For instance, we may choose the co-frame to be

(})), —co<t< =T
e(t) = 11— o) ey + 5 L+ ¢t)] e, ~T<t<T (2.6)
eA, T<t<oo

where ¢(t) is an arbitrary function which smoothly interpolates between [—1,1] as ¢t runs from —T to T,
for some large and positive T. The other sources wap(t) and A(t) may be chosen similarly. This gives us

a one-parameter family of Dirac operators Po,_1(t) = Dao,_1[e?(t),wan(t), A(t)] with eigenvalues \g(t).

INote that this is merely a technique which facilitates the computation. Also, t is an external parameter, and not to be
confused with time.
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Taking a t-derivative of equation (2.5), we obtain

ASoda . 1 dw
a *Zm; N(t) +m? dt 2.7)

Exponentiating the factor of (A7 +m?)~! and using Lt = (Y (t)|i d%” 2021 (1) |4he(t)), we therefore find
/ dt L8,0ut) = _m/ dt/ ds Tryy,_, Pon=t —s(m*~P3,_, ) (2.8)
— 00 dt —o0 0 dt

where Tra, 1 is the trace over the spectrum of Ps,,_;(t).

On the other hand, consider the 2n-dimensional Dirac operator Ps,, on the space M, _1 x R given by?

Doy =0'® % + 0% ® Doy (1) (2.9)

The square of P,,, is easily computed

¢2n 1

¢2n 7"' io® @ +¢2n 1(1). (2.10)

~ a2

Also note that the 2n-dimensional chirality operator is given by I'?"*! = 53 ® 1. Now, define a 2n-form

’P(O) (m) on Manl x R by
/ PO (m) sz/ ds s~V 2Ty, 2" e —s(m*~P3,) (2.11)
Mzn 1><R

where Try, is trace over the spectrum of P, defined on Ms,_; x R. Notice that TrgnFQ"Heswgn is the
integral over Ms, 1 X R of the Atiyah-Singer index density, which is locally exact. Since My, 1 is taken to
be without-boundary, P()(m) is a total derivative in ¢. Using the assumption of adiabaticity we may carry

out the trace in the ¢- direction to obtain

/ PO (m =—m/ « / ds Tryp 4 ——=t 7/’% Lema(m=Phn) 4. (2.12)
Map 1 XR

where - - - indicate terms with three or more t-derivatives. These terms drop out because the background

2Here we take the Clifford matrices on Ma,_1 X Rtobe ' = ¢! ®1, M=o02g 'yA
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fields are asymptotically t-independent (see Eq. (2.6)). Comparing with (2.8), we conclude that

Sodale,w, Al = Soddle(o), w(o), Ay = / PO (m). (2.13)

Man 1 XR

Therefore, the parity odd fermion effective action Spqqle,w, A] in d = 2n — 1 may be interpreted as the
“Chern-Simons” form correponding to the locally exact index polynomial P(9)(m) defined in 2n dimensions.

We will refer to P (m) as the anomaly polynomial.

We will mainly focus on computing S,qdle,w, A] in the limit where the mass scale |m| is taken to be much
larger than all background curvature and torsion scales. Our general strategy to compute P (m) in this

limit will be as follows: in the limit s — 0, there exists an asymptotic expansion

T, D201 Pon o 37 py 57/ 24+ (2.14)
k=0

where the by are integrals over Ms, of polynomials in curvature, torsion, and their covariant derivatives.
These asymptotic expansions in various dimensions can be computed efficiently using techniques from su-
persymmetric quantum mechanics, which are reviewed in detail in Appendix A (chapter A). The important
point here is that it suffices to use this asymptotic expansion in order to extract terms in (2.11) which survive
in the limit where |m| is taken to be much larger than all background curvature and torsion scales. Unfor-
tunately, as will become clear soon, the anomaly polynomial as defined above is divergent if the background
spin connection is torsional. These are the same divergences that one would encounter in a direct computa-
tion of the 2n — 1 dimensional parity odd effective action (for instance, by using Feynman diagrams) in the
presence of background torsion. In order to remedy the situation, we introduce N Pauli-Villar’s regulator
fermions with coefficients C; and masses M;, with ¢ = 1,2--- N. For convenience, we label Cy = 1 and

My = m. We then define the regularized anomaly polynomial
N
P(m) =Y _ C;PO (M), (2.15)
i=0

The C;’s and M;’s may be determined by requiring UV finiteness. In a condensed matter context this type
of regulator is natural in simple lattice Dirac models which are often used to describe topological insulators.
These models contain massive spectator Dirac fermions at locations in the Brillouin zone far away from the
region which contains the low-energy fermion(s). Indeed, upon including the spectator fermions of the lattice
Dirac model (interpreted as Pauli-Villar’s regulator fermions), the anomaly polynomial P(m) becomes finite

in arbitrary even dimension; the proof is presented in Appendix B (section B.1).
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Since the anomaly polynomial is the (exterior) derivative of the parity odd effective action in 2n — 1 dimen-
sions, it encodes the 2n — 1 dimensional transport coefficients for the two gapped phases. Furthermore, as
has been explained in [30, 15], covariant anomalies of the 2n — 2-dimensional edge theory can be extracted
out of the fermion effective action in d = 2n — 1 by computing Hall-type currents passing between the edges
through the bulk. In this way, P(m) encodes all the anomalies of the 2n — 2 dimensional edge theory. Let us
now apply the above formalism to explicitly compute the parity odd terms in the fermion effective actions

ind=2+1andd=4+1.

22 d=2+1

We first begin with the asymptotic expansion (see Appendix A for details)

Try [oes?’ 2/

1 1
( I _am + tr RC9) A RCar) 4 —p A F 4 T d*d*dH—i—O(s))
M3 xR 3T

16725 19272 9672
(2.16)

where we recall that H = e AT}y, and we have defined RZ;T) to be the curvature 2-form for the connection
WA = dap + %HABcec- (2.17)

The terms higher order in s may be ignored as they give rise to negative powers of m. We may also
drop the last term in (2.16) as it necessarily contains three or more t-derivatives, and does not pull back
to the boundary for asymptotically ¢-independent backgrounds, as explained in the previous section. The

unregulated polynomial (2.11) is then given by

B ZC(O) 7 gg) i -(0)

PO (m) = “LdH + trR(_qT)/\R(_qT)+wTHF/\F. (2.18)

The unregulated transport coefficients may be computed from (2.11) and (2.16)

qr m
gr))(m) = T {—\/E-Faomﬂ
1
K/(f?)(m) = 9670'()
2
Jg)(m) = Z—WUO (2.19)
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where o9 = sign(m), and ﬁ ~ A is the UV cutoff. Introducing the Pauli-Villar’s regulator fermions, and

requiring finiteness in the limit € — 0, we are led to the constraints

N N
d Ci=0, Y CiM; =0. (2.20)
=0 =0

Even without the UV divergent term this action would need to be regularized due to the fact that the Hall
conductivity UJ(L?) (m) is not an integer multiple of % as it must be for a non-interacting system|[29]. One
possible choice for {C;} and {M;} that solves the constraints can be inferred from the spectator fermion

structure of the 2+1-d lattice Dirac model[31] where

M; C;
m +
m+2A | -
m+2A | -
m+4A | +

where the energy scale A is a large energy scale with |m| << A << A. The regulated anomaly polynomial

is then given by3

P(m) = ’CTHdH+ St RE A RC) 4 ZLEAF (2.21)
with the regulated transport coefficients
= qgrm? 1 — o
= o 2
o 11— go
T 8e 2
2
¢ 1—-o09
= — . 2.22
o o 2 (2.22)

Since the anomaly polynomial is a total derivative, we may read off the parity odd effective action from the
above as the corresponding Chern-Simons form
i

Sodd[e7w,A] = 5/ (CH EAATA+UHA/\dA
M3

2
+ kg tr(w 1) A dw(IT) 4 gw(_‘”) A W= A w(_qT))> (2.23)

3We have also cancelled out a og-independent (and hence independent of whether or not the system is in the topological or
trivial phase) divergence proportional to dH by adding a counterterm. Such a counterterm is required only in d = 2 + 1, and
not in higher dimensions.
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Expanding S,44 to linear order in torsion, we find

) 2
Soade,w, A] = ~ / <0HA NdA+ rite(@ Nl + S0 NG AG)
M3

+ CHeAATA—qTﬁHéeAATA+---). (2.24)

which is the same action that was derived in [15] by a more direct computation. It might seem odd that the
coefficient of the e A T4 term is a dimensionful parameter, as opposed to the other coefficients, which are
universal and quantized — this apparent discrepancy was also pointed out in the previous chapter. We are now
in a position to understand this: the quantization of both oy and kg is forced upon us by the requirement
of gauge invariance under large gauge transformations. The e A T4 term on the other hand, is globally
well-defined (i.e., gauge, Lorentz, and diffeomorphism invariant), and hence requires no such quantization
of it’s coefficient. A second way to understand why og is quantized, is that this coefficient can be shown
to be equivalent to the Chern class of a certain Berry connection® over momentum space (or Brillouin zone
in the case of lattice-calculations), which is quantized from standard arguments. A similar construction for
Cp is also possible, in that we can interpret gy as the averaged (over the Brillouin zone) Berry curvature in
a larger parameter space which includes modular deformations of the Brillouin zone — this computation is
presented in section B.2. From this point of view as well, we find that (g is not quantized (as it does not
have the interpretation of a topological invariant). It is interesting however to note that the coefficient of

the ReA AT, term is universal (and quantized in the present calculation).

We now focus on the physics of the torsional terms. The (y e? A T4 term has the interpretation of a
relativistic version of the Hall viscosity, as has been explained in the previous chapter. Here we wish to delve
a bit into the curvature correction R e A T4 since similar terms will appear in higher dimensions. We may
loosely interpret this term as a local-curvature dependent Hall viscosity. On a space-time of the form R x ¥,
with ¥ a constant curvature Riemann surface of Euler characteristic xy and area A, terms linear in torsion

in (2.24) become

) 4
Soaulerto, 4] = | (CH _ qAHX) / ANT. (2.25)

For curvature and area preserving deformations of the co-frame, we thus find a shift in the effective Hall

viscosity (g relative to its flat space value

47TI$HX2

Cr=Cn—— (2.26)

4The idea is to think of the Brillouin zone as the parameter space. Then the ground state bundle of the Hamiltonian H (k)
over the Brillouin zone is a line-bundle, with a canonical connection 1-form called the Berry connection.
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This effect is reminiscent of the Wen-Zee shift of the number density in a quantum Hall fluid in the presence

of curvature. In fact, let us define the spin density s of the Chern insulator as

1
5= Z/Z*le (2.27)

where J'? is the spatial component of the spin current JAZ. To lowest order in torsion, this may be computed
from the action® (2.25), and we see that the local spin density is also affected by the local curvature, and in
fact satisfies

Ca = —s. (2.28)

Thus, the shift due to curvature may be interpreted as a shift in the spin density relative to its flat space

value. Equation (2.28) is similar to the relation between Hall viscosity and spin presented in [32, 33].

Although our main focus in this work is on parity-odd terms, we note that for d = 2 4 1, the parity-even
terms can similarly be computed with careful regularization. The complete effective action then arranges
into chiral gravity, namely an SL(2,R) Chern-Simons term [15] — we take a brief detour to explain how this

works. The parity even terms in the effective action are given by

o0

dt
Sevenle,w, Al = lim 5T etm®+tP? (2.29)

e—0t J

Once again, it suffices to use the asymptotic expansion for Tr P’ in order to compute terms which survive

in the large (ma) limit. The asymptotic expansion in this case is given by (see Appendix A)

2 2 t o
Tr P ~ /M i) (1 - ER( ar) 4 O(tQ)) volpy, (2.30)
3

where R(-97) = R — %HQZ,CH‘“’c is the scalar curvature constructed out of w((l;qT). Using (2.29) and (2.30),

we get
A© 1
Seven = / <_@UOIIW3 + Wﬁabcea A R(_qT)J)C + - (231)
Ms KN 2:‘<&N

where the ellipsis indicates terms of order (ma)~!, and the coefficients as written are divergent. In order to
regulate all the divergences, we need to introduce more Pauli-Villar’s regulators; we list out all the regulated

coefficients below:

51In particular, JAB is obtained by varying with respect to w4 p, holding e fixed.
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N M,
CH:_(LTZQ_ {_Z+Ji|Mi|2_~_... (2.32)

4 = Ve
N
oy = ﬁZCmﬁr“' (2.33)
4 4
=0
N
) 1
N
1 1 1
= - — | M| + - - - 2.
26Ny 487 ;C [ Ve M+ } (2.35)
N
A 2 M? |M; |3
- — = C; — v . e 2.36
KN ; [3(47%)3/2 Am\/me T ] (2:36)

We require that the terms that diverge as ¢ — 0 have zero coefficients. This implies

N N N
Y Ci=0, Y CiM;=0, > Ci|M;*=0 (2.37)
=0 =0 =0

Thus, we have one new condition from the parity even sector and we now see that the first condition (we used
this above) is also required by the parity even sector. If we assume for simplicity that all of the regulator

masses are positive,® then we arrive at

m21— oy
_m” 2.
o= arg— (233)
2
¢ 1-09
= —= 2.39
o o1 2 (2:39)
11— (o)
_ 1 2.4
" 87 2 (2.40)
1 1-—
L Imll=o (2.41)
KN 120 2
N
A 1
[ C;|M; 3 2.42
L - o 202
where again, o¢ = sign(m). If we examine the conditions (2.37), we can furthermore establish that
A 1 1-— ao
AL 3= 7Y 2.43
pr. 0= 5 ImP— (2.43)

for a quantity Ay that generally scales with the regulator masses, but is independent of og. We thus see that

apart from the A3 term, all of these coefficients vanish in the trivial phase (0o = 1) and the effective action

6This assumption leads to the m > 0 phase being trivial. Another choice would make the m < 0 phase trivial.
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there is just ij ;= A} [ volar, a pure cosmological term (of course, there are also higher order terms in
curvature and torsion, which decay exponentially or as negative powers of (ma), that we have not included
here; those terms then determine the transport properties of the trivial phase). The non-trivial phase has an
action consisting of the same A3 volume term, plus an action that is known as chiral gravity (as well as the
usual U(1) gauge Chern-Simons term). In other words, the difference of the gravitational actions between

the two phases can be written in terms of the Chern-Simons form of a single SL(2,R) connection.” Indeed,

writing w® = %e“bcwbc, we define a connection A% = w(F):e — i%e“. One then finds
1
iCS[AY] = 2i <A“ N dAq = ZeapcA” A AP A AC> (2.44)
= iS4 w0l + Zeqpee® A ROV _ i 2 o AT 2.45
= —iCSlw,,’] + 7300 + 7 €abee —ige B (2.45)
. 4 2 a c 6 a
= szS[w((fz)] + Evol + 7 Cabe® A RP)be _ 2756 NT, (2.46)
and we thus see that if we identify 3 = —qr as above, £ = (2|m|)~! and A = —1/¢2, the action in the
non-trivial topological phase is
=8+ ﬁ/ CS[AY] — @ CS[A] (2.47)
eff eff 7 4rn M, A Jop, :

The Chern-Simons level k evaluates to 1/24.% Incidentally, chiral gravity has been studied in the context

of holography[35], in which the gravitational fields are dynamical. Indeed if we introduce the notation

_ 1
M - 2I€NI€H

(here u¢ = —1), the Brown-Henneaux formula in asymptotically-AdSs geometries gives the

central charges of the dual 1 + 1-dimensional theory as

1270 1 1270 1
cp=—(1-=), ch="" (14— ). (2.48)
KN ul KN 714

Thus in the holographic case, we have ¢, = 1,cg = 0. In the present case, this 1 + 1-dimensional matter is

supported on the interface between the topological insulator phase and the trivial phase.

"Here we are using the language of real time. The group theory involved here is that the isometry group of AdSs3 is
~ 50(2,2) ~ SO(2,1) x SO(2,1) ~ SL(2,R) x SL(2,R). See Ref. [34] for details.

8This result satisfies the quantization condition k € ﬁZ given in [34] for manifolds which admit a spin-structure. Here we
get twice that result, because we have a full Dirac fermion in 3d.
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23 d=4+1

Let us now return to parity odd physics, and repeat the above analysis for d = 4 + 1. We begin with the

corresponding 6-dimensional asymptotic expansion

1
Trg [esPs o~ / ( I pndH — —F Atr RC90) A REa7)

Rx M, \ 3273s 38473 4873
qr
LA (F Asdx dH) + 384 L dxds (FAdH)+0(s)). (2.49)

We do not consider O(s) terms as they lead to inverse powers of m, and are generally of higher order in the
curvature/torsion expansion. As before, we may also drop the last term in (2.49), as it does not pull back

to the boundary effective action. The unregulated anomaly polynomial is then easily obtained

i (0) i) (0) i@

HF/\dH+ HF/\trR( ar) p j-ar) 1 10 3 —HPANFAF+ d(F AxdxdH) (2.50)

PO (m) =

with the unregulated transport coefficients

(0) _ _4r|_m 2
H (m) = Sn? [ \/E—Faom}
0 q
iy () = gm0
3
0
oii (m) = 16727°
0 _4qqr
AO(m) = 06,270 (2.51)

The structure of divergences is the same as previously encountered in 2 + 1 dimensions - namely a linear
divergence. In fact, more generally the structure of divergences (i.e. linear, quadratic etc.) of the parity-odd
effective action is identical in d = 4n — 1 and d = 4n + 1. Therefore, it suffices to use the Pauli-Villar’s

regulators we used in d = 2 + 1, which gives the regulated anomaly polynomial

iCH

Plm) = “Hppam 4 5 H g Aty BT R(_QT)+WTHFAFAF+%d(FA*d*dH) (2.52)
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with the regulated transport coefficients

qqrm?® 1 — o9

o= 472 2
g l1—-o09
MO 96n2 2
¢ 100
OH T 8x2 2
qqr 1—o09
A= R (2.53)

The parity odd effective action in d = 4 + 1 is then given by

) 2
Sodd[e,w,A} = %/ (CH F/\GA/\TA + % ANFAF (2.54)
M5

2
+ kg FAtr () A dw-ar) 4 gw(*’m AT A (D)) LN F A xd dH> .

As before, we stress that this should be regarded as giving rise to the leading (in powers of |m|) parity-
violating terms in correlation functions of the charge, stress, and spin currents. Once again, we may expand
this to linear order in torsion to obtain
7 20’H o o 2 o ° o
= = —— AANFAF+ kg FAtr(WAdo+ -0 ANDAD) (2.55)
2 S 3 3
+ (g FANeA ATy —qren (RF+2FCA1%C+FCDRCD)A6AATA+AFA*d*dH+...)

where we have introduced the notation Fy = F(e,), Fap = F(ea,ep), Rp = ]O%AB(QA) and so on.

Let us focus on the second line above. The term proportional to (i now represents a magneto-Hall viscosity,
which is to say a dissipationless viscosity in the presence of a magnetic flux through perpendicular spatial
dimensions. To be more explicit, let us consider a simple example where we take the space-time manifold to
be of the form Ms; =R x ¥ x f], with ¥ and & being two constant curvature Riemann surfaces with areas
A and A. If we turn on a U(1) magnetic flux of F = %voli through ¥ (for n € Z), then the effective

dissipationless viscosity for co-frame deformations in the orthogonal surface ¥ is given by

grm®1— o

Cp=n—g ——F— (2.56)

Just as in 2 4+ 1-d, we also have curvature dependent corrections to the effective magneto-Hall viscosity. For

the choice of M5 and F' we are working with, the terms linear in torsion simplify to give us the following
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Figure 2.2: An illustration describing the field setup for a magneto-Hall viscosity response: turning on a

U(1) flux through ¥ gives rise to a Hall viscosity response on 3.

effective action on the subspace X

j . 321y
Spaa(S) = %/R . {cH - %TRH <27mR v ”;Xz> } AN Ty (2.57)
X

As before, if we restrict ourselves to curvature and area-preserving co-frame deformations on X, we find that

the effective magneto-Hall viscosity gets shifted from its flat space value to

(2.58)

qr (327r2nxi 87r2nxg>
+ .
A A

Cu = Cy — —KH
q
Once again, the shift in the magneto-Hall viscosity may be interpreted as a shift in the spin density on X

relative to the flat space value.

With the completed derivation of the 24 1-d and 4 + 1-d parity-violating terms in the effective action we are
now ready to explore measurable consequences in real condensed matter systems. In the next chapter, we
will consider the properties of chiral fermions which live on the boundaries of the phases discussed above,
and the corresponding bulk-boundary anomaly inflow. We will later also understand these phenomena from

a microscopic spectral flow point of view.
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Chapter 3

Callan-Harvey Anomaly Inflow and
Boundary Chiral Anomalies

To study the properties of isolated chiral fermions (or pairs of chiral fermions in a Weyl semi-metal) we
must consider their anomaly structure. One nice way to organize the anomalous currents is to consider the
low-energy chiral modes which are localized on an interface between topological and trivial phases in odd
space-time dimensions. Here we will deal with the case of 141 and 341 dimensional edge modes, and their
relationship with the 241 and 441 dimensional parity-odd transport coefficients described in the previous

chapter.

3.1 d=2+1

Consider the non-trivial phase labelled by non-vanishing parity odd coefficients (og, (g, k) on a 2+1
dimensional manifold Mj, separated from the trivial phase by the 1+1 dimensional boundary ¥ = 0M3.
This can be thought of in terms of a 2+1 dimensional Dirac fermion with mass m < 0 on M3, and m >
0 outside, with some interpolation region, the interface ¥y, which we refer to as the domain wall. In
general, there could be multiple fermions with mass domain walls along Y5, and their number decides
(0m,Ch,km). The domain wall hosts 1+1 dimensional chiral fermions, whose anomalies will encode the
shifts in (om,CH,km) between opposite sides of the domain wall[1]. In the absence of curvature (we will

return to the general case later), the parity odd effective action can be taken to be 2
_ CH A OH
Sodd,bulk[e, w, A] = = e NTy+ — ANdA (31)
2 Ms 2 M3

Let us first focus on the gauge Chern-Simons term and review its relationship with anomalies in the boundary.

In the presence of a boundary, the U(1) Chern-Simons term is diffeomorphism and Lorentz invariant, but

IThe gravitational Chern Simons terms (proportional to sz) lead to currents which are proportional to the Levi-Civita
scalar curvature. Hence we ignore these terms temporarily.

2In this section, we will use upper case letters for Lorentz indices in the bulk and lower case letters for Lorentz indices on
the boundary/domain-wall Xo.
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not gauge invariant. Under a gauge transformation we have

5a50dd,bulk = UTH daNF = el aF (32)
M3 Z2

Gauge invariance implies that this should be accounted for by the U(1) anomaly of chiral fermions localized

on Y,. For nj, left-handed and ng right-handed chiral fermions on the edge, the anomaly is given by

da Sy, = %qz/E aF (3.3)
2

This cancels the variation of the bulk action provided ¢ (n, —ngr) = —2moy, which is indeed the case as
can be checked by constructing the localized zero modes of the bulk Dirac operator (see [1] for details). The
anomaly in (3.3) is called a consistent anomaly, because it is obtained by the variation of the chiral effective
action in 141 dimensions. We refer to the corresponding non-conserved current as J.ons, with the anomalous
Ward identity

nR—NL o OH
A Jogpe = MB-ML 2 OH [ 4
*J ar 4 2 (3.4)

Returning to the bulk, the variation of the effective action with respect to the gauge field determines the

current

0Sodd,pulk = UH/ sANF+ 78 SANA (3.5)
Ms 2 o

We can read off the bulk U(1) current from here
* Jbulk =0Hg F (36)

which is conserved by virtue of the Bianchi identity, i.e. d* Jyux = 0. However, the flux of the bulk current

into Y5 is non-trivial and is given by

AQ = *Jbulk =0og F = nRQ;nLqQ/ F (37)
I PP m Yo

We can interpret this as the charge injected into the edge from the bulk, but notice that it is twice as much
as the consistent anomaly in (3.3). To explain this apparent discrepancy, notice from (3.5) that there is an

additional boundary current induced from the bulk
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This prompts us to define the net boundary current J.o,, = Jeons +J, which we will call the covariant current.

The conservation equation for J.,, is now

nr —nrp,
dx Jeop = F=——F .
x J, OH o (39)

which agrees with (3.7). The anomaly in the form (3.9) is called the covariant anomaly.> We see therefore,

that the covariant current in the boundary carries the charge which is injected into it from the bulk.

The Hall viscosity term in (3.1) on the other hand is invariantly defined under diffeomorphisms, Lorentz,
and U(1) gauge transformations, and thus does not lead to consistent anomalies in the edge theory. The

consistent frame current J¢

& ns ID the edge is therefore symmetric, and suffers only from the anomaly due to

the U(1) Chern-Simons term

g Ty AKTE e F A % Juoms = 22— "L (i AVF (3.10)

cons 47T

DxJ?

cons

e AxJY =0 (3.11)

cons

(Recall that since the domain wall is 1 + 1-dimensional, the Lorentz current J% vanishes.) Equation (3.10)

is not gauge covariant. However, it is clear what we must do - we shift to the covariant currents.

Consider then, the variation of the bulk action under a change in the frame and connection

6Sodd,bulk = (g sel A Ty — Cj 5wABeA AeB + Cj sel A €A (3.12)

M3 2 M3 )

In the boundary term, we should interpret the result in terms of fields defined on the boundary. Generally (as
was implied in the discussion of the gauge case above), p-forms will pull back to the boundary. In the case of

vector-valued forms e and w48

, we also must decompose the pullbacks in representations of the boundary
Lorentz group. Generally, we are free to choose independently a co-frame E® and spin connection Q2 in the
boundary. These can be identified with the pull-backs of e® and w® up to a Lorentz transformation. The

normal components e” and w™® represent extrinsic effects. Conventionally, the pullback of €™ to X vanishes,

which can be achieved by a local bulk Lorentz transformation of the frame.

3The reason for the terminology consistent and covariant comes from the more general case of non-Abelian gauge anomalies.
In that case, the consistent anomaly satisfies the Wess-Zumino consistency condition, but fails to be gauge covariant (it involves
dA rather than F'). The covariant anomaly on the other hand, does not satisfy the Wess-Zumino consistency condition, but is
fully gauge covariant. The consistent and covariant versions of the anomaly differ by current redefinitions which do not come
from local counterterms, but are equivalent so far as anomaly cancellation is concerned. The difference between the covariant
and consistent currents is usually referred to as the Bardeen-Zumino polynomial.
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We read off the bulk frame current and spin current from (3.12)
* Jjoar = Cu T, #Jin, = _%IeA Ae?

while the frame current induced in the edge theory is

It is easy to check that the bulk currents satisfy the proper (non-anomalous) Ward identities

D Jl;:‘dk —leaTp A *Jlilk —iealRpo A *Jziizc;g —dealF AN xJpur =0

AB A B
D« Jih — et A *Jbu]lk =

But once again, the fluxes into ¥ are non-trivial. These are easily computed*

AQ“:CH/ T

Yo

AQ™ = 7%1/ e Neb
PP

We now write the Ward identities in the edge for the covariant currents J¢ , = J&, .
dxJeoy = ogF
DxJ%, —ieaTy AN¥J2, —icaF A¥Jeoy = (g T®
et asgl = %{e“ Aeb

+ 5% and J.op

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)
(3.19)

(3.20)

Notice that the right-hand sides precisely agree with the charge (in this case energy-momentum) entering

the edge from the bulk.

Let us now extend the above analysis to include curvature. One finds that the covariant anomalies, when

4Here, we disregard the normal component AQ%. Since this is related to a bulk diffeomorphism normal to the edge, we

expect that it is related to extrinsic rather than intrinsic edge properties.
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written in terms of torsion and Levi-Civita curvature, become

d% Joy = onF (3.21)

DxJ%, —igaTy A#J —ieaF Axdugy = Ci T+ kg (e“ NdR— R T“) (3.22)
1 o

el nsgl = 3 (CH - HHR> e Ael (3.23)

It is also possible to derive these identities from the intrinsic edge point of view using the Fujikawa method

with a suitable choice of regularization; we will show how this works below.

We emphasize again, that the torsional anomalies appearing above are not obstructions to defining gauge,
or diffeomorphism-invariant partition functions. Given this understanding, it is natural to ask if the torsion
terms in the diffeomorphism Ward identity could be removed by the addition of local counterterms. Indeed,
a shift of the frame current

1 .
* J((:lov - *Jgov - 5 (CH — KkH R) e’ (324)

would make it symmetric. This shift however does not come from a local counterterm in the boundary theory
— which means that no intrinsic 1 + 1 dimensional UV completion of the theory is capable of providing such

shifts, nor is it an ordinary improvement term.® In fact, it amounts to shifting the bulk effective action by

1 1 .
ASodd,bulk = ) (e ANTa+ 5/ kg Red ATy (3.25)
Ms Ms

One of our main precepts is that divergences that appear in the bulk are common to all phases. Thus shifting
the values of (g, kg, etc. by finite counterterms simultaneously in all phases is allowed, but this does not
change the differences in their values between phases. Therefore, we cannot avoid having a torsional response
in one of the two phases. It is this invariant information that is encoded in the covariant anomalies of the

edge theory, and these are the important physical effects.

Fujikawa method

We now take a short detour to derive the covariant Ward identities discussed above from the intrinsic edge
point of view. We will use standard methods that produce the covariant anomalies, and the novelty of

the calculation is that we will produce the torsional contributions to the anomalies. In so doing, we will

5An improvement of the frame current is a current redefinition which makes it symmetric, but does not modify it’s conser-
vation equation.
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encounter divergences associated with the torsional terms. Our context provides these divergences with a
clear interpretation, as the ultraviolet cutoff of the edge theory is determined by the mass gap in the bulk,

and their presence is linked with bulk transport properties.

The chiral fermions localized on a 1+1-d space-time manifold X5 coming from the boundary of the manifold
M3 couple to the frame e® on Ys. For simplicity, we will assume that the geometry near ¥, is separable,
with a frame of the form e? = (Ndx,e®). For our purposes, it will also suffice to ignore extrinsic couplings
to the chiral fermions because these do not affect the covariant anomaly computations which are of interest

here.®

Let us quickly review the Fujikawa method for computing covariant anomalies. Our discussion here mainly
follows [36, 37]. The main point of the Fujikawa method is that the variation of the (chiral) fermion measure
under symmetry transformations leads to anomalous Ward identities. For a Dirac fermion ¥, one defines the
measure as follows: expand ¥ and ¥ in terms of eigenfunctions ®,, of a self adjoint operator, conventionally
chosen to be the Dirac operator

PP = A ®rn (3.27)
V= "n®pm, T=) b,P, (3.28)

and define the measure as [dVd¥]| = [[,, , dbnda,. However for a left-chiral fermion ¢, the operator
D, = ﬂ%(l —~°) is not self-adjoint. Thus, 1) must be expanded in terms of eigenfunctions ¢,,, of ﬁzﬁ 1, and
) must be expanded in terms of eigenfunctions x, of 7 LPTL Under a symmetry transformation 7' : ¢ —

' =) + d71), the measure could transform in general
[d' '] = ez AT [dypey) (3.20)

When this happens, the classical Ward identity gets modified by the anomalous correction Ap. Let us now

study this in detail for diffeomorphisms and local Lorentz transformations.

6The only extrinsic coupling to the chiral states is through a term in the effective action of the form

1 N
Sext ~ —— In(N)R vols, (3.26)
487 Jx,

where R is the Ricci scalar on $. This term ensures that while the edge theory is anomalous under a Nieh-Yan-Weyl transfor-
mation of the frame on X, there is no anomaly due to a Nieh-Yan-Weyl transformation of the bulk frame.
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Diffeomorphisms

Recall from (1.49) that under a covariant diffeomorphism generated by a vector field &, we have
otp = Vi (3.30)

For simplicity, we restrict ourselves to volume preserving diffeomorphisms. Then to linear order in §, it is

easy to check that the measure transforms as

[dw’d@/] = exp (— Z/E Vol P& Vi P + Z/E volzzxnfivixn> [dapda] (3.31)

Thus the corresponding Ward identity (1.51) gets modified to

i | EUDxJy—io, T NxJy—ie, FAxJ) = Z/ vols, (Gmé*Vadm — Xn€"Vaxn) = —Tra v°¢°V, (3.32)
S m V2

Clearly, the trace is ill-defined by itself, and needs to be regulated. Customarily, it is regulated using the

heat-kernel regularization in Euclidean space
— Ty APEOV P/ (3.33)

where A the ultraviolet cutoff is taken off to infinity. However for the edge theory we consider, the ultraviolet
cutoff A is of order m, the bulk mass gap, since the spectrum of localized edge modes of the bulk Dirac operator
only exists for energies E < |m/|. This issue is irrelevant in the torsionless case, because the leading terms
in the anomaly are finite and cutoff independent. However, in the presence of torsion we find a quadratic
divergence in the anomaly if regulated naively. Moreover, the divergent term cannot be removed by a local

counterterm.

The guiding principle in choosing the appropriate regularization must then be bulk-boundary matching —
the non-conservation of charge as manifested in the covariant anomaly must match the influx of charge due
to the parity violating terms in the bulk action. Fortunately, a minor generalization of the results in [37]
readily implies that (in a separable geometry) the flux of the bulk frame current in a given phase into the

edge is given by
1

(1= /0Py /2 .

Y
— Z §C’isign(Ml-)Tr2 €V,
i=0
where M; are the masses of the bulk fermions, including Pauli-Villars regulators. Notice that this is exactly
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the trace that was obtained in the Fujikawa formalism, albeit in a regulated form. Therefore, it is clear that

we must regulate the Ward identity (3.32) as

1
€YD *Jy —ie, T" NxJy —ie, F AxJ) = =AY  =Cysign(M;)Try ¥°¢°V,,———5———  (3.35)
= Z : (1P /A7) /2

with My = m the mass gap in the bulk, and M; fori = 1,--- N being the masses of the Pauli-Villars regulator
fermions in the bulk. The symbol A indicates that the anomaly is the difference between the flux from the

non-trivial phase and the flux from the trivial phase.

In order to compute the trace (in Euclidean space), we can rewrite it as
AZ o % — ;M / dt t=1/2Try 7PV e~ t-P +MD) (3.36)
The asymptotic expansion corresponding to this trace in 2 dimensions is given by (see Appendix A)
4871

1
Try /°£°V e P ~ — / & < T, + e dR — 73 Ty +- ) (3.37)
2

where the ellipsis denote terms higher order in ¢ (which are unimportant here as they will give higher order
terms suppressed by inverse powers of the cutoff). The integral over ¢ in (3.36) diverges as e — 0 for the
first term above, but the divergence is cancelled by the condition Zio C;M; = 0 on the regulator masses.

Using the expressions for regulated bulk coefficients (2.32, 2.33, 2.34), we get the Ward identity
(D% Jy —ie, T Awdy — i, F A%J) = Ciy To + kg (€a NdR — RT,) (3.38)

where (g and kg are the regulated coefficients in the non-trivial phase. Note that this is exactly what we

found in our analysis in the previous section (see (3.22)).

Local Lorentz transformations

The change in the measure corresponding to Lorentz transformations §¢ = %F)aw“bw is given by

[do)/dij] = exp (—iTrg eaw%ab) [dapd)| (3.39)
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Following the discussion of the diffeomorphism anomaly in the previous section, we regulate the Ward identity

as
1, 1 1
1 O, el AxJY = —ZA —C;sign(M;)Trq Oupy oy — (3.40)
= 14250 (1= /Mp) V2

Using the asymptotic expansion in 2 dimensions

Try 757“%”252 ~ / —ie? 1 LR + -+ | volg (3.41)
s 2wt 24w '
we find (3.23)
1 o

et Awgl = 3 (CH - Iﬁ:HR> e Ael (3.42)

So, in summary, it is possible to derive the anomalies of the edge theory from an intrinsic calculation; provided

we use consistent regulators, we find a precise match between the bulk and the boundary computations.

3.2 d=4+1

Let us now turn to the d = 4+ 1 case. Consider then the non-trivial phase labelled by transport coefficients
(om,CH, Kk, A) on a 4+1 dimensional manifold Ms, separated from the trivial phase by a 3+1 dimensional
interface ¥4 = OMj5. As before, one model for this system is a 441 dimensional Dirac fermion with mass
m < 0 on My, and m > 0 outside, with some interpolation region, the interface ¥4, which we refer to as
the domain wall. In general, there could be multiple fermions with mass domain walls along ¥4, and their
number decides (og,CH, ki, A). The domain wall hosts 3+1-d chiral fermions, whose anomalies will encode

the differences in (oy,CH, kK, A) between opposite sides of the domain wall.

In order to avoid complicating our discussion, we will follow our previous strategy and first explain the
anomaly inflow only focusing on the first two terms in (2.54), and later present the more general result. We

start with the 4+1-d bulk effective action

Sbulkin—H/ ANFAF i [ o (3.43)
3 o, 2

Ms

where we recall the notation H = e A T4. The first term is the second (Abelian) Chern-Simons form
and is diffeomorphism and Lorentz invariant, but not U(1) invariant. This gauge non-invariance must be

compensated by the consistent anomaly of the boundary/interface theory. This means that the boundary
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effective action Spqr, cannot be gauge invariant either. In fact, under a U(1) gauge transformation §A = de,
we must have

SerShary = —WTH / aF N F. (3.44)
34

in order to cancel the gauge variation of the bulk Chern-Simons term. Interestingly, the second term in
(3.43) is gauge, diffeomorphism, and Lorentz invariant despite its similarity to the first term, and hence we
do not expect it to contribute to consistent anomalies in the boundary. This is an important distinction

between the two terms. Using these constraints, the consistent Ward identities on the boundary are”

d % Joons = %HF AF (3.45)
D% J%  —igaTy AJL . —iga Rpe A I, —iga ' A % Jugms = —%Hz'gaA ANFAF (3.46)

DxJ® 4l Ay g

cons cons

=0 (3.47)

where lower-case Latin indices are local Lorentz indices on the boundary manifold ¥4. The Ward identities
written in terms of consistent currents are clearly not gauge covariant since they depend on gauge-variant
fields like the vector-potential A. To remedy the situation, we must write these in terms of covariant currents.

Consider then, the variation of the bulk response action®

5Spuik = / (6A N *Jyuik + dea A s J 4 dwap A *Jgiﬁ) + / (BANAxj 4 de® A *jq + Swap A *j“b)
]\/15 24

(3.48)
The conserved Hall currents in the bulk are given by
_ Cu
*Jbulk = O'HF ANF + 7dH (3493.)
*Jju = CaF AT (3.49Db)
* JAB — —%{F ANeA neP (3.49c¢)

"Note that the right hand side of equation (3.46) originates from the fact that this Ward identity corresponds to a covariant
diffeomorphism, which involves an ordinary diffeomorphism plus a U(1) and local Lorentz gauge transformation.

8Here we will assume that the boundary values of the variations de* and dw4p are non-zero only when the Lorentz indices
are those of the boundary. In other words, we are ignoring extrinsic effects here.
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while the induced currents in the boundary are

%)@ = CHF/\ @ (3.50D)

%j = 0. (3.50¢)

Define the covariant boundary currents Jeo, = Jeons + 3, J&, = J% s + 5% and J = Jab 4 j2® Then
the Ward identities written in terms of these are

CH

d* Jeoy =0ogF NF + —dH (3.51)

Dx Jg, —ieaTy N *Jcm, tea Rpe N *Jmfv tea N ¥Jeopy = CuF AT (3.52)

DxJw el psgdl = CHF Ae? A el (3.53)

These are referred to as the covariant anomalies in the boundary theory. Notice that these precisely match

the fluxes of bulk Hall currents (3.49) into X4

AQ:UH/ F/\F—i-f/dH (3.54a)
Xy
AQ® =y AT (3.54b)
Xy
AQ™ = —(y FAetAeb. (3.54¢)
i

Thus, the charge, momentum, and spin injected into the edge from the bulk are carried by the covariant

currents Jyo, J%,, and J

& s & respectively.

Having described the general idea of anomaly inflow in a simpler setting, we now give the full result for edge
anomalies. Applying the same ideas discussed above to the full effective action (2.54), we get the flux of

bulk charge, stress, and spin currents into the edge

AQ = (OHF/\F—i— C—HdH+ tr R(-91) A R(=a7) 4 Ad*cz*auq) (3.55a)
p
AQ“:/ (CuF AT+ kg e* NdAy — grig Ao AT+ Adxd+« FANT?) (3.55b)
v
AQab:—/ (C; QT”H A2+)\d*d*F>/\e“/\eb (3.55¢)
¥y
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where we have defined
Ay = (F A Rg;m) (&% e) = (F“bRgqu) +2F* A R(TaT) 4 R<*QT>F) . (3.56)

These are the covariant U (1), diffecomorphism, and Lorentz anomalies of the edge theory in the presence of
curvature. Note the appearance of the dimensionful viscosity term %’ dH in the chiral U(1) anomaly. This
might seem problematic given the topological character of the (integrated) chiral anomaly. However, note
that H is a globally well defined 3-form (unlike, for instance A A dA), and dH is truly a total derivative. On
compact 4-manifolds then, this term drops out. On the physics side, we are interested in the local anomaly
densities — which is why it is important for us to keep this term. In fact, this term is precisely the Nieh-Yan
term discussed earlier, and it now has a clear meaning in the present context: its coefficient is the difference

of magneto-Hall viscosities across a 3+1-d interface between two different topological phases.

Using the structure of the anomalous terms presented here, we will show in the next chapter the microscopic
origin of a subset of the anomalous currents using spectral-flow type arguments in the Hamiltonian formalism
of the chiral boundary states. This will clarify the physical origin of the terms in which we are most interested,

and will give a nice interpretation for some of the torsional contributions to the anomalous currents.
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Chapter 4

Spectral flow

In this chapter we will discuss the covariant anomalies of the boundary theory from the point of view of
adiabatic spectral flow of the single-particle Hamiltonian spectrum of the chiral boundary states. In d = 241,
we will first review the well-known case of the Hall conductivity and spectral flow induced by U(1) electric
field, and then move on to Hall viscosity. Similarly, in d = 4 + 1 we will review the well-known case of the
Hall conductivity in presence of a background magnetic flux, and then move on to magneto-Hall viscosity,

and the torsional chiral anomaly.

4.1 Hall Conductivity ind=2+1

We consider a gauge field on a spatial cylinder of length L in the z-direction and radius R in the y-direction

A=E,tdy (4.1)

where F, is a constant. This is equivalent to
F = Eydtndy (4.2)
x3F = —Eydx (4.3)

Thus we have a constant electric field in the y-direction which we imagine resulting from the threading of
electromagnetic flux along the cylinder. We can parameterize F, = *zﬂq% where ¢ is the charge and T is

the time it takes to thread one flux quantum into the hole of the cylinder.

Given the effective action for the bulk charge response Serr[A] = [}, (5om A A dA), where oy = —% and A

is the electro-magnetic gauge field, the expectation value for the current is given by J = oy *3 F. Thus we
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find the bulk current response to the electric field is

2
g h q
S S . d 4.4

onh qRT "~ 27RT™" (44)

This means there is a constant current density in the z-direction, and over the time 7" we build up charge

T 27R
AQ = / dt/ dyJ, = q. (4.5)
0 0

From the point of view of the intrinsic boundary theory, which consists of chiral fermions of one chirality
or the other, this increase in charge is an anomalous process. In 1 + 1, the chiral symmetry is anomalous
d*g Js = 52 F(2y, where F(y) is the gauge curvature in 1+ 1. In the present case, this is the pull-back of the
bulk field, which is just F() = E,dt Ady. So the axial charge changes in this process by AQs = me dxg Js =
—1. This change occurs as a chiral fermion is pumped from one edge of the cylinder to the other through

the bulk Chern-Simons response.

We can get a simpler pictorial understanding of the anomaly by considering the energy spectrum of the

chiral fermions. The Hamiltonians for the left- and right-handed chiral fermions are
Hrp=v(p—qA) Hp=—v(p—qA) (4.6)

where the vector potential is A = thT. Substituting this form into Eq. (4.6) we find

hv t hv t
- - — 4.
Hpr = (n ) Hy (n ) ( 7)

2mnh

onpp - Assuming that T is very large

where n is an integer labeling the discrete momentum modes p =

so that the spectrum changes adiabatically, we find that the spectrum flows as time increases. At a time
t =T, or in fact at any multiple of T, the spectrum returns to its initial configuration, yet the system as
a whole has changed because the state occupation changes. When t = 7T for integer r there have been r
flux-quanta threaded into the circle on which the chiral fermions live. For each flux quanta threaded an
electron is transferred from the left movers to the right movers as illustrated in Fig. 4.1. Thus we reproduce

our calculations from above by observing the transfer of electrons during the spectral flow process.
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Figure 4.1: (a) Energy spectrum from Eq. (4.6) at time ¢ = 0. Right/left handed fermion spectra are
represented by positively/negatively sloped lines. The filled/empty circles represent occupied/unoccupied
states. (b) Energy spectrum at time ¢ = T where one flux quantum has been threaded through the spatial
ring. The spectrum returns to itself but the state occupation changes. One electron has been added to the
right movers, and one has been removed from the left movers.

4.2 Hall Viscosity ind=2+1

Now we would like to understand the momentum transport due to the Hall viscosity using a spectral-flow
type argument similar to the case of charge transport. On the spatial cylinder of length L in the z-direction

and radius R in the y-direction, consider the co-frame

¥ =dt, ' =dx, e = (1+ h(t))dy (4.8)

where we will parameterize h(t) = 27:’# where T is a very large time-scale so that the change is adiabatic,

and b has units of length. For simplicity, we will choose the connection wap = 0, for which the given frame is

b

. . . . . 2 .
torsional. This configuration represents the threading of torsion flux 7% = ;%=

dtAdy, i.e. a dislocation into
the ring with a time-dependent Burgers’ vector tangent to the ring with length bt/T at time ¢. To calculate
the bulk energy-momentum flow we must introduce a covariant Killing vector field* ¢ = &, e* = 8,. From

our previous discussion of Hall viscosity response, the energy-momentum flux along ¢ through a constant x

IWe call a vector field & covariantly Killing if the co-frame is preserved under a covariant diffeomorphism along &, i.e. if
Dg* +igT* = 0.
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Figure 4.2: (a)Energy spectra for left (blue) and right (red) handed chiral fermions from Eq. 4.12 at ¢t = 0 (b)
Energy spectra for t > 0 assuming by, = bgp = b < 0 which gives an increase to the velocity for both branches
of chiral fermions. Note that when compared to the ¢ = 0 case there are states that were occupied chiral
fermion states that have been pushed past the cut-off scale and the states at p = 0 are unchanged. During
this process no states cross £ = 0 and there is not a conventional notion of spectral flow at low-energy. Both
figures have the same momentum discretization spacing, but different velocities which leads to a different
number of states within the cut-off window.

slice X, is given by

bt b
a_ To = 1+ -2 V2 _gtnd 4
/EI SaxJ /2 La CH /E< + 27TRT> orRT N (4.9)

This leads to a transfer of momentum from one edge to the other through the bulk of the cylinder. From
the point of view of the edge chiral fermions localized at * = 0 and = = L, this is an anomalous process. For
instance at & = 0, define the chiral momentum Py (t) = f% &, % J%, where ~y; is the spatial circle at time ¢
and J* the intrinsic 1+1d frame current on 3,_o. Then the anomalous conservation law (3.19) becomes (in

the absence of U(1) gauge fields)
dPy, amh bt b bt \ b
— = 1+ —— | —==dy = 14— = 4.10
@ o /0 T ormT ) mrr @ T\ T ormT ) T (4.10)
Let us now understand the anomalous momentum transfer in terms of the spectra of the left and right

handed chiral fermions localized at x = 0 and = L respectively, with co-frame fields parameterized by by,
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and br with the Hamiltonians

hok
Hp = — (4.11)
I+ 27 RT
H, = —L]:Lt (4.12)
1 + 27 RT

where v is the chiral fermion velocity and we have assumed the Hamiltonian is acting on translationally
invariant plane-wave states. We show the energy spectra at two different times in Fig. 4.2(a) and (b).
In the figure we have indicated a high-energy cut-off governed by the scale |m|. This scale represents the
energy at which the edge states of a topological insulator merge with bulk states and are no longer localized
on the edge. In fact, for such topological insulators like the lattice Dirac model, the cut-off is ezactly the
insulating mass scale |m|. We have assumed that the energy states are filled up to energy E' = 0 as indicated
by the filled circles in Fig. 4.2. The range of momenta that is occupied by right (left) movers is between

pE [—% (1 + %) ,0} (pe [07 o (1 + Qi’;{T)]) . The total momenta of the right and movers at time ¢ is

onR [° R (m brt 2
= By A )
R 2l ) (14 ) holv 2rRT
m _bpt 2
orR [ % (1 2kr) R [m but
pliot)  _ dn = 11 (1 L 4.13
L onh J, Por =5 |15 \' * oxRT (4.13)

As we have seen, the Hall viscosity is related to a stress-energy response and thus to the rate of change of

momentum. We find

5(tot) ﬁ 2 brt @

Pr o (fw) <1 * 27 RT ) 27T
. 2 bpt hb

por — (I PR ) OR 414
L (hv) + 2nRT ) 27T ( )

We see that if we choose by, # br then momentum is not conserved at all if we only consider the edge states
and take into account transfers between the edges. Momentum of course is still conserved globally because
the excess/deficient amount of momentum gets trapped on some extra torsional flux that will appear in the
gapped bulk region away from the edges when by, # bgr. For now we will fix by, = bg = b to avoid this extra

complication.

Comparing equations (4.10) and (4.14), we see that the bulk and boundary momentum transport only

51



matches for

h

=5 (%f (4.15)

which is the same result we calculated earlier for the regulated Hall viscosity albeit with all the factors of A

and velocity (speed of light) added back in.

While at first glance it appears strange that the viscosity depends on the mass, we can clearly see the
reason why this dependence is necessary by examining Fig. 4.2. The effect of threading a torsional flux (i.e.
threading a dislocation) into the loop on which the chiral fermions propagate can be interpreted in one of two
ways. Our choice of torsional flux (i.e. our specific choice of frame) means that if we travel around the loop
at time t = T we enclose a Burgers’ vector that is tangent to the ring of length b. Depending on the sign of b
this implies that the ring looks either shorter or longer than its original length at ¢ = 0. From this perspective
we would think of chiral fermions with a fixed velocity but propagating on a ring with a time-dependent
length (which will re-discretize the momentum modes as a function of time). The other interpretation is
that the length stays fixed at 2w R but the chiral fermions are either traveling faster or slower depending on
the sign of b. This is the interpretation represented in Fig. 4.2 where the velocity of the chiral fermions has
increased at a later time but the momenta retain the original quantization scale. Thus we see that coupling
to the U(1) electromagnetic field causes a translation in the spectrum, but the coupling to torsion causes a
scaling of the spectrum. As a function of time the two chiral branches rotate in opposite directions around
the fixed point where p = 0. This is because p = 0 does not feel any effects of torsion since it is uncharged as
far as torsion is concerned. So the torsional response is given by spectral scaling/rotation instead of spectral
flow/translation. In terms of the discussion we used in the introduction this occurs because each momentum
mode carries a different charge under torsion, while they all carry the same U(1) gauge charge. In fact, the

state at p = 0 does not even see the torsional flux and is unmodified since it carries zero torsional charge.

4.3 Magneto-Hall conductivity in d =4+ 1

Let us now move on to d = 4+ 1. First we will study the effects of the U(1) second Chern-Simons term that
enters the response action

Shulk = il ANFAPF. (4.16)

3
This term gives rise to the 44+1-d quantum Hall effect in which a charge current is carried through the bulk

in a direction perpendicular to applied electric and magnetic fields. This is reminiscent of the 2-+1-d effect
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where a current is generated perpendicular to an applied electric field. Here we have a non-linear topological
response which requires simultaneous electric and magnetic fields. The reason, of course, is well-known: the
bulk current is intertwined with the boundary chiral anomalies which require parallel electric and magnetic
fields on the 3+1-d surface. In 241-d the bulk Hall current is also connected with the 1+1-d chiral anomaly

on the edge, but in this case the anomalous current is generated in the presence of an electric field alone.

To simplify our discussion let us consider the spatial geometry to be X3 x [0, L], where 33 = R x S! x S*.
We will label the bulk direction by w € [0, L], while the coordinates on X3 will be labelled by (z,y, z) with

x being the non-compact direction. The edge states will be localized at w = 0 and w = L. We turn on a

27
qL,T

magnetic field B perpendicular to the surface of the (z,y)-cylinder, and an electric field E, = (for some

large and positive time scale T' and with 7 = 1). This electric field can be generated by slowly threading
magnetic flux through the hole of the (z,w) cylinder. The corresponding gauge field configuration will be
chosen to be

A = Bzdy + E.tdz (4.17)
where the U(1) flux is then given by
F =BdxNdy+ E.dt N\ dz. (4.18)
From the bulk Chern-Simons response we have the bulk Hall current
¢
* Jpuk =ogF ANF = S—QBEzdt/\da:/\dy/\dz. (4.19)
T
This yields a constant current density through the bulk in the w-direction and leads to a charge transfer

T
BL.L
AQ =/ / wpute = @@ —ot (4.20)
0 b 27T

from one edge to the other. Given that the system is in the non-trivial topologically insulating phase, we

over a time period T of

have a left-handed chiral fermion localized at w = 0 and a right-handed chiral fermion localized at w = L.
From the boundary point of view, the above charge transfer is an anomalous process, which corresponds to

the U(1) chiral anomaly in the boundary theory

d* Jooy =0y F NF. (4.21)

Indeed, the anomalous charge created or destroyed on a boundary during the above process is precisely equal
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to the charge transferred across the bulk of the insulator by the Hall-current, as expected.

We can develop a more intuitive, microscopic picture of the anomaly from the Hamiltonian energy spectra
of the chiral boundary states during the adiabatic flux threading process. In the presence of the above gauge
field configuration, the low-energy spectrum on the boundary consists of two types of states (see Appendix

B, section B.3): (i) positive and negative energy towers of gapped states

1 1/2
E(Z,pz,o):lz{(pquz)2+2|qB <€+ J;U>} ., 0=1,2,3---, o==+1 (4.22)
and (ii) one gapless branch which depends on the chirality

EL(pzvt) = —Sigﬂ(qB) (pz - qu(t)>7 ER(pzat) = Sign(qB) (pz - qu<t)) (423)

all of which have a degeneracy of N = @ for every p,, where ®p = BL, L, is the flux through the surface
of the (x, y)-cylinder. For the purpose of our discussion, it suffices to concentrate on the gapless states. Since
2mn

the z-direction is compactified on a circle, we may take p. = 5 (n € Z) and re-write the gapless branches

as

. 27
Er(p.,t) = —sign(¢B) 7

(n _ ;) . En(p.,t) = sign(qB) iﬂ (n _ ;) . (4.24)

z z

Here T is taken to be large, and we assume that the spectrum flows adiabatically as a function of time. We
will put the chemical potential at E = 0 for convenience. If ¢(Z,¢) is the boundary-fermion field operator

(with & = (z,y, z)) then the net charge may be defined as

Q) = q/ d3f% (vac]| [¢T(f, t),%(Z,t)] Jvac) = % Z sign(E,,) (4.25)
o {|En|<Iml}

where the summation is over all the Hamiltonian eigenstates with |F,,| < |m|. The sum only includes these
states because at energies beyond the mass gap of the bulk insulator there are no localized chiral modes
on the boundary. During the flux threading, we find that after a period of time ¢ = 7T for integral r, the
spectrum returns to itself, but after a translation by r units with respect to the chemical potential. In fact, r
is the number of magnetic flux quanta which have been threaded through the hole of the (w, z)-cylinder. For
each flux quantum that is threaded, N = % states cross the chemical potential, and the charge jumps by

Ngq - either increasing or decreasing depending on the chirality. Taking into account the factor of sign(¢B)

in (4.24), we therefore reproduce precisely the charge transfer in Eq (4.20) due to the U(1) chiral anomaly.
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Figure 4.3: The Hamiltonian energy spectrum for chiral fermions in the presence of a uniform background
magnetic field in the z-direction. The (black) gapped states are higher Landau levels, while the linear
gapless (blue, red) curves are the zeroth Landau levels for left and right handed fermions respectively. We
can consider the left and right handed fermions to exist on opposite boundaries of a cylinder. Once the
energies of the linearly dispersing modes reach +|m/| these states are no longer localized on the boundary
and lose their sense of chirality. (a) Before an electric field is turned on the states are filled to £ = 0 on
both boundaries. (b) After an electric field has acted and a single magnetic flux quantum has been threaded
into the cylinder. Spectral flow has modified the level occupations such that one additional level of fermions
appear in the right-handed branch and one level of fermions are missing from the left handed branch.

4.4 Momentum and Charge Transport from Magneto-Hall

Viscosity

In this section, we will consider the momentum and charge transport due to torsion flux. These transport

processes both arise from the term

Shulk = %H / FAeA NTy. (4.26)
M;

To simplify the discussion of Hamiltonian spectral flow, we will set ¢ = 1 throughout this section. We can
determine the momentum current by varying with respect to e and the charge current by varying with
respect to A. We focus first on the momentum transport by turning on a U(1) magnetic flux and torsion
electric field. To generate the necessary background fields we turn on a U(1) magnetic field through the
(z,y) cylinder using A = Bxzdy. We can thread torsion magnetic flux through the hole of the (z,w) cylinder,

represented by the co-frame
e =dt, e' =dz, 2 =dy, €= (1+h(t)dz, e =dw (4.27)
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where we take h(t) = 2,

for some large and positive time-scale T. The time-dependent torsion flux
threading will generate a circulating torsion electric field in the z-direction. For simplicity, we will set the
spin connection? wsap = 0. As a result, the above configuration is torsional with the torsion electric field
given by T3 = LZLTdt Adz. The bulk stress current from the term (4.26) in the action, in the presence of our
set background fields, is

m?B

( b
s« J2 o =Cu FAT? = qmdt Adz Adx A dy. (4.28)

In order to compute the momentum transferred due to this current over a time-period ¢, we introduce a
covariant Killing vector field £%e, = 0,. Then the rate of momentum transfer from one edge to the other

due to the constant stress-current density is

ap? m2N bt b
— = JZ, = sign(¢B 1 = 4.29
dt - §A * Jeow SlgIl(q ) o < + LZT) T ( )
where N = ‘q;I;BI = ‘quifLy. From the boundary point of view, this set of background fields gives rise to

the diffeomorphism anomaly

dx (§adlb,) = Cu F AEATA. (4.30)

In order to understand this from the Hamiltonian point of view, it suffices once again to focus on the gapless
boundary state branches for left- and right-handed chiral fermions in the presence of the uniform background
magnetic field:

(4.31)

Er(p.,t) = —sign(¢B) , Egr(p.,t) =sign(¢B)—"—
(1+2) (

with degeneracy of N = |q§;’3‘ for every p,. Note that these Hamiltonian spectra differ from the usual

spectra (for a trivial co-frame field) via a scaling of the momenta (or from another point of view a scaling of

the velocity), on account of the torsional electric field. In analogy with the boundary charge, we define the

boundary momentum by

1 - 1
P3(t) :/ At 3 (vac| |1 (Z, 1), Py (Z,t)| Jvac) = 3 E sign(E,,)pZ (4.32)
33
{1En|<Im[}

2In particular, we are supposing that the curvature R4 vanishes. Consequently, w? g is pure gauge, and we are choosing
it to be zero here.
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Figure 4.4: The Hamiltonian energy spectrum for chiral fermions in the presence of a uniform background
magnetic field in the z-direction. The (black) gapped states are higher Landau levels, while the linear
gapless (blue, red) curves are the zeroth Landau levels for left and right handed fermions respectively. We
can consider the left and right handed fermions to exist on opposite boundaries of a cylinder. Once the
energies of the linearly dispersing modes reach +|m/| these states are no longer localized on the boundary
and lose their sense of chirality. (a) The initial state before the torsion electric field is applied. (b) A later
state after some amount of torsional flux is threaded through the cylinder and the torsion electric field has
had time to act on the system. The spectral rotation/stretching around E = 0 pushes some occupied chiral
modes outside of the topological insulator mass gap which causes them to be lost into the sea of gapped bulk
states. The overall process changes the momentum localized on each edge since each chiral fermion state
lost to the bulk carries momentum that originally was localized on the boundary.

where we recall that the summation is over all Hamiltonian eigenstates with |E,| < |m|. Using this, we can

compute the net momentum along £ on both the edges at a time ¢

P(t) = —sign(qB)

2NL bt
m . <1+

2 2 2
NL bt
P3(t) = sign(¢B) 7% (1 4.
o (1 ) PO —sen) " (e 1) )

47 L, T

where now we have taken L, to be large. From here, we get the rate of momentum change

P m2N bt \ b
— = —sign(¢B) - (1 + LZT> T (4.34)
P} m2N bt \ b
—= =i B 1 — 4.
a B (MM TE ) 7 (4.35)

Comparing with Eq (4.29), we find a precise agreement of the momentum transfer rates. Note that in
contrast with the charge anomaly discussed in the previous section, the momentum anomaly in the present
case is generated by a spectral rotation/stretching about £ = 0 which pushes some edge states to energies

|E| > |m|, thus causing them to get lost into the sea of gapped bulk states (see figure 4.4).
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We will now look at one final anomalous transport process. Interestingly, because of the mixed dependence
of Spur = %’ st FAeAAT4 on e?,w?B and A, we can also generate a charge current with a certain
arrangement of background geometry fields. This is unusual as this type of transport does not occur in
the 2+1-d effective action. Let us turn on a torsion magnetic field 7% = Cdx A dy on the (z,y) cylinder,
and thread torsion magnetic flux (i.e., a dislocation) through the hole of the (z,w) cylinder to generate the

torsion electric field T3 = %dt A dz. This can be achieved through the co-frame

. t
e =dt, el =dx, 2 =dy, = (1 + > dz 4+ Cxdy, e* = dw (4.36)

L. T
upon choosing wap = 0. From the bulk response action we get the bulk charge current

_ gm? bC

= : 4.
872 I.T dt Ndx A dy N dz (4.37)

* Jpulk = %Id(eA A TA)

Just like in the case of the 4+1-d quantum Hall effect this gives a constant current density in the w-direction

which transfers charge from one boundary to the other at a rate

aqQ qm>2b®r

T (4.38)

From the perspective of the boundary fermions, this current is due to another manifestation of the U(1) chiral

anomaly d* Jgo, = %’T“ AT, for the chiral boundary states. This is of course the Nieh-Yan contribution to

the (covariant) chiral anomaly, discussed previously.

Let us now explore how the anomaly can be understood microscopically from a Hamiltonian point of view.
Once again, it suffices to focus on the lowest energy part of the spectrum of the chiral fermions in the

background frame field (see Appendix B, section B.3 for a derivation):

EL(t) = —sign(Cp,) —2——, Eg(t) = sign(Cp,) —2— (4.39)
(1+ 22%) (1+ %)
with degeneracy N(p.,t) = %. From the definition
L1 o o q :
Q=q | &z 3 (vac] [wf(a:),w(a:)} lvac) = 5 Z sign(Ey,) (4.40)

P
3 {|En|<|m]}
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(a) (b)

Figure 4.5: The Hamiltonian energy spectrum for chiral fermions in the presence of a uniform background
torsion magnetic field in the z-direction. The (black) states are higher torsion Landau levels, while the linear
gapless (blue, red) curves are the zeroth Landau levels for left and right handed fermions respectively. We
can consider the left and right handed fermions to exist on opposite boundaries of a cylinder. Once the
energies of the linearly dispersing modes reach +|m/| these states are no longer localized on the boundary
and lose their sense of chirality. Note that something unusual happens here compared to the previous two
figures. In a torsion magnetic field one chirality disperses upward while the other disperses downward. (a)
The Hamiltonian spectrum before the application of a torsion electric field. (b) The spectral modification
induced by an additional torsion electric field along the z direction.

we see that the net left- and right-handed charges at a time ¢ are given by (taking the large L, limit)

bt
qL. m(1+7%r) b D qm2®rL, bt

Qr=— / dp: —— =— 1 (4.41)

2 2 b 82 L.T
0 — 15 /m(1+L?T) g P am’®rL. (b (4.42)

=50 ), pz2n(1+i>’ 872 L.T)" '
L.T
From here, we find the rates of change of net charge are given by
d 2pd d ’pd

Qu _ gm7b®r dQr _ gm°bPr (4.43)

dt 8m2T ' dt 8m2T

which precisely agrees with the previous result in Eq. (4.38).

We see here that the reason that the Nieh-Yan term can contribute to the covariant U(1) anomaly is due
to the structure of the low-energy chiral fermion branches in the presence of a uniform torsional magnetic
field (see Appendix B, section B.3). As a comparison, we know that in the case of a conventional U(1)
magnetic field the low energy states of a single Weyl node become quasi-1D branches that disperse chirally,

i.e., the states coming from a left-handed (right-handed) Weyl node have a positive (negative) group velocity
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(if ¢B < 0) E = tvp,. Heuristically, the magnetic field acts to convert a 3-+1-d Weyl fermion into a highly
degenerate quasi-1D Weyl fermion at low-energy which only disperses along the direction of the applied
uniform magnetic field. The torsional magnetic field (which for instance can be thought of as a density of
screw dislocations) acts differently. Instead it generates quasi-1D upward dispersing or downward dispersing
branches depending on the chirality of the 34+1-d Weyl node E = =£uv|p.|. These branches contain both
left- and right-movers but they have a fixed chirality. For example, for torsional field C' > 0 the downward
dispersing branch of the low-energy modes are made up of left-handed modes alone, whereas the upward
dispersing branch contains only right-handed modes. The degeneracy also depends on the value of the
momentum p, as the torsional magnetic field is effectively stronger for larger p, charge. This seems a
bit strange at first, but we can see that the microscopic calculation precisely matches the bulk anomaly

calculation.

With this, we conclude our discussion of parity-odd response and anomalies in free fermion systems on tor-
sional backgrounds. To recapitulate, we have computed the parity-odd effective actions for free fermions on
torsional geometries in d =2+ 1 and d = 4 + 1 dimensions. We used these effective actions to deduce the
structure of anomalies (in particular, the torsional contributions) in the edge states which live on the bound-
ary between two different bulk phases. We then gave intrinsic, microscopic derivations of these anomalies
by considering spectral flow in torsional backgrounds (and in the case of d = 1 + 1, also using the Fujikawa
method). As explained previously, all of these calculations fit perfectly within the well-known framework
of anomaly inflow, and indeed extend the framework to include torsional contributions. Furthermore, our
condensed-matter-inspired picture provides natural resolutions to some previously ill-understood issues in-
volving UV divergences — any intrinsic calculation of torsional anomalies suffers from UV divergences, which
cannot be cured by intrinsic UV completions. Indeed, our calculations show that it is the bulk which provides
the required UV completion and cures the UV divergences appearing in the torsional anomalies of the edge

theory.
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Part 11

The Exact Renormalization Group

and Higher-Spin AdS/CFT
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Chapter 5

Introduction

The second part of this thesis is dedicated to the AdS/CFT correspondence and its interpretation as a
geometric formulation of the Wilsonian renormalization group, largely based on [38, 39, 40]. In this chapter,
we begin with a lightning review of AdS/CFT and its interpretation in terms of the renormalization group.
This introduction is by no means meant to be complete; instead we will only give sufficient details for the

reader to be able to appreciate the discussion in the following chapters.

5.1 The AdS/CFT correspondence

The AdS/CFT correspondence [41, 42, 43, 44], sometimes also called gauge/gravity duality or holography,
is a deep conjecture about the exact equivalence between two very different types of theories. The CFT
side of the correspondence refers to a Conformal Field Theory (CFT) on a fized d dimensional spacetime,
with no quantum gravitational degrees of freedom. For the purposes of this thesis, it suffices to restrict the
spacetime in question to be the d-dimensional Minkowski spacetime R¥~1. In this case, a conformal field
theory is defined as a relativistic quantum field theory which is invariant under the conformal isometries of
RY4=1 namely diffeomorphisms f : R14=1 — RL4=1 which preserve the metric up to an overall (spacetime

dependent) Weyl factor:

Nuv = Guv = aqu(m)auf”(x)ma = 92(96)77;w (5.1)

Since the only effect of such diffeomorphisms is to rescale the metric locally, we can give another equivalent

definition for a CFT as a relativistic quantum field theory which satisfies the additional constraint

T, (z) =0 (5.2)
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where T),,(x) is the stress tensor (also known as the energy-momentum tensor). The group of conformal
isometries of Minkowski spacetime, henceforth called the conformal group, is SO(2,d).! The constraints
imposed by conformal symmetry turn out to be quite strong. In fact, conformal symmetry completely
determines the structural form of all the two and three point correlation functions of the theory up to
overall constant coefficients. In fact, the operator content of the theory together with the operator prod-
uct expansion (OPE), which is equivalent to knowing the three-point functions of the theory, in principle
completely determines all the correlation functions of the theory.2 Additionally, in most known examples of
the AdS/CFT correspondence, the CFT has a large number of degrees of freedom (loosely speaking, a large
“central charge”), which we denote as N for vector-like models and N? for gauge theories; for example, N
could be the number of colors in the gauge group. While the conjecture is independent of N, it is most
tractable and useful in the case where N — co. We should note here that in gauge theories, the large N

limit is more precisely taken to be the t’'Hooft limit, where we fix A = g%, N.

On the other hand, the AdS side of this correspondence refers to a theory of quantum gravity coupled to
other matter and gauge fields, on a d + 1 dimensional asymptotically Anti-de Sitter (AdS) spacetime. The
metric on AdS spacetime (more precisely, a certain coordinate patch of the spacetime, referred to as the
Poincare patch) is given by

g= %—gs (d2® + npdatdz”) (5.3)
Note that Minkowski spacetime appears as the conformal boundary of AdS, which in the above coordinate
patch corresponds to z — 0. As a sanity check, note that the conformal group of the CFT is realized
in the bulk as the isometry group of AdS. Each primary operator in the CFT corresponds to a dual
field propagating on the bulk AdS spacetime. For example, the stress tensor of the CFT corresponds to
the graviton propagating on AdS, if the CFT has a conserved U(1) current, then the dual bulk field is a
U(1) gauge field etc. Of course, quantum gravity is notoriously difficult to make sense of in terms effective
quantum field theory. In the context of AdS/CFT, the bulk theory is typically a theory of closed superstrings
propagating on AdS spacetime; for instance one of the most well-studied example is the duality between
Type IIB superstring theory on AdSs x S5 and N = 4 super-Yang-Mills theory on d = 4 Minkowski space.
However, for the most part we will confine our attention to the low-energy effective field theory, or supergravity
description — in simple terms, superstring theories have an infinite tower of excitations, but in the limit where
the string tension 1/ is large (in units of the AdS radius £a45), we can ignore the massive states and focus

on the massless states in the spectrum, the effective field theory description of which is supergravity. In the

INote that isometry group SO(1,d — 1), also known as the Lorentz group, is a subgroup of the bigger conformal group.
2The structural form of the four and higher-point functions are not determined universally by conformal symmetry, but are
in fact theory dependent. Nevertheless, they can in principle be computed from the operator content and OPE data.
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AdS/CFT correspondence, (2 ,5/a’ in the bulk is typically O(A¥) (where A is the t'Hooft coupling in the
CFT and k is some rational number); so one expects the supergravity approximation to be meaningful in
the A > 1 limit.> In this sense, the AdS/CFT correspondence relates a strongly coupled, large N CFT to a
weakly coupled, semi-classical gravitational theory on AdS. We say semi-classical, because the gravitational
coupling constant in the bulk is related to the central charge of the CFT as Gy ~ % for gauge theories

(the analogous coupling constant in the vector model case is proportional to %), and so the N — oo limit

corresponds to the semi-classical limit in the dual AdS spacetime.

J

Figure 5.1: A cartoon picture of Anti-de Sitter space: the shaded region is the conformal boundary, i.e.
Minkowski space, on which the CFT lives. A source h(o)(y) in the boundary turns on the corresponding
bulk field h(z,z) propagating in AdS.

Having described both sides of the correspondence, AdS/CFT provides us with a precise dictionary to
translate from one side to the other. The most important element of this dictionary, which will be relevant
in our context is the computation of correlation functions in the CFT, which corresponds to a very simple
and natural calculation in the bulk. This calculation is easiest to describe in the Euclidean signature for
scalar operators, although the generalization to higher-spins is straightforward for the most part. To this
effect, let O be a scalar, primary operator of dimension A in the CFT, and let us suppose we wish to compute

their correlations functions. We construct the Euclidean generating functional

SCFT[h(O)] =—In ZCFT[h(O)L ZCFT[h(O)] ~ /[D¢] exXp (—So[¢] + /ddJU h(o)(x)(’)(x)> (5.4)

where we have collectively denoted all the fields integrated over in the CFT path-integral as ¢, and Sp[¢)

is the classical action for the CFT. All connected correlation functions of the operator O can be obtained

3For instance in the type IT superstring on AdSs x Ss, the masses of higher-oscillator string modes are of the order m2 ~

1/a/ = )\1/2/6124(15, while the Kaluza-Klein modes of fields reduced over S® are of order mi.K ~ 1/Z124dS' In the large A limit,
all the higher-oscillator string modes decouple.
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from the generating functional Scpr by taking derivatives with respect to the sources h, as usual. Now the
prescription for computing Scpr in the large N limit from the dual AdS theory is as follows: as discussed
above, corresponding to each operator O, there is a bulk field h(z,x) propagating on AdS spacetime. The
linearized equation of motion for the bulk field is completely fixed by SO(2,d) once the dimension A of O
is specified,

VZh —m?h =0, m?=A(d—-A) (5.5)

where V2 is the Laplace operator on AdS; the full non-linear equation depends on further details such as
the OPE content of the CFT. We are instructed to solve the classical equation of motion for h subject to
the boundary conditions

lim h(z,z) ~ 2200 () (5.6)

z—0

and evaluate the corresponding bulk on-shell action Sbulk’o_s.[h(o)]. Remarkably, the AdS/CFT dictionary
tells us that

SCFT [h(o)] = Sbulk,o.s[h(o)] (57)

Equation (5.7) will be the central equation we will focus on in our discussion in the following chapters. Of
course, in practice for the generating functional S¢pr to exist, one must impose an ultraviolet cutoff on the
path-integral. In the dual bulk picture, this corresponds to the fact that AdS space has an infinite volume
in the limit z — 0, and thus Spyik,0.s suffers from an infrared divergence. In order to make sense of this, one
must impose an IR cutoff in the bulk. In most standard treatments, one simply cuts off the bulk spacetime
at z = zg; the cutoff 2y can then be interpreted as a UV cutoff from the CFT point of view; however the
dictionary does not tell us which specific cutoff this corresponds to in the CFT. Another important feature
of the dictionary which will be relevant for our purposes, is that conserved current operators in the CFT
are dual to massless gauge fields in the bulk — for example, a conserved spin-one current J* is dual to the
photon A, in the bulk, the stress tensor T#” of the CFT is dual to the graviton h, in the bulk and so on.
As we will show in Appendix C, the bulk dynamics of these gauge fields is once again entirely fixed by the
conformal invariance of the CFT to linear order (and by the OPE data at higher-orders, although this is

harder to show).

There are of course a vast number of other elements in the AdS/CFT dictionary which allow us to compute,
for instance, expectation values of non-local operators (such as Wilson loops) in the CFT, entanglement
entropies of subregions in the CFT, correlation functions for the thermal state or highly excited states in

the CFT (which correspond to blackhole solutions in the bulk description) etc. It is not possible to go into
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those details here; the interested reader should look up the review [45], and references there-in.

5.2 The Renormalization group

It is widely believed that the AdS/CFT correspondence should be interpreted as a geometrization of the
renormalization group (RG) of quantum field theories. In this picture, scale transformations in the field
theory correspond to movement in the radial direction (parametrized above by the coordinate z); accordingly,
changing the bulk cutoff from z = 2y to z = zg + §z¢ corresponds to lowering the UV cutoff in the quantum
field theory. Given equation (5.7), it is then natural to expect that tracking the bulk on-shell action as a
function of the bulk cutoff 2y is equivalent to computing the Wilsonian effective action for the CF'T along
the renormalization group flow. Indeed, starting from a regulated version of equation (5.7), it is possible
to derive the RG equations for the boundary sources from a bulk calculation — this process usually goes
under the name of holographic renormalization. Early papers [46, 47] on this subject noted the relationship
between RG flow and Hamilton-Jacobi theory of the bulk radial evolution. Additional contributions were

made for example by [48, 49, 50, 51, 52, 53] and more recent discussions include [54, 55, 56, 57, 58, 59].

One of the main goals of this thesis will be to go in the opposite direction — we will start from a well-defined,
UV regulated CFT and try to deduce the dual AdS dynamics from the renormalization group equations of
the CFT. From the perspective of quantum field theory, considerations of the renormalization group usually
begin within the context of perturbation theory, naturally interpreted in terms of deformations away from a
free RG fixed point. Indeed, the ‘exact renormalization group’ (ERG) originally formulated by Polchinski [60]
was constructed within the confines of a path integral over bare elementary fields with (regulated) canonical
kinetic terms corresponding to the free fixed point. The word exact here refers to the fact that one keeps
track of all possible operators which are generated along the RG flow, without truncating to the relevant
and marginal ones (which is typical of most treatments of RG). Both the power and the curse of ERG is
that it is formulated in terms of the free fixed point. One of the hallmarks of the AdS/CFT correspondence
is that the bulk description is simplest, and most useful in a quite opposite limit — it is the strong (t’Hooft)
coupling limit in the CFT where simple geometric constructions in the bulk are possible (as discussed in the
previous section). So on the face of it, one might expect the program of going from the CFT to the bulk in

a meaningful way to be hopeless.

However, there exists a conjectured duality [61, 62, 63] between free vector models in d = 2 + 1 and certain
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types of higher-spin theories on AdSy (for a preliminary introduction to higher-spin theories, see Appendix
C; more details can be found in for e.g., [64, 65, 66] and the reviews [67, 68]). While the field theory side
in this case is completely under control, the bulk is a far more complicated, and highly non-linear theory
involving fields of arbitrarily high spin. This is to be expected — the weak-coupling limit in the CFT is
expected to correspond to the limit where the higher-spin string states (assuming that there is an underlying
stringy duality) become massless. From the field theory side, the signature of this is that free theories have
a large symmetry structure; for instance, in the free, Bosonic, U(N) vector model, one has an infinite tower

of higher-spin conserved currents of the form:

N

Ty oo (@) ~ Z GmOus -+ Oy Pm (5.8)

m=1

In the language introduced in the previous section, this infinite tower of primary operators in the CFT are
dual to a corresponding infinite tower of massless gauge fields hy,,...,., (z, z) propagating on AdS. Of course,
any theory involving an infinite tower of massless fields will inevitably turn out to be highly non-linear (and
possibly non-local). Nevertheless, one might hope that the free vector model provides an accessible testing
ground for the holography/RG correspondence, especially in the large N limit. This is primarily the case
we will work with in the following chapters. The non-linearities will manifest themselves in keeping track

of the infinite tower of primary operators and their descendents along an RG flow, but the Polchinski exact

RG makes this process tractable.

A useful way to think of these vector model/higher-spin dualities can be illustrated by considering 3d
Chern-Simons theories, known to be ‘dual’ to 2d Wess-Zumino-Witten models. In this case, the theory
is topological in the bulk (thus giving rise to a sort of holography long appreciated by condensed matter
theorists (and experimentalists!)). What this means is that the theory does not depend on a bulk metric, and
diffeomorphism invariance is broken only on the boundary through the introduction of boundary terms that
explicitly involve a boundary metric. In particular, it is conjectured that 3d gravity[69, 70] (and higher spin
generalizations[71, 72, 73]) can be thought of in these terms. Here, the dynamical degrees of freedom do not
include a metric in the bulk, but at least a wide class of classical solutions have a geometric interpretation, the
Chern-Simons gauge fields recast in terms of a co-frame and spin connection (or higher spin generalizations
thereof). The equations of motion are first order (i.e., classical solutions are flat connections). In fact, it
is widely believed that a consistent field theoretic formulation of theories with arbitrarily high spins must
be similar in spirit — namely, that it should be formulation in the language of connections and flatness

conditions. As we will see in this work, the picture that emerges from a study of exact RG equations of
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vector models is precisely of this nature.

In the next chapter, we will introduce the bosonic U(N) vector model, and present a framework to deal with
its higher-spin symmetries. Then in chapter 7, we will study the renormalization group flow of this model,
and cast the RG equations in the language of Hamiltonian dynamics. The corresponding equations of motion
will be interpreted as the higher-spin equations of motion. In chapter 8, we will then explicitly evaluate the
on-shell bulk action and show that it reproduces the generating function of connected correlation functions
of the vector model, thus proving equation (5.7). In chapter 9, we will show how to recover the massless
higher-spin gauge fields on AdS and their linearized dynamics from the renormalization group equations of
the vector model. Finally, in chapter 10 we will extend this discussion to include multi-trace interactions in
the vector model, and show that in the large N limit, this merely corresponds to a change in the boundary

conditions on the equations derived previously.
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Chapter 6

The U(N) vector models

In this section, we introduce the Bosonic U(NN) vector model, which consists of N complex scalar fields in
d space-time dimensions (the Fermionic vector model will be introduced in chapter 10). The action at the

free fixed point is given by

8%, = — / @z % ()0 ()™ (2) (6.1)

where we have taken the space-time metric to be g,, = n,, and O = 7*¥9,0,. The index m runs from 1 to
N, and repeated indices implies summation. We are interested in deforming the theory away from the free

fixed point with generic “single-trace” operators' of the schematic form
¢:<n¢m7 (rb:na/id)mv ¢:‘,Laﬂal/¢m7 e (62)

with no prejudice towards the number of derivatives. (As mentioned in the previous chapter, these operators
are representatives of the conserved, higher-spin current operators at the free fixed point — the precise
definition of these operators requires them to be traceless, symmetric and conserved, but these complications
will be irrelevant for our purposes.) In order to do so, it is most convenient to introduce two bi-local sources

B(xz,y) and W, (z,y), and write the full action for the U(NN) model as

Bos. = — G (@) Dy (2, w) Dy (w, y) 9™ (y) +/ O () B(2,y)9™ (y) (6.3)

T,u,y

where we have introduced the new “covariant” derivative

Dy (x,y) = 05" (,y) + Wy(w,y) (6.4)

1 Restricting to single-trace operators of course is not very general, but it is a consistent truncation of the full set of ERG
equations in which sources for all “multi-trace” operators are included. We will return to this more general system in chapter
10.
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One can easily check that this action sources all possible single-trace operators. We have written the action
in this precise form, because (as we will see shortly) D,, is a covariant derivative for a background gauge
symmetry. While we will work with arbitrary bi-local sources B and W, for the most part, it is convenient

to think in terms of a quasi-local expansion for these in the form

B(z,y) ~ Y B (x) o076 — y) (6.5)
s=0

Wu(z,y) ~ Y W, 7% (2) 0 - 964w — y) (6.6)
s=0

Putting these expressions into the action, we see that they amount to sourcing arbitrary single-trace operators
with any number of derivatives; such operators can be organized into conformal modules, represented by
lowest weight primary operators, which in this case turn out to be the conserved higher-spin currents. It
is clear from equations (6.5) and (6.6) that the above bilocal sources are really “matrices” acting on Lo
functions over spacetime, and the bilocal representation is merely convenient notation which makes this
manifest. Given this matrix notation, it is also convenient to introduce the following product and trace on

such bilocal sources:

(f-)(@.y) = / f@wg(uy),  Te(f) = / f(z) (6.7)

The sources B and W), that we have introduced above couple, respectively, to the following bi-local operators

in the CFT

(o) = 650" (@), W) = [ (S0P 06" (W) - D w0 (W™ (@) (65)

We will see below that fI”(a:, y) can be interpreted as a bi-local current operator, which packages together
the higher-spin currents mentioned previously. There is a minor subtlety in defining U(N) singlet bilocal
operators — since ¢™(x) is a section of a U(N) vector bundle, the only natural contraction between ¢7, (y)

and ¢™(z) should involve a U(N) Wilson line. For instance,

f1(a,) = 65, ) (2 A7) on(@) (6.9)

where A©) is a background U (N) connection. By not including the Wilson lines explicitly, we are assuming
that the U(N) vector bundle is trivial — this means that A(®) can be taken to be flat, and in particular we

make the choice A(®) = 0. Another way of saying this which is particularly natural in d = 3, is that we can
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introduce a dynamical U(N) gauge field A, (z) into the theory, with the Chern-Simons interaction

N
A

k 2

minimally coupled to the vector model in question. Keeping N fixed (but large) and sending A — 0
corresponds to localizing on a flat connection ALO), which in the present case we may take to be pure gauge.
Note that A here is analogous to the t’Hooft coupling discussed in the previous chapter; we therefore see

that the vector model is the limit of A — 0, which is consistent with the existence of higher-spin symmetry.

The (unregulated) generating function (or partition function) is obtained by performing the path integral

Z[B,W] ~ / [depdp*] e SBes (6.11)

The path integration in (6.11) is over the set of all square integrable complex scalar functions over the

space-time R14~1 where the measure is conventionally written formally as

N

dodg*) = [ [ dém()dss,(x) (6.12)

m=1geRl.d—1

6.1 The U(Ly) symmetry

Given the measure in equation (6.12), it is natural to ask what a general linear transformation in function

space would do to the path integral. To that end, consider a general linear bi-local field redefinition

o) / £z, 9)o(y) (6.13)

where £ : Ly(RY) — Ly(R?) is a unitary map of square integrable functions, i.e.

L£hL(z,y) = / L*(u, ) L(u,y) = 6%z —y). (6.14)
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We will refer to the group of such transformations as U(Ly(R%)), or simply U(Lz) for short.? If we consider

an infinitesimal version of the above transformation

L(z,y) ~0(z —y) + €(z,y) (6.15)
then the U(Lg) condition implies
¢ (@,y) + e(y,) = 0 (6.16)
For example, consider an € of the form
e(z,y) = i&(x) 6(x — y) + & () OP8(x — y) + 6" (x) IP O 6(x — y) + - - (6.17)

where £, &*, " --. are all real. This satisfies the U(L2) condition provided 9," = 0, 9,£"” = 0 and so
on. The first term above is an infinitesimal U(1) gauge transformation (generated by the spin-1 current),
the second term is a volume-preserving diffeomorphism (generated by the spin-2 current), while the rest are

higher-spin transformations (generated by higher-spin currents).

Formally, the measure (6.12) is invariant under U(Ls) transformations, i.e. the Jacobian is unity. Coming

to the action (6.3), we obtain

SBos.[L+¢. B,W,] = Spos. [¢, L7B-L, L7TVW,-L+ L7109, L] ] (6.18)

Thus, we find that W, acts like a background gauge field for unitary bi-local field redefinitions, while B
conjugates tensorially. This is the reason the derivative D, (z,y) defined previously acts as a covariant
derivative with respect to U(Lgy) transformations. In the infinitesimal case, the transformation properties of
B and W can be written as

0B = [B76].a 5VVN = [DIHE]. (619)

where we have defined the ‘--bracket’ [f,g]. = f-g — g-f. Given the formal invariance of the path integral

measure, we obtain the Ward identity

Z[B,W,|=Z L "B-L, LT"W,-L+ L[0,, L] ] (6.20)

2Here we are considering such transformations that commute with the U(N); this is appropriate since we are sourcing
U(N)-singlets.
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The infinitesimal version of this Ward identity is given by
Tr. q [D,, €] L%—[ B 2 ZB,W,|=0 (6.21)
. wo €l W, € D], 5B y W] = U .
which directly implies the conservation equation
(D, 1], + [B,11), = 0. (6.22)

where IT and IT* are vacuum expectation values of corresponding the operators defined previously. The above
equation, evaluated at the fixed point B = W, = 0, gives a bilocal conservation equation, which from the
discussion below equation (6.17), is equivalent to the conservation equations for all the higher-spin currents.
In other words, the U(L2) Ward identity is a convenient way to package the higher-spin symmetries of the

free fixed point.

In fact, U(L2) symmetry teaches us a vital lesson about the fixed point — since W), behaves like a background
connection under U(Ls), the configuration W, = 0 is gauge equivalent to the pure-gauge configuration

W, = L7 [0,,L].. Thus, for any flat connection W) satisfying
dW© WO AWO =9 (6.23)

with d = da* [9,,, |., the partition function Z[B = 0, W] describes the free-fixed point. For this reason, we

will find it convenient to pull out a flat piece from the full source W and write it as
W=w 4+Ww (6.24)

Indeed, it is W and B which represent arbitrary single-trace, tensorial deformations away from the free-fixed
point, and thus parametrize single-trace RG flows away from the free CF'T. We will return to this point in

the next chapter.

The group U(L2) does not exhaust the background symmetries of the free bosonic U (V) vector model. We

can further enlarge this group, by considering transformations of the form

LHL(n,y) = / £, 2) L, y) = Q26%(z — y) (6.25)
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where ) is some positive constant.> We will call this larger group CU(Lz). Let us now think about how
the enlarged symmetry acts on the path-integral. Firstly, in order to continue thinking of the field theory as

living on Minkowski spacetime, we introduce a conformal factor z in the background metric:

1
n,uu — ;n,uua (626)

d

and redefine the sources by rescaling them: Byjg = 2972 B e, and Wy = 29Wew.* For simplicity, we will

drop the subscript new from here on. With these changes, the action takes the form

1

Stonl6.5BW) = = 5 [ 6, @)DD @)6™0) + 7
T,y

- / G@BEYG)  (62)

~d

Having made these changes, we find straightforwardly
Stos. L2062, B W] = Spos. [0, 2, L7VBL, L7W L+ L7110, £] (6.28)

where £ is a CU(Ls) element satisfying equation (6.25), with 2 = A“2%. Once again, we find that the 1-form
W,, transforms like a gauge field, while the O-form B conjugates tensorially. Note further, that the conformal
factor z rescales to A~!z. Thus, we conclude that CU(Ls) is a background symmetry of the action up to
a conformal rescaling of the background metric. In terms of the quantum partition function, we have the
Ward identity

Z[z,B,W, ] = Z I\ 'z, £74BL, LWL+ L7140, L] (6.29)

Since the CU(L2) transformations involve a rescaling of the background metric, we expect them to play an
important role in the renormalization group analysis; we will see this explicitly in the next chapter. We also
remark that the measure of the path integral is, in general, not invariant under these transformations (unless
Q = 1), but will pick up an overall normalization factor, which one might think of as an anomaly. This can

be absorbed into the source for the identity operator.

We have one more background symmetry to discuss before we move on to the renormalization group. Recall

that we have split the 1-form W, into a flat connection and a tensorial piece — see eq. (6.24). With this

3In particular, for diffeomorphism invariance in the dual theory, it might be important to generalize this to the case where
Q is a function of spacetime; we will however not do this presently.

4These scale factors are put in for the following reason: recall that the sources admit the quasi-local expansions (6.5), (6.6).
These expressions will get modified upon the introduction of the conformal factor z in the metric, as §(¢) (z—y) — z§(d) (z—y).
The scale factors introduced above precisely remove this additional z-dependence. The extra 22 in Bpew ensures that it
transforms tensorially under CU(Lz).
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separation, the action becomes

SBOS‘[¢7 Z, Bu W;L] = SO + Sint (630)
g L/ “ () DO (1 ) DO m 6.31
0 — _dez zyuqsm(x)n “w (J?,U) v (U,y)gb (y) ( . )
1 — —
Sint = 73 /W O (@) (B(:v,y) - {WM,DLO)}‘ (z,y) — WM.Wﬂ(x,y))qu(y) (6.32)

where DfLO) =0,+ WIEO). Since /Wu is tensorial, it is possible to redefine B to absorb the terms involving W
B=B-— {W“, D,§0>}' — W, W (6.33)

In other words, from a renormalization group point of view, it is redundant to turn on both B and Ww
Therefore, one can use the above freedom to set W# = 0 in S;,s; we will henceforth do so, and write the

deformation away from the fixed point as

S =z |68 09" W) (634

Note that this was in fact the starting point of Ref. [74], but the geometrical structure has now been made
manifest. In our discussion of the exact RG equations to follow, were we not to absorb /Wm we would find

that the exact RG equation cannot unambiguously be separated into independent equations for B and Wu-

6.2 Infinite jet bundles

We have seen above that the large symmetry of free field theory, which is best elucidated in the path integral
formulation, has a naturally geometric flavor. In particular, W — which sources a certain bi-local current
operator in the field theory — transforms like a ‘connection’. A natural interpretation for W is that it is a
connection on the infinite jet bundle of the field theory. Said another way, the background U(Ls) and CU (Ls)
symmetries of free field theory can be characterized as gauge transformations of its infinite jet bundle, and
sourcing all possible single-trace operators is equivalent to picking a connection on (and a section of the
endomorphism bundle of) the infinite jet bundle corresponding to the field theory. For completeness, we will
end this chapter by briefly describing a few details about infinite jet bundles — a much more detailed account

can be found in Appendix C.
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While it is true that the U(Ls) and CU(Ly) symmetries we have discussed resemble gauge symmetries,
the main problem we must confront in order for such an interpretation to hold, is their non-local nature.
The gauge transformations one usually encounters in physics are local — consider for instance a U(1) gauge
transformation d¢(z) = ia(z)p(x). In this case, ¢ is thought of as a section of a vector bundle associated
to a principal U(1) bundle, and the gauge transformation may be thought of as a vertical group action. On

the other hand, a U(Lz) transformation

5™ (z) = / (. 9)6™ () (6.35)

depends on the value of ¢™ not merely at one point, but over the entire common support of € and ¢™. In
other words, the action in (6.35) depends on the value of the ¢™ at a point, and its derivatives at that point
(at least if we subscribe to a quasi-local gauge transformations of the form (6.17)). In order to interpret this
as a gauge transformation then, there is a need to construct a vector bundle whose fibre at each point keeps
track of ¢, and its derivatives. In mathematics, this construction is referred to as the infinite jet bundle.
Loosely speaking, the infinite jet bundle is a vector bundle whose fibre at a point p consists of all equivalence
classes of functions (or more generally sections) which have the same derivatives at p. Schematically, an
element ® of the fibre at p correspondent to the function ¢ looks like

m 2 4m
#1010 = (7). G () s ).+ ) (6.36)

and is called the jet of ¢ at p. The space of all jets at a point constitutes the fibre of the infinite jet bundle
at that point. Going back to equation (6.35), we see the action of € on ¢™ can be represented in terms
of a linear and local action on its jet ®"[¢]. This is why we can think of U(Ls) transformations as gauge
transformations acting on the infinite jet bundle, satisfying the U(Ls) condition. For instance, the gauge

transformation in equation (6.17) written in terms of jets, takes the local matrix-form:

i€(x) £(x)
§0[0](z) = E[e)(z) - ®[o](x), Ele)(x) = | iDub(x) b1E(x) + Du€¥(x) - (6.37)

Given this interpretation, the 1-form W, is naturally identified as a connection 1-form over the infinite

jet bundle, while the O-form B can be thought of as a section of its endormorphism bundle. Indeed, this
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interpretation fits nicely with our intuition for quasi-local expansions for our bi-local sources®

W(z,y) = > W= (2)9( - ) 6%z — y) (6.38)
s=1
ZB‘“ a1 ()9l - ) 5%z — y), (6.39)

which can be written in a local matrix form similar to equation (6.37), in jet-space. The above quasi-local
expansions basically express the fact that both W, and B are valued in (a sub-bundle) of the endomorphism
bundle of the jet bundle.® In this way, a purely field theoretic exercise of sourcing all possible single-trace
operators leads us to a beautiful geometric framework. More details about the jet-space formulation described

here can be found in Appendix C.

Before we end this chapter, we would like to introduce the notion of a Wilson line. Let w(s;z,y) be a
one-parameter family of bi-local sources; we will encounter such a family in the next chapter, with s playing
the role of the renormalization group flow parameter. We define the Wilson line J# (¢;tg) corresponding to

this source as the following path ordered exponential:

Z. exp (/ ds w(s ) (6.40)
t

1+/ ds w(s /d51/ dsoy w(sy): /dSQ/ ds; w(s2) w(sy) + -
to

A(.”

L%/(t; to)

Note that the path-ordered exponential above is a -exponential, in that all the products involved in

LL-”

defining it are “.”-products. As usual, the Wilson line defined above satisfies

& (t5t0) = wlt)H (t: 1) (6.41)

These Wilson lines will play an important role in the construction of bulk-to-boundary propagators in
chapter 8. It is also possible to define such Wilson lines for the U(Ls) connection introduced above, using

the jet-bundle formulation; we do this in Appendix C.

5These quasi-local expansions should be regarded as schematic. More precisely, we should think of the bilocal fields as
sourcing all possible quasi-primary operators and their descendants, and hence the expansion is in terms of conformal modules.
6In most physics literature, the connection is thought of as a 1-form valued in the Lie-algebra of the gauge group, W =
WiTdz". The quasi-local expansions should be thought of in the same spirit, with the differential operators T'(*) ~ 8(51)6d (z—

y) playing the role of the Lie-algebra elements.
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Chapter 7

The Exact Renormalization Group
and Holography

In this chapter, we will construct the renormalization group flow for the free bosonic vector model (described

in detail in the previous chapter), perturbed away from the fixed point by the bi-local source B.

7.1 The Renormalization Group

The general principle of Wilsonian renormalization is that the action of a quantum field theory should be
thought of as a function of the energy scale at which it is probed. In simple terms, this amounts to having
cutoff dependent sources (or couplings) — this is because, in say lowering the ultraviolet (UV) cutoff from
M to AM (X < 1), one is really integrating over the fast modes in the path integral, which consequently
changes the values of the couplings, thus making them cutoff dependent. The remarkable feature of the
Wilson-Polchinski exact renormalization group [60] is the description of renormalization of a QFT action in

terms of a diffusion-like equation, with the cutoff M being the flow parameter.

Alternatively, it is also possible to think of the conformal scale z of the background metric ¢(© = 272y

as parameterizing the RG flow, with fized UV cutoff. In this version, one lowers the cutoff M +— AM
by integrating out fast modes, but then performs a scale transformation ¢(© — X2¢(® (or equivalently
z — A712) to take the cutoff back to M. Naturally, in this case, the conformal factor z acts as the flow
parameter, and the sources may be thought of as z-dependent. From a geometric point of view, this version
of RG is more appealing, and we will adopt it in our discussions below. In the notation introduced in the
previous section, we will then regard the sources, B(z;x,y) and W,SO)(z;x,y), as one-parameter families of

bilocal sources, with z parametrizing the RG flow.

In order to proceed, we must regulate the path integral — following Polchinski’s formalism [60], we will do so

by introducing a smooth cutoff function K (s) which has the property that K(s) — 1 for s < 1 and K(s) — 0
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for s > 1. We thus write the new regulated action as

reg. 1 * (=3 — = N\ m 1 * (= = N m
b == |, On @K (Dl /M?) Dy @ 006" (@) + 5 [, en@BEDS"@ (1)
where D(20) = n“"D,(LO)-Dl(,O), and M is the UV cutoff, which we will regard as fixed.! The particular choice of

K will not be important in our discussion below — any sufficiently well-behaved cut-off function will do. We
emphasize that the cut-off procedure we utilize preserves the global U(N) symmetry, and this is sufficient

to ensure that the truncation to U(N) invariant, single-trace operators is a consistent truncation.

The regulated path integral is then given by
Zepr|z: U, B,WO)] = / (dpde?] e~V SE, (7.2)

where U is the source corresponding to the identity operator. For clarity, we now restate the RG program

as a 2-step process:

Step 1: Lower the “cutoft” M — AM (for A < 1), by integrating out a shell of “fast modes” — this changes
the sources, and we will use the notation U — U , B— B to denote this. The calculation can be efficiently

carried out using Polchinski’s exact RG formalism (see Appendix C for details).

Step 2: Perform a CU(Lsy) transformation ¢ — L-¢ to bring M back to its original value, but in the process
changing z — A~z — thus, the RG flow is parametrized by z in our description, and not M (M is an
auxiliary parameter in the cut-off function). The CU(Ls) transformation additionally acts on the sources,

and as we will see below, leads to a covariantization of the RG equations.

The above two-step process can be succinctly stated in the form of the following equality of partition

functions:

ZIM,z,B,WO U] = ZM\M,z,B,W© U] (7.3)

ZIM A 2, L7V BL, L WO L 4 £71dL, U] (7.4)

where we have assumed there there is no anomalous contribution to U under the CU(L2) transformation.

INote that this choice of regulator preserves the U(L2) symmetry. We used a slightly different regulator in [38, 39]. The
present choice is somewhat more convenient — the differences are merely notational, and not physical.
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Figure 7.1: In this illustration, we depict the renormalization group flow as a two-step process. In step one,
we coarse-grain by lowering the UV cutoff, while in step two we perform a scale transformation to bring the
cutoff back to its original value, but changing the background metric.

We can parametrize the infinitesimal RG transformation by writing A =1 — ¢, and
L(z,y) = 6(z —y) + e zW(z,y) + O(?) (7.5)

where we have suggestively denoted the infinitesimal piece of L as WZ(O)7 to indicate that it should be thought
of as the z-component of the connection; WZ(O) is merely a book-keeping device which keeps track of the gauge

transformations along the RG flow. Equations (7.3) and (7.4) then give us

WO(z +e2) = WO(2) + ez [ DO, WO +0(e?) (7.6)
B(z+ez) = B(z) — ez [sz), B] +e2f® +0(?) (7.7)
U(z+ez) =U(z) —iczN Tr. (Ap-B) (7.8)

where the tensorial beta function 38) is given by (see Appendix C for details)

BB = B-Ap-B. (7.9)
and we have defined
2z .

with K(s) = 9,K(s). We note that Ap defines a regulated or smeared version of the --product between

bi-locals.2

2A convenient choice of regulator which is useful for computations is the exponential cutoff K (s) = e~*. In this case, the

z2 2
kernel Apg is proportional to the heat kernel for the operator D(QO): Ap = — 1\2/[z2 e P, In the limit 2 — 0, Ap(%;Z,9) —

—2559(F — ).
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By continuing the renormalization group flow, we can extend B and W into the entire RG mapping space
R3 xR, where the half-line R is parametrized by z. We will often refer to this space as the bulk, for reasons
which will become clear shortly — the RG equations will be interpreted as a dynamical (Hamiltonian) system
on this one-higher dimensional space in the next section. We will also henceforth refer to the extended fields
as B and W to emphasize that they live in the bulk. Note that W(®) is a one-form in the bulk; indeed,
WO “grows a leg” in the z-direction, with WZ(O) keeping track of the gauge transformations along the RG

flow, as discussed above. Comparing the e terms on both sides of equations (7.6) and (7.7), we find

Figure 7.2: The renormalization group equations can be interpreted as a dynamical (Hamiltonian) system
on a one-higher dimensional space.

WO — 9, WO + [W§°>, W;0>] =0 (7.11)
0.9 + [W§0>, %] = B®) (7.12)

Therefore, the renormalization group equations turn out to be gauge-covariant equations in the bulk. Given
that WI(LO) is also flat in the transverse directions (by construction; see equation (6.23)), the first of these
equations can be promoted to

FO = aw©® L w@ Aw© =g (7.13)

where d = dz* [0y, | + dz0, is the bulk exterior derivative. Equation (7.12) can similarly be promoted to a

full-fledged one-form equation in the bulk
DyoyB = diB + [w“)), %} — 3® (7.14)

The z-component of the one-form ﬁ(%) = B,S%)dx” + B®)dz is given by equation (7.9); the transverse
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components on the other hand get determined by the Bianchi identity®
DB = dg™® + {Wm),ﬁ(%)} -0 (7.15)

Thus, the renormalization group equations for single-trace perturbations away from the free fixed point
organize themselves into covariant equations, with the beta function playing the role of “curvature”. In
the following section, we will argue that these can be naturally interpreted as (one-half of the) equations of
motion describing the holographic dual of free field theory. It might be surprising that the equations we have
derived above are remarkably simple, as compared to the Vasiliev higher spin equations. We emphasize that
the equations are exact and form a consistent closed system. We have been able to establish these simple

equations precisely because we have not insisted on locality. This is an essential aspect of free field theories.

We can similarly write down the Callan-Symanzik equations for II(z,y) following the two step RG prescrip-

tion outlined above. We find (see Appendix C.3 for details)
I(z +ez;z,y) =1(2;2,y) — 2 [WZ(O), H] +iezNAp + ezTr.y(x, y; u, v)- (v, u) (7.16)

where we have introduced the notation

38 (u, v)

3By 2) (7.17)

'Y(xvaUa”) ==

Note that II(x, y) transforms tensorially under CU(Ls); we may extend it to a bulk adjoint-valued zero form

P(z,y). Comparing e terms on both sides of equation (7.16), we arrive at
DOP=0,P + [WZSO), ’P] =iNAp + Tr y(z, y; u,v)-P(v, u) (7.18)

In the next section, we will see that ‘B and P can be treated as canonically conjugate variables, and the

equations (7.14) and (7.18) can be interpreted as Hamiltonian equations of motion.

Notably, equation (7.13) implies that the WO is a flat connection in the bulk — this is where AdS comes into
the picture. In higher-spin theories, geometry is not manifest in the usual sense, i.e. there is no meaningful

way to talk about metrics, and the corresponding curvature etc. Instead, the AdS geometry appears in the

3The Bianchi identity is derived by acting on equation (7.14) with Do), and using the fact that WO is flat.
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form of a flat, g = 0(2, d)-valued connection one form,

0 dz dx*

which is in fact the Maurer-Cartan form for O(2,d). This is also familiar from, for example, the Chern-
Simons formulation of gravity in 2 + 1 dimensions, and is in fact a generalization of this story to higher
dimensions. By picking out an h = o(1, d) subalgebra inside g, one identifies the corresponding h-valued part
of W) as the AdS spin connection, while the remaining g/h-valued piece is identified as the AdS co-frame.
The fact that the isometry group of AdS;, is precisely the conformal group O(2,d) of R14~1 is, in this
language, manifested in the fact that there exists a subalgebra isomorphic to 0(2,d) inside the set of all
gauge transformations which preserve Wgod)s. It is therefore natural to interpret the flat U(Lsy) connection

which emerges in the bulk at the free fixed point, as the AdS connection.

Finally, we state the infinitesimal version of the RG “Ward identities” (7.3) and (7.4) explicitly

- %z — Tr { ([B, W§0>] + 5“5’)) -% + [fo”, W§0>}_ - } Z+NTr (Ap-B)Z (7.20)

s
where by %Z we mean the partial derivative with respect to z keeping all the sources fixed. As we will see
in the next section, this identity can be interpreted as the Hamilton-Jacobi equation (z being the parameter

for “radial evolution”), and plays a very crucial role in making contact with holography.

7.2 Holography via Hamilton-Jacobi theory

In the previous section, we have seen how the renormalization group organizes field theory data in the one-
higher dimensional RG mapping space. In this setup, the sources and the corresponding vacuum expectation
values for single-trace deformations away from the fixed point turn into fields living in the bulk, with
their dynamics governed by renormalization group equations. However, in order to ascribe a holographic
interpretation to this, we must go further and show that all the correlation functions of the field theory can

be reproduced from the bulk theory. The first step towards this, of course, is to construct the bulk action.

The defining property of holography is contained in the following equation (which is equivalent to equation
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(5.7) adapted to the present case)
Zle, w®, b)) = e=Suslewf? o) (7.21)

where Sgy is the Hamilton-Jacobi functional for the bulk theory; i.e., the bulk action evaluated on-shell,
with the boundary conditions B(e) = b(®) and W) (¢) = w(®). Said another way, the generating functional of
the CFT is a wavefunctional (defined on a constant z = € hypersurface) from the bulk point of view in radial
quantization. Therefore, while we might not have access directly to the bulk action, the field theory gives
us the Hamilton-Jacobi functional instead. As is well-known from Hamilton-Jacobi theory, the (connected)

boundary expectation value
_ 0Smuy
000

(7.22)

can be thought of as the boundary value of the momentum conjugate to B in the bulk. Thus, we see a bulk
phase space picture emerging, with %6 and P forming a canonical pair. The canonical 1-form (of which the

symplectic 2-form is the exterior derivative) is given by

0 = Tr. P-6B (7.23)

The crucial observation is that the RG Ward identity (7.20) takes the form of the Hamilton-Jacobi equation

0

— = —Hpy 7.24
aZSHJ Hbulk (7.24)

with the bulk Hamiltonian given by
Hyur = Tr. { ([BWO] +83)) P+ [DO, WO P} - N Tr. (Ap-D). (7.25)

It is straightforward to check that the Hamilton equations of motion which follow from the above are precisely
the RG equations (7.11), (7.12) and the Callan-Symanzik equations (7.18). Furthermore, we note that WZ(U)
is a Lagrange multiplier, which enforces the U(Ly) Ward identity. In addition to the above “dynamical”
terms in the Hamiltonian, we may also introduce constraint terms, which enforce the transverse components

(i.e., the dz* components) of equations (7.13), (7.14)
Hconstr. =Tr {(DLO)% - ﬁL%)) ‘QM + .FlS?,)QNV} (726)

where QF and OM” are Lagrange multipliers. Note that the Hamiltonian is linear in momenta, and as
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such there is no distinction between phase space and configuration space formalisms. Nevertheless, we may
construct a “phase space action” (of the type “pg — H”, reminiscent of BF theories in condensed matter

physics) given by

Syt = / az Te. {P"- (DB — B™) + P Ff) + N Ap-B} (7.27)

o0

where we have collected together P, Q* into P’, etc. It is worthwhile noting that the first variation of this
action reproduces all the RG and Callan-Symanzik equations. In the gauge where the Lagrange multipliers

OF and QMY are set to zero, we obtain the action for 8:

Sputi[B, P] = / dz Tr. {P- (Dg())% - %-AB-‘B) ~N AB-‘B} (7.28)

o0

As we will see in this next chapter, this action reproduces all the correlation functions of the boundary
theory, in the form of Witten diagrams, thus making the holographic correspondence further manifest. We
will conclude this chapter by noting that the above action is strikingly reminiscent of Chern Simons theory;
in fact we can make this more manifest if we define the new field B as P = A B-%-A B, and the new bilocal

product * and trace Tr, as

(fxg)=f-Ap-g, Tr.f =Tr.(Ap-f) (7.29)

In terms of these quantities, the action takes the form

Syt [B, B = / dz Tr, (% «DOB — B« B ‘B) n N/ dz Tr, (°B) (7.30)

oo oo

which as we noted above, is reminiscent of a non-commutative version of Chern-Simons theory, which appears
in Witten’s construction of open string field theory. It is indeed an interesting question whether this can be
made more precise. Additionally, our discussion of higher-spin equations of motion is similar in spirit to the
Vasiliev higher-spin theories, although the precise details appear very different (see Appendix C for some

further comments) — we leave these questions for future exploration.
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Chapter 8

Correlation functions and Witten
diagrams

In this chapter, we will show that the bulk action derived from the exact renormalization group in the
previous chapter, precisely reproduces all the correlation functions of the free vector model in terms of Witten
diagrams. In order to compute the field theory correlation functions, we follow the standard prescription,
i.e., we compute the bulk action on-shell, and extract the boundary generating functional from it, as per

equation (7.21). Note that on-shell, the only non-trivial contribution comes from the last term
o) o0
Sbulk,o.s = _N/ dzTr,B = _N/ dz Tr. (AB%) (81)

where the additional minus sign comes from flipping the limits of integration. We remark that this term
may be traced back to the RG flow of the source corresponding to the identity operator (7.8). Since the
field B above is a solution to the bulk equation of motion DB = ﬁ(%), what we should do is solve this
equation (along with the Callan-Symanzik equation), and substitute back into the action. But before we do
that, we need to set up boundary conditions. Since we have two equations at hand, we need two boundary
conditions. In the present context, one boundary condition presents itself naturally — we fix the value of B
at the boundary z = e:

B(e;a,y) = b (z,y) (82)

From the field theory point of view, b(®) clearly has the interpretation of fixing the source at the ultraviolet

cutoff. For the other boundary condition, we fix P in the infra-red:

lim P(z;z,y) =0 (8.3)

Z—00

This condition is of course consistent with the Hamilton-Jacobi structure (and the canonical 1-form (7.23)),

and is akin to the interior boundary condition one encounters regularly in holography.!

1For the variational principle to be well defined, we must either fix B8 on the boundary, or set P = 0 on the boundary, and
thus the boundary conditions we have chosen are consistent with the variational principle without any additional boundary
terms.
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The equations at hand are non-linear; it is convenient (and perhaps physically more instructive) to solve

them iteratively. Consequently, we introduce a formal organizing parameter A\, writing
B = )\%(1) + )\2‘3(2) + - (8.4)

P ="Pqo + )\P(l) + )\P(g) +o (8.5)

and we will solve the equations of motion order by order in \; the reader may regard the parameter A ~ % in
a suitable normalization. Let us focus on the 28 equation first. In fact, it suffices to focus on the z-component
of the equation of motion, as the remaining components are automatically enforced by the Bianchi identity

(7.15). Then, we have

[pgm,fs(l)] = 0 (86)
[Dio)v%@}. = B ApB) (8.7)
DO, Bs)| = By dpBa + By AsBe) (8:8)

We immediately see that the system of equations can be solved sequentially, with the solution of one equation
(and all before it) determining the right-hand side of the next. The first equation (8.6) is homogeneous and

has the solution

By (z2,y) = / K(zyx, 2" )b (', VK Y2y, y) (8.9)
w/,y/

where we have defined the boundary-to-bulk Wilson line
K(z) = P.exp ( - / dz Wgo)(z’)> (8.10)

satisfying the equation

0. K(2) + W(2)-K(2) =0 (8.11)

This Wilson line should be interpreted in the terms we described in Section 6.2 above. As usual, we will

surreptitiously write equation (8.9) as
%(1)(2) = K(Z)-b(o)-K_l(Z> (8.12)

in favor of compact notation. What we have done above, is to recognize that conjugating by K (i.e., pulling
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back from a bulk point to the boundary) effectively converts the covariant derivative in (8.6) to 0,. Since
W) is flat by its equation of motion, K is independent of the path connecting the endpoints. At this order,

the on-shell action is simply
Siulhons. = fN/ dz Tr Ap-B(y) = fN/ dzTr (K~ LAp-K b)) (8.13)
It is convenient at this point to define the Wilsonian Green function for the boundary field theory

g(z; 2, y) = /: dz H(Z;z,y) = /: dz' (K~Ap-K) (¢;2,y) (8.14)
where
H(z) = K Y(2)-Ap(2)-K(2) = 0.9(2) (8.15)
and furthermore we will denote

go)(z,y) = g(cos2,9), (8.16)

which is in fact closely related to the free elementary field propagator of the boundary theory. To see this,
note from the result (8.13) (or equivalently by solving the Callan-Symanzik equation at the zeroth order

D(O)P(o) =1iNAp, subject to the boundary condition eq. (8.3)), that

* m 6Su 0.8. e
Poer) = )" Wlerr = grges| =N [z Hem) = N gony) (817

where the subscript CF'T means the correlation function at the free-fixed point. Thus we find that the linear

term in the on-shell action can be written entirely in terms of boundary quantities

Slgzlt)lk,o.s. = —N Tr g(0)-b(0)- (8.18)
The above computation can be represented in terms of a Witten diagram as in Fig. 8.1.
Proceeding to second order, we solve equation (8.7) with By given by equation (8.12)

{Dio),%(z)]:@@)@) = K(2):bo) K (2)-Ap(2)-K(2)-boy- K ' (2) (8.19)
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Figure 8.1: The Witten diagram representation for the boundary one-point function P (x,y). The arrows indicate
radial orientation, while the turn-around in the bulk represents an insertion of Ap.

More generally, at any given order, we can always write
{Dgo), %(k)} = (I)(k) (Z) (8'20)

where ®;y is the inhomogenous term at the corresponding order. To solve this, we first conjugate by K to

reduce the covariant derivative to an ordinary derivative
K1) [DO, By (2)K(2) = 0. (K (2)-Ba (2)-K(2)) (8.21)

and so we obtain

0. (K(2) B0 () K (2)) = K~ ()05 (2)- K (2) (8.22)

Taking without loss of generality the boundary condition to be B (e) = 0, Vk > 2 (since eq. (8.2) has

been satisfied at first order in «), the above equation can be easily solved

By (z) = K(2)- [/00 dz Oz —2') Kl(z’)-q)(k)(z’)-K(z’)} K(2) (8.23)

We can recognize here the ingoing bulk-to-bulk Wilson line

G(2,2)=0(z—2) K(2)-K ') =0(2 — ') Z. exp ( — /Z du Wgo)(u)> (8.24)

2!

and the outgoing bulk-to-bulk Wilson line

G U22)=0(z—2) K(Z)K '(2) =0(z—2') P. exp ( - /Z du W (u)) (8.25)
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viz
B (2) :/ d2’ G(z2')- @) (7)) G (2';2) (8.26)

Collecting everything together, we get the integral equation
B(2) = K(2)-boy-K ' (2) —|—/ dz' G(z;2")-BP)[B](2)-G(; 2) (8.27)

€

Returning to the second order calculation, we have
%(2) = / dz' K(Z)°b(0)-K71(ZI)°AB(Z/)°K(ZI)°b(O)'Kil(z) (828)
and thus, the on-shell action at second order is given by

Séi)lk’o's = —-N /E00 dz /ez d2’ Tr (K~ (2)-Ap(2)-K(2)-boy-K ' (2)-Ap(z)-K(2')be))  (8.29)

-N /OO dz /Z dz’ Tr (H(z)-b(oy-H(2")-b(o)) (8.30)

We can once again represent this in terms of a Witten diagram as in Figure 2. Using equation (8.14), the
bo)
bo)

Figure 8.2: The Witten diagram representing the second order term 5225) in the bulk on-shell action. The b(o)s are

boundary insertions of the ultraviolet bi-local source b(o).

z-integrations can be straightforwardly performed

Slgi%k,o.s = —N/ dz/ dz" Tr (H(2)+b(0y-0219(2") b)) (8.31)
= —N/ dzTr (9.9(2)b(0y-9(2)-b(0)) (8.32)

N o0
= -3 dz 0. Tr (g(2)-b(0)-9(2)-b(0)) (8.33)

€
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which integrates to

N
Szﬁk,o.s =9 Tr (9(0)‘b(0)'9(0)'b(0)) . (8.34)

This result reproduces the correct two-point functions of the free field theory.

This procedure can be followed to arbitrary order. One finds the k*"-order term has the form

Zk—
€

o0 zZ1 1
Séigk’o_& = —N/ dzl/ ng.../ dzp, Tr (H(Zl)'b(o)‘H(ZQ)'b(O)‘...‘H(Zk;)‘b(()) + permutations)
(8.35)
The permutations include all of the distinct orderings of { H(22), ..., H(zj)}. Proceeding with the z-integrals

as before, we find the on-shell action at this order is given by

(k) N k
Spuik,os. = ~ 5 1T (900)°0(0)) (8.36)

As an example, the Witten diagram for the three point function is shown in Fig. 3.
bo)

bo)
bo)

Figure 8.3: The Witten diagram for the bulk on-shell action at third order.

Collecting equations (8.18), (8.34), (8.36), we note that the on-shell action
1 1
Shutk.ons. = =N (Tt (900)50)) + 5 T (9(0)D0)+900)°00)) + 5 T (9001 b0)90) b0y 910y b)) + -+ ) (8:37)
precisely reproduces the boundary generating functional
Z[b))/Z[0] = e~ Srutkeos = det™V (1 = 9¢0)-b(0)) (8.38)

Thus we conclude that the holographic formulation correctly reproduces all of the correlation functions of
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the boundary field theory.

Several comments are in order at this point. First, we have seen that a ‘double-line notation’ naturally
emerges for the Witten diagrams, essentially due to the bi-locality of the bulk field 8. However, because the
connection W) is flat, the corresponding Wilson lines can follow any path.? Second, the ‘bulk vertex’ is non-
local. Each of these properties is a manifestation of unbroken higher spin symmetry at the free fixed point.
Third, the above computation strengthens our claim that the action (7.27) describes the holographic dual
to the free bosonic vector model. It is only because the field theory in this case is completely under control,
that we could construct the bulk holographic description by hand, and then check that we can go back and
forth between the bulk and boundary descriptions. Finally, note from (8.38) that our holographic description
reproduced the ratio of partition functions Z[b)]/Z[0]. Z[0] is the domain of holographic renormalization.

The divergences as € — 0 contained in Z[0] can be cancelled by local boundary counterterms.

21f the region between Wilson lines were filled in (as it would be in the presence of a dynamical U(N) gauge field in the field
theory) to obtain ‘open string worldsheets’, the string tension would be zero.
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Chapter 9

Higher Spin Fronsdal equations

So far we have constructed the bulk dynamics from the renormalization group, and shown that it reproduces
all the correlation functions of the boundary CFT within the framework of the AdS/CFT correspondence.
However, our bulk theory is expressed abstractly in terms of connections on certain infinite jet-bundles;
it is not clear how the traditional fields such as the photon, graviton etc., presumably propagating on an
emergent AdS spacetime, are described by these equations. In this chapter, we will show how these fields are
contained in our equations, to linear order in the 1/N expansion. Since we expect our theory to contain an
infinite tower of massless gauge fields, we will see not merely the spin-one photon and the spin-two graviton,
but also massless higher-spin gauge fields of all integer spins. Since we’re working at leading order in 1/N,
the bulk fields should be non-interacting, free fields — the corresponding equations of motion are known as
Fronsdal equations. Interestingly, Vasiliev theories of higher-spin gravity also reduce to Fronsdal equations
at the linearized order — therefore our discussion in this chapter will prove the equivalence between our

equations of motion and Vasiliev theory at this order.

We first begin with a brief review of the Fronsdal equations of motion in AdS, and then proceed to show

that the bulk equations of motion derived previously contain these dynamical equations within them.

9.1 The Fronsdal Equations

The Fronsdal higher spin theory in AdS space is described by symmetric tensors hy, .y, which satisfy the

1115 1314

double-tracelessness conditions ¢y 1 = ¢'*"2g"3" ¢y, 1, = 0. Here the bulk coordinate indices run over
the boundary coordinate indices ¢ = 0,1,...,d — 1 and the radial direction z, i.e., I = (u, z). The equations

of motion are explicitly

ViVien.o, = ViV en. ) +inn - D)V, Vien )’ —2n—1)(n+d—2)¢r..0, =0 (9.1)
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where the indices I, - - - I, should be taken to be symmetrized as indicated by parentheses. These equations

are invariant under the gauge transformations

onen..., =V A1) (9.2)

where V is the AdS441 covariant derivative and the symmetric gauge parameters Ay, satisfy the single-
tracelessness conditions ¢g/23A;, ; = Ay, ; = 0. For n = 1, equation (9.1) is the familiar Maxwell’s

equation, while for n = 2 it is the linearized Einstein’s equation.

Such a presentation of the higher spin equations is inconvenient in the present context. We wish to isolate
specific (lowest weight) representations of O(2,d); such representations are given by irreducible spin-s rep-
resentations of SO(1,d — 1). We can accomplish this by appropriately fixing the gauge invariance. Many
different choices of gauge have been considered in the literature, but the appropriate one here is the “Coulomb
gauge”!

0z 2 prne =0, M0y, =0 Vm > 0,Vs (9.3)

m

In addition, in order to have an irreducible SO(1,d — 1) representation, we require ¢*,,,, . ., = 0. In this

gauge, the equations of motion reduce to
(2202 4+ (2s —d+ 1)20, + s(s — d) + (2 — s)(s + d — 2) + 2°0(z)] V1., (2,2) = 0 (9.4)

where Uz = 77“”5#8_;,.2 It is illuminating to obtain equation (9.4) directly from the AdS/CFT point of view,
as a statement about the matching of quadratic Casimirs between the bulk and boundary representations [75].
Starting from the CFT, consider a local, symmetric, traceless, spin s, quasi-primary operator @al...as (0) of
dimension A in the boundary CFT (where ax = 0,---d — 1 are boundary indices). Such an operator satisfies

(by definition)

|:Kaa @al...as (0)} = 0 (95)
|:Mabu éal. as (0):| = 2ab((;)almaS (O)) = _isna(al ©a2...as)b(0) + Z'577b(al @ag...alg)a(()) (96)
[Dv @aL..as(O)} = _Z.A@al...aS (O) (9.7)

IThe terminology “gauge” is somewhat incorrect in this context — what is being said really, is that the fields with z-indices
Pze--zpp---py, are non-dynamical, in the sense that they do not contribute to the symplectic structure.
2In this section, we will often use the notation Z to denote coordinates in the boundary spacetime directions.
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where X, is the appropriate spin matrix. The quadratic Casimir of the conformal group is given by
1 1
C2O(27d) = _D2 + iMabMab - 5 {Pa,Ka} (98)
From equations (9.5) and (9.8), we find straightforwardly?
[C9PD, 00 (@] = (= Ald =) + 55+ d = 2)) Ouy.., () (9.9)
Now the corresponding bulk field g, ..., of course must have the same value for the Casimir, as it transforms

in the corresponding dual AdS representation. We note that O(2,d) is represented as the isometry algebra

on AdS:

(D, ¢ay...a.(2,7)] = T [Pa, Pay...a. (2, T)] + 20:04,...a. (2, T)
[Maba Pa...as (27 f)} = T, [Pba Pa;...as (Z7 f)] — 1% [Paa Pa...as (Z7 f)} + Zab(‘palu.as)(zv f)
[Kas Pay..a. (2, T)] = _i(Qfafb - (52 + 22)52) [Po, Pay...a. (2, T)] — 12820, pa,...a, (2, T)

- bezab(@a1mas)(z7 )

[Paaﬁpal...as(zvx)} - iéa@al...as(zvf)

In this bulk representation, we then have

[, (28] = 22020010, (5,8)) + (A 4+ 120,00, 0, (2, 7)

+5($ +d—- 2)90¢11...aS (Z,CZ") - 22 [Paa [Paa Pay...as (Zaf)]] (910)

o

But from the CFT calculation, we know that C, 2d) — —A(d — A) + s(s + d — 2); therefore, requiring that

the two Casimirs agree gives us
2283%11---115 (2,2) + (=d+1)20:¢4,...a,(2,T) + A(d — A)pa, .0, (2, T) + 22 [P, [Pa; $ay..a, (2, 2)]] = 0 (9.11)

To compare this with equation (9.4), we simply note that in the bulk representation, the a, b, ... indices must
be interpreted as those corresponding to a local frame, as it is in that case that O(1,d — 1) acts in the simple

fashion stated. Converting to coordinate indices, ¢q, . 4, (2, Z) becomes 2°¢,, .. (z,Z). Inserting this in the

3This result is independent of the spacetime location & of the operator, because the quadratic Casimir commutes with
translations. Equivalently, every element of the conformal module of course shares the same value of the Casimir.
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above equation gives

[2202 + (2s —d + 1)20, + s(s — d) + A(d — A) + 2°Oz) | ppuy.op. (2,F) =0 (9.12)

In the case when the boundary operator is in a short representation, i.e., O, ...q, is a conserved current, we

have A = s+ d — 2, and so this becomes
(2202 4+ (2s —d+1)20. + s(s —d) + (2 — s)(s + d — 2) + 2°0(z)] Yy, (2,2) = 0 (9.13)

in agreement with (9.4). So we conclude that indeed the linearized higher spin equations simply state the
value of the Casimir of the appropriate conformal module. Consequently, it must be that the bulk equations
of motion derived from RG previously contain the Fronsdal equations. In the rest of the chapter, we proceed

to show this explicitly.

9.2 From Wilson-Polchinski to Fronsdal

Let us now embark on our main goal in this chapter, that of reproducing the AdS-Fronsdal equations from

the Wilson-Polchinksi exact renormalization group equations:
DB = B.-Ap-B (9.14)

DOP = iNAg — P-B-Ap — Ap-B-P (9.15)

In particular, we want to study the above equations upon linearizing about the background
B=0 P=P0O (9.16)

where P(©) satisfies DS))’P(O) = {NAp. Clearly, this background is a solution of the equations (9.14) and
(9.15), albeit the trivial one which corresponds to the unperturbed boundary CFT. We introduce an auxiliary

expansion parameter A and write

B(z;7,7) = A bi(2,7) + ON2), P(%7,9) =P 2,7) + A pi(28,7) + ON?) (9.17)
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This is where large N plays an important role because such an expansion exists in practice only at large N,

with 1/N providing the expansion parameter. At linear order in A, we thus obtain the equations

DO, = 0 (9.18)

DOp, = —POp.Ap — Ag-by- PO (9.19)

z

Also recall, that these equations were written for the “new” fields defined below equation (6.26). We now

revert back to the “old” fields by restoring the appropriate powers of z:

new 1 old new 1 old
b1 = Zd+2 bl ) pl = Zd_2pl
With this replacement, we get
2
z
d—2 1
DO = S - (PO Ap + Apeb P ) (9-21)

In the rest of the section, we will restrict our attention to the case of odd boundary dimension d, with brief

comments about even d towards the end.

Spin-zero

For simplicity, let us practice with the spin s = 0 case first, before moving on to the arbitrary spin case.
In other words, we turn on bulk fields which are dual to the s = 0 operator J(©) (&) =: ¢* ¢™ : (¥) in the

boundary field theory. To that effect, we take?

05'(7,7) = 8(=7) (=07 - 7)) (9.22)
ﬂzﬂzlnmwwzfj:lu®uz@ (9.23)
) N iod 1 LY N 1\~ .

The above projection onto local fields is consistent only because we are working at the linearized level, where

the different spins are decoupled in the bulk (as we will see explicitly below). Note that the operator J (0)(9?)

4Here the bulk field ¢(z, #) should not be confused with the elementary scalar ¢ (Z) of the boundary field theory.
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above is “normal ordered” with respect to the free CFT, meaning

JO@) = lim (67,(D)6™ (@) — (63 (DO" D)crr ) (9:24)

Yy—x

and the subscript (J(®); in equation (9.23) stands for linearized order in o.. The linearized equations of
motion (9.20), (9.21) become
20,¢9(z, %) = A_ ¢(z, %) (9.25)

20,7(2, %) = Ay (2, T) — 22T

T
2|~

S (PO 7 DA, 7) + Ap(e @) (5:0,7) ) 6(2, @) (9.26)

where we have defined

AJ’_ = d — 2, A_ = 27 AJ’_ —A_ =2 (927)

To simplify the notation somewhat, we rewrite the above equations in the compact form

20,0(z,T) A_ (2, ) (9.28)

2v

20,m(2,%) = Ayn(z, @)+ %/ddﬁ G(070)(z;f, @) P(z,4) (9.29)

where the meaning of G(o,o) will become clear shortly. These equations of motion come from the linearized

action

2’2 .

o0 d dd* . . . . . v . oL .
ste= [ G <w<z7x>zaz¢<z,z>—A_w<z,a:>¢<z7x>+ [ 4¢<z,x>G<o70><z;x,y>¢<z,y>)
(9.30)

A convenient way to keep track of the boundary condition on ¢(z,Z) at z = € is to add the boundary term
1

Suary = 3 [ 415 w(e,7) (96, 2) — -60(@) (9.31)
€

to the action. Our aim now is to show that equations (9.28), (9.29) are completely equivalent to the Fronsdal

equation for spin s = 0.

There are two main obstacles we must confront: (i) The 7 equation of motion seems non-local, due to the
presence of the bilocal kernel G(o,o)» and it is not clear how to go from our non-local equations of motion to
the local Fronsdal equations. (ii) A second confusing property of the above action (and the corresponding
Hamiltonian) is the absence of a w2 term. Naively, this gives the impression of a lack of any interesting

dynamics. Another manifestation of this problem is that the field ¢ seems to satisfy an ultra-local first order
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equation, which is obviously not true of the usual bulk fields in AdS/CFT.

To resolve these issues, we must remember that we're in a phase space formulation — ¢ and 7 are coordinates
on the bulk phase space, with the symplectic structure®
diz - .
Q(z) = oy dp(z, %) NOm(z, ) (9.32)
In the specific symplectic frame coordinatized by ¢ and 7, ¢(z, ) is fixed through (9.28) by its boundary

value, and 7(z, ) contains all of the information about the renormalized 2-point function of the current.

Indeed, it is straightforward to see from equations (9.26) and (9.29) that if we define

o 2 . »
Guoo (=29 = 5 (JO@DIOWD) (9.33)
then
: o 2 . L
Coo(53.9) = 220: (JO@DIOG)  (2), (9.34)

where the correlator is defined in the requlated CFT on Minkowski space, with the cut-off procedure described

in section 2 (see appendix C for more details).

An essential feature of the phase space formulation is that we have the freedom to perform canonical (sym-
plectic) transformations, which are field redefinitions (i.e., coordinate transformations on phase space) which

leave the symplectic 2-form unchanged. Consider for instance, a general linear transformation on phase space

QS = A'SD—’_ Bwo

m = Cw+Dw (9.35)

for general bi-local kernels A, B, C, D. The requirement that the symplectic 2-form be preserved, namely

diz S . diz S -
/? 0p(2, %) Ndm(z, %) = /? 0p(2,%) N 0w (z, %) (9.36)
leads to the constraints
AT.c=c".A, D".B=B".D (9.37)
AT.D-cT.B=1 (9.38)

5We use bold symbols ¢, d7 etc. to denote differential 1-forms on the phase space.
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For simplicity (and because this suffices for our purpose), we will restrict our attention to the case where
A, B,C, D are symmetric, and translationally and rotationally invariant. In this case, the constraints (9.37)

are automatically satisfied, and we only have to satisfy the constraint (9.38).

To avoid unnecessary complications, we begin by choosing a simpler canonical transformation®

26 .
QS(Zaf) = @(Zaf)+ QV[G(Olo)(vaag)w(zvg)
Yy
(2, %) = w(zT) (9.39)

for some constant 0 to be fixed later. This ansatz clearly satisfies all of the constraints (because G(io}o) is a
symmetric kernel), and is therefore a canonical transformation. We will presently show that for a specific
choice of 9, the field ¢ satisfies the spin-zero AdSy;1 Fronsdal equation, up to higher-derivative corrections
(i.e., up to O(z19*) terms). We will later show that these higher derivative terms can in fact be systematically
eliminated by a more sophisticated choice of the canonical transformation, but we postpone that discussion

to section 9.2.

Substituting equation (9.39) into (9.30), the action in terms of the new fields becomes

@ _ [ 20 oy
Spulk = / 2 (zd (20,0 — (A_ = d)p) + pricd 20, ( G(0 0" )
2A_ —68)5  ._ 1
ZdTw' (o%o)'w + 1zd—2v @'G(o,o)*ﬂ) (9.40)

where we have switched to the :-product notation for convenience. Let us focus on the second term above:

dz 1 B dz 1

dz 1 1 Y1
= —41/(5/ d+2uw G(oo w—|—25/dzzdﬁw- (82(6'(070)) w—I—G(OO 8zw)

dz 1~ dz 1 f—

)

T G(o 0w

(9.41)

zZ=€

where in the last line we have integrated by parts with respect to z. Putting everything together, we get the

6 A similar transformation also appeared in [58], although higher-derivative corrections were not under control in that case.
We also note that in the quantum RG formulation of [58], canonical transformations are simply changes of integration variables
in the bulk path-integral, which leave the measure invariant.
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bulk action

2 dz 1 . 1 .
Séugk / prrrsy (W-zé‘ch —(A_ = 0w+ — > [52(;(010 + 5282(6’(0%0))} “w + P @’G(o,oys@) (9.42)

Evidently, the new action has a @? term in it, as opposed to the previous version. Of course, the integration
by parts we have performed above also produces a new boundary term

5dery 0 -Gt

Ld+r2v (0,0)° (9.43)

zZ=€

This boundary term has a clear interpretation from the bulk point of view — it is the generating function for
the canonical transformation. From the boundary point of view, it appears to be a multi-trace deformation.

We will return to the boundary terms shortly.

In order to proceed, we need to examine the various bi-local kernels appearing in the above equations. The

kernel G(070) admits an asymptotic expansion of the form (see Appendix C)

: oo C L
G,0)(2:2,9) = o (1+ 2?0 +--+) 64F - ) (9.44)
] R z2 2 di=
G(O’O)(z;x,y) =~ (1 —az® Oz + - ) 04T — 7)) (9.45)

where o > 0 and C' are (dimensionful) constants, which are evaluated in the Appendix. While the numerical
values of these constants are irrelevant, the positivity of « is important in the present discussion for the
bulk metric to have the correct signature. The ellipsis above indicate higher-derivative terms, which we will
address in Section 9.2, because presently our aim is to obtain a two-derivative action. An intuitive way to
understand the above expansions is as follows: in any CFT, the two point function of a given operator is
universally determined by conformal invariance. Ambiguities which arise upon introducing a regulator come

in the form of local counterterms — equations (9.44) and (9.45) parametrize precisely such counterterms.

The @? term in the action simplifies to

dde 2 5
C R )(—5(5+2y) +ab(8 +2v + 2)220z —|—~--)w(z,x) (9.46)

where again the ellipsis indicates higher-derivative terms. To see that the action (9.42) gives rise to the
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spin-zero AdSg1-Fronsdal equation, we write down the equations of motion:

20,0 — (A_ —=08)p = ((21/ +0)w — a2 + 6 +2)220zw + ) (9.47)

—z0,w + (AL +0)w

NQQY

(gO—l—OéZQD(f)(p"r ) (9.48)

Combining these two equations into a second order differential equation, we get (up to 0(2454) terms)

4a6(2v + 6 + 2)

20, (20.¢p) — dz0,p + A_A L — 2002°0(z)p = — o

20zw + - - - (9.49)

We see that the right-hand side of (9.49) can be removed (and thus is of order z*§*) with the choice
0 = —(2v + 2). (Equivalently, the second term on the right hand side of (9.47) drops out with this choice
of 6.) Further, by rescaling the & coordinates, we can set the coefficient —2ad = 2a/(2v +2) > 0 of the Oz

term to one. We thus recognize the above equation as the Fronsdal equation for spin s =0
20,(20,¢) —dz0,0+ A_Ajp+ 225(5)g0 =0 (9.50)
up to higher order corrections. As expected, the scalar mass is given by
(mL)?> = —A_A,

Note that the particular value for § is picked out by the requirement that the spurious term on the right
hand side of equation (9.49) cancels out. Since  was the parameter in the symplectic transformation (9.39),
we see here the first indication that a symplectic transformation is capable of removing spurious higher order

terms, and we will see shortly that this can be done systematically to all orders.

At the level of the action, we obtain

dzdz 2(2 4+ 2v C
Séi)lk = /W (Wzaz@ —dwyp — %w2 -7 (902 + azzgoD(f)ap) + .- ) (9.51)

Solving for the w equation of motion, and plugging it back into the action straightforwardly gives the action

(once again up to higher derivative terms)”

dzd®z
Szf}k = k/ PrEse (ZazQO 20,0 — 220 Oy + (mL)2<p<p) +--- (9.52)

"We also generate an extra boundary term which can be removed by a boundary counterterm, as a part of holographic
renormalization.
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where k is some dimensionful constant.

Having established the bulk action and equations of motion, now let us turn our attention to the boundary

terms. Combining equations (9.31) and (9.43), we find that the boundary action is given by

sbdry:ld A% w(e, @) (p(e, &) — 2= () ,Ld d'% w(e, %) (1 + O(e?)) w(e, 7) (9.53)
€ Ce

This gives rise to the boundary condition

©— Z—C(,Sw =290 (1+0(e%)) (9.54)

which upon using the w equation of motion gives
(20, — Ay)p =226 (1+0(e?)) (9.55)
As usual, as a consequence of the equation of motion (9.49), ¢ behaves asymptotically as
oz, &) = 28+ o) (1) (14+0(2%) + 22 (2) (14 0(2%) (9.56)
and the above boundary condition then becomes
PO @) =~ 60@) (957)

which is the appropriate boundary condition up to a trivial rescaling. For instance in d = 2 + 1, we have

thus correctly found that the bulk field comes with the “alternate quantization” as expected.

Having warmed up with the spin-zero case, we now generalize the discussion at two levels — in the next
section, we repeat the above exercise for general spin, which will allow us to reproduce the spin-s Fronsdal
equation in AdSz41 (once again up to O(z%@%) corrections). Then in section 9.2, we revisit the higher
derivative corrections we have been neglecting, and show how to eliminate them systematically. This will
complete our argument that the bulk equations obtained from RG are canonically equivalent to AdS Fronsdal

equations.
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Higher spins

Moving onto the higher-spin case, we now want to recover the Fronsdal equation for arbitrary spin. As we
will show, the computation proceeds in essentially the same way as the s = 0 case. Going back to the RG
equations (9.20) and (9.21), we now wish to turn on bulk fields which are related to the conserved, symmetric

and traceless spin-s current in the boundary field theory schematically denoted
s . . = o
I @) = 6 i (9, )6+ (@)

where f,,...., (4, 7) is a homogenous, symmetric polynomial of order s in @ and ¥, which is symmetric and

traceless in all of its indices. To this end, we choose

051237, ) = 2 Gy, (2,8 (B, By (+49°( — ) (9.58)
T (5 ) = i 20 P (8 B 90 (2 T ) = e () (2, ) (9.59)
TN S (@) ) PLAS T Y) = i) - 15 '

When the current J(”S 1)” * is conserved in the boundary theory, it is clear that the boundary value QSLOJ..#S

of the source ¢,,,...,,, is defined only modulo the gauge transformation

00, () = T ), (@) (9.60)

(Hl 2 s

This is of course a manifestation of the U(Ly) gauge symmetry at the linearized level. Furthermore, since
J(s) is traceless, only the traceless part of the boundary source is relevant. We can use these considerations

to our advantage by making the gauge choice
A (0 0
BBy = 0, 720 =0 (9.61)

For brevity, we introduce the notation p¢ = p1 -+ ps. The equations of motion (9.20), (9.21) in the present

case are given by

0.6, (T) = A ¢, () (9.62)

2v . v
207 (F) = A+7rﬁs(f)+% / d%i G5 (2,7, 0) (i) (9.63)
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where

AL =d—2+s, A_=2-—s, w=AL -A_=d—4+2s (9.64)

The kernel in eq. (9.63) can be identified with

H ’Zs — 22 g f = Vy-Vg (
Giag (52.9) = « <J(‘f;) (@) () (y)>CFT,Mink (9.65)
Gry (B8 = 0.6 (51,7) (9.66)

where the correlator is defined in the regulated CFT on Minkowski space. To avoid cluttering the notation,

we will drop the subscript (s, s) on these kernels henceforth.

Remarkably, the equations of motion are compatible with the gauge choice on the boundary, which implies

that we can take the bulk fields (or more precisely, on-shell bulk fields) to satisfy the same gauge conditions
5“¢u#2~»-us =0 = g’uﬂ.uuzmm’ numz@“_% —0= 77#1/»27"“1”'“5 (9.67)

This choice of (on-shell) gauge is once again the higher-spin Coulomb gauge (described previously) at the

level of RG. The above equations of motion come from the action

(2) dzd'@ ([, = Bo(y 7 o 2 DO s (e 7 7 7
Sbulk: = W s (z,:c)zang,is (va) — A_7ks (Zax)(b/is (Z,l’) + TQSLLS (Za I)Gf‘g’is (Z;‘Ta y)d)gs (Zvy)
(9.68)

along with the boundary action

Suary = 2 [ 41 7€) (6, (6. ) — - 60(@)) (9.69)

Let us pause briefly to explain why the higher-spin Coulomb gauge simplifies the analysis significantly. As
before, the kernel GE=*%s admits an asymptotic expansion, which in general is complicated because of the
index structure. But precisely in this gauge (9.67), we see from the action above that the index structures

become irrelevant; the only part of the kernels which survive in the action take the generic form

GEAEG) = —Cor® (14 ay22 ) o) i 0 gpeade) 547 — ) (9.70)
2v

N R z S

Cpow, @9 = — 5 (L= 2D ) M+ My 3(F = ) (9.71)
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where as > 0 and Cj are (dimensionful) constants (see Appendix C).® The notation (u; - - - us) denotes the

symmetrized traceless combination, and the ellipsis above indicate higher-derivative terms.

Moving on, we now perform the canonical transformation

mts(2,%) = whs(2,7) (9.72)

for some constant § to be fixed later. This canonical transformation preserves the higher-spin Coulomb

gauge condition 5"@#;‘2...#5 =0, n*h2p, .., = 0, as can be easily checked.

In terms of the new fields, the action becomes

d 1 .
Slgi%k = / de—l (wﬁs.zazapﬁs — (A_ - 5)@35.9@# + —wf |:52G'U,1y + 5ZBZGE:7£S] ols
1
+4z—2l’ G ) zs) (9.73)
— = = 5 Y— v
Spdry = = /ddx whs (1) (‘pﬁs (Z) — 6A_¢(ﬁi)(x)> - wﬁs.Gﬁslﬂs.wfs - (9.74)

Substituting equations (9.70) and (9.71) into the above action, we find that the w? term in the action

becomes
dde m R 2 _
C g wfs(z,x)(—(5(6+21/)+ozs(5(6+21/+2)z O +..-)wﬁs(z,x) (9.75)
As in the s = 0 case above, choosing § = —(2v + 2) will ensure that the @z w term drops out, and the

full bulk action then becomes

dzd'z 1
S = /W (wgs 20y — (d+8) Doy — az(AJr +5) ot
Cs
- (14 as2’Oz) @ﬁs) +--- (9.76)

The equations of motion for this action are now

2
20:0u —(d+s)pu = a2(A+ +8)wy + o (9.77)
n poo_ GCs 2 m
—Z@was — STW—s = 7 1 + asmm(f) QY=s 4+ .- (978)

8While in the present discussion as > 0 is required for the bulk metric to have the correct signature, one could imagine
having a cut-off function where this condition is not satisfied. The more general argument of the next subsection will show that
this condition (namely as > 0) is not actually necessary — it is merely an artifact of the simple-minded canonical transformation
we have chosen here.



Combining these two equations into a second order differential equation, we get (up to higher derivative

terms)
20, (28,2@&5) —dz0.pu + 53225(@@& —s(s+d)pu +2(A4 +s)pu =0 (9.79)
where (2 = % is a positive constant. As before, £; can be set equal to one, by rescaling the boundary

coordinate #. Finally, in order to put the above equation in the standard Fronsdal form, we redefine

ou =2y, (9.80)
We note that this is not an arbitrary redefinition, but corresponds to going from frame indices to coordinate

indices. Having done so, the above equation in terms of cﬁﬁ becomes
20, (z@zﬁﬁs) + (25— d) 20:8+ 220y P+ [5(s —d) + AL A B =0 (9.81)

which is precisely the Fronsdal equation in the higher-spin Coulomb gauge (see equation (9.4)). It is worth
pointing out that in the special case s = 1 this is the familiar Maxwell’s equation in AdS space written
in Coulomb gauge, and the Hamiltonian obtained from equation (9.76) can be cast in the form E? 4+ B2,
Similarly, in the case s = 2 the above equation is the Einstein’s equation linearized about AdS space, in the

s = 2 Coulomb gauge.

Finally, we revisit the boundary action

1 - - - - - - "
Shary = i /ddx whs (€, T) (goﬁs(e,x) — €A7¢§LO) (x)) T o /ddx @t (€, %) (14 O(€)) @y (€,7) (9.82)

which gives us the boundary condition

20

o, = g @u, =€ 0y (1+0() (9.83)

Using 6 = —2v — 2 = —(A4 + s) and the equation of motion (9.77), we get
200y —Arpy = 26A*¢(HO: (14 0(€”)) (9.84)
Equation (9.79) implies the asymptotics
lim o, (2,8) ~ (@22 (14 0(2) + ¢ (@) (14 0(=2)
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Therefore, the boundary condition becomes

1
o) =~ (9.85)

s

or equivalently @, ~ — Zt% g)), which is indeed the correct boundary condition up to a trivial rescaling.

Higher order terms

So far we have demonstrated that the linearized bulk equations obtained from RG are canonically equivalent
to AdS4y1 Fronsdal equations, up to 0(2454) terms. These higher derivative terms are only an artifact
of choosing a simple canonical transformation. Indeed, it is possible to construct a more general canonical
transformation such that the higher derivative terms are completely eliminated, as we will now show. For
notational simplicity, we revert back to the spin zero case; all the arguments carry through straightforwardly

in the general spin case. So consider once again a general linear canonical transformation
$p=Av+ Bw (9.86)

7=C-¢p+ D-w (9.87)

where we take all the matrices A, B, C, D to be symmetric as well as translationally and rotationally invariant.

The requirement that this be a canonical transformation gives us one constraint
A-D-C-B=1 (9.88)

—

where 1 of course is the delta function 6%(#—). The original bulk action (9.30) in terms of the new variables

is given by
(2) dz SN A_A 4 2 A
Sputk = W{W'Zaﬁp —w- | (C—-ALC)-B—D-(A—A_A) - 7B-G. «p
1 . . Z2l/ .
- 5 C-A-C-A-20(C-A) — 7A.G.A «p (9.89)
1 . . 221/ .
- @ (DB-D-B- 2v(D-B) — 5 B-G-B .w}
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with additional boundary terms coming from the integrations by parts we have performed above
5Shiry = ﬁ (£(C- )¢ + w-(D-B)- + 20-(C-B)=) (9.90)
Here A = 2. A, and recall the definitions
Ay =d—2, A_=2, 2v=A, —A_

relevant to s = 0. Remember that our aim here is to map this action on to the Klein-Gordon action in

(9.51), with no higher-derivative corrections surviving. So this gives us three more constraints:

. . 21/ .
(C—A,C)B—D-(A—A_A)— %B-G-A =d1 (9.91)
. . 22V . C
C-A=C-A=20(C-A) = - AG-A= o (14 a2T) 1 (9.92)
: . 2. 4(2 + 2v)

Together with the symplectic constraint A-D — C-B = 1, we now have four constraints and four unknown
kernels — so we can try to solve for them order by order in an asymptotic expansion in powers of Z2D(f). Of
course, we have already found the solution to these constraints up to second order in derivatives previously,

so we might as well retain the previous solution up to two derivatives. We parametrize the higher derivatives

as follows:
A=o4F—7)+ (ag‘ A0 + af 2500 + - )5d(§f —9 (9.94)
1 of 2 di= = B 42 B 63 di= =
B==22+w)( oz~ ey D | '@ -0+ (a2 A0 + b 203+ ~~)5 @—7)  (9.95)
C= (ag 0% +af 0% + - )6d(f — 7 (9.96)
D=8z —q) + (a2D A0% + b 250 + - )5d(:z* ~ 9 (9.97)

where o) = (!, aP,af aP) for i > 2 are coefficients to be determined from the constraints. We have also

introduced the convenient notation

G0 (22, 7) =272 (04(? +af 220 + - )5d(f — ) (9.98)
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with a§ # 0. Note that we have taken the expansions for A, B,C, D to be polynomial in 225(5). While this
is correct in odd dimensions, in general one needs to include logarithmic terms in even dimensions. In order
to avoid such complications, we have restricted our attention to odd dimensions in this chapter; the same

arguments should go through in even dimensions with logarithmic terms properly taken into account.

The game now is to determine the coefficients o). Let us describe this process in general. Let’s say we
have determined the coefficients to the (r — 1)th order in the above expansion. At the rth order (r > 2),
we now have four variables o, - - - a to determine, from the four constraints (9.88, 9.91-9.93) listed above.
Plugging our expansions (9.94-9.98) into the constraints, we get four constraint equations on the coefficients

_ A B ,C . Dy.
a(r) *(araaraaraar)

1. Symplectic contraint:

oszra?]?Jr

2(2 42 .
( i Y) oC = f0) (9.99)

Qg

2. wyp constraint:

2(2+2 § r
LGV)(QT —A)aS +(2r—2-Ap)at —A_aP + 0‘70@5 = f{" (9.100)
Qg
3. ¢? constraint:
@2r — 20)aC — a§al = £ (9.101)
4. w? constraint:
2(2+2 r
- (%G”)(w —w)aP — (2r — 2v — 4)aB = f{ (9.102)
0
where on the right hand side we have functions f(r) = ( fl(r), cee f4r)) of all the previously determined
coefficients and {oz]G}7 ie., f(T) = f(r)(a(o), s alrh: {oz]G}) So the general structure of these equations
for any r is given by
M® .o = ™ (9.103)
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where

1 0 72(2;%3”) 1
G
2r —2 - A %2 2C82) (9 — A ~A_
M — ( +) 2 a5 +) (9.104)
—af 0 (2r —2v) 0
0 —(2r —2v — 4) 0 —2(%?21')(27“—21/)
and a( = (a?,aB,09,aP), £ = (fl(r), cee y)) are defined above. The above matrix has the determi-
nant
det M) = —8r(r — v)(r + ) (9.105)

We see that the determinant is non-zero for generic r > 0, except at the pathological levels r = |v|, where
the determinant vanishes. However, r is an integer, while for d odd, v is always half-integral — hence there
are no pathologies for any » > 0 when d is odd. Consequently, det M (r) # 0 for any r > 0, which means that
we can solve equation (9.103) to obtain (™. By induction on r, we can thus determine all the coefficients
of the kernels A, B,C, D uniquely, and determine the canonical transformation at any desired order in
the asymptotic expansion. While we demonstrated this in the case of s = 0 above, the same calculation
generalizes straightforwardly for general spin with the same conclusion. This completes our proof of the
statement that in all odd dimensions, the RG equations are canonically equivalent to the bulk Fronsdal

equations.

A few comments are in order: firstly, if we naively carry over all the above expressions to d even, then it
might seem that the program fails at » = |v|. This indicates that the asymptotic form of the expansions
for A, B,C, D we have considered above is incomplete for d even — we must also include terms logarithmic
in 2262 Having done so, the arguments we have presented above will go through for even dimensions as
well, but we will not repeat the details here. Secondly, our discussion does not crucially depend on the
choice of the cut-off function K (s) — as long as G has an expansion of the form (9.98), all the arguments
go through. Of course, the detailed form of the canonical transformation would depend on the choice of the
cut-off function. From this point of view, we conclude that the various different choices of cut-off functions in
the boundary correspond to different choices of a canonical-frame in the bulk. Finally, we note that although
we have shown the existence of the canonical transformation to all orders in the expansion in powers of 2252,
these expansions are still somewhat formal, i.e., we do not have any handle on the convergence of the series

we have found for A, B,C, D.
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Chapter 10

Multi-trace Interactions

In our discussion so far, we have focussed on the holographic dual of the free fixed point deformed by single-
trace operators. In this chapter, we will include multi-trace deformations on the CFT side. In the large NV
limit, we will show that the effect of multi-trace deformations simply amounts to a change in the boundary
conditions. Since this discussion is easiest to formulate in the fermionic vector model, we will take this

opportunity to first recall our construction in the fermion case.

10.1 Fermionic U(N) vector model

To be concrete, we will work with the free fermionic U(N) vector model on d = 2 4+ 1 Minkowski spacetime,
but we expect our discussion to generalize to higher dimensions (and to the Bosonic case as well). The free

Dirac theory has a path-integral definition, in terms of elementary Dirac fields 4™ (&), ¥ € R?
Sbirac = [ 4°F Gn(@7',0m(2) (10.1)
All the single-trace operators in this theory can be conveniently packaged into the two bi-local operators
O(Z,9) = Y (D)™ (), OM(Z, ) = Y (T)Y" Y™ () (10.2)
Corresponding to these operators, we may introduce in the action, the following source terms:

Viree|O, 0¥ =U +/

z,7

(B@90@.2) + W, (& §)0"(5,7)) (10.3)

Here we have also introduced a field U which sources the identity operator to keep track of the overall

normalization. We note that any ambiguity (such as normal ordering) in the definition of the operators
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O(Z,v), O*(Z,7) that are being sourced by A and W, can be absorbed into U. We write the corresponding

(unregulated) generating function (or partition function) as
Zfree[Baw] — o~ Stree[B:Wu] — /[D’L/)Dl/_)] e~ Spirac=Viree[0,0"] (104)

where S,¢c is the generating function for connected correlators. The subscript free is meant to distinguish
this generating function from the one involving multi-trace deformations (to be introduced shortly). Note

that the source W, combines with 8, in the kinetic term to form the “covariant” derivative
Dy(#,§) = 96 (7 = ) + W@, ) (10.5)

The term covariant here is again used in the context of U(Lg) ,which we will discuss shortly. Given the
bi-local nature of our sources and operators, it is convenient to introduce the following “.-product” (following

the Bosonic version)

(f-0)(@.5) = / i f(7,@)g(@ ) (10.6)

and the trace

Tr (f) = / &7 (7. 7) (10.7)

Background symmetries

As the reader may have anticipated by now, the free Dirac theory has a U(Ls) background symmetry [38, 39]
V@) = [ LED@, LLET) = 5% - 7) (108)
g

under which the path-integral measure is formally invariant, and the sources W, and B transform like a

connection and an adjoint-valued field respectively:
W, =L " Wy-L+ LT[0, L], B' =L£7%B.L (10.9)

Given these transformation properties, the derivative operator D,, introduced in equation (10.5) transforms
covariantly under U(Ls). The above discussion can be naturally formulated in terms of the geometry of
infinite jet bundles (see Appendix C for details), but we will not have the need for this formalism in the

present chapter.
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An important consequence of the above symmetry is that the free fixed point can be reached by setting

B=0and W, = W;SO)7 with W,EO) any flat connection
dWO L WO AW O =g (10.10)

where d = dz* [0,,, -]. is the exterior derivative. For this reason, we will henceforth pull out a flat piece from

the full source W and write it as (see also equations (10.13) and (10.14) below)
W=wO 4+ W (10.11)

Indeed, it is W and B which parametrize arbitrary single-trace, tensorial deformations away from the free-

fixed point, and thus single-trace RG flows away from the free CFT.

In addition to U(Lsy), we also have a background Weyl symmetry, which together with U(Ls) we refer to
as CU(Lz). In order to make this explicit, we introduce a conformal factor z in the background metric

Nyw > 272N, and redefine the sources by rescaling them:
Boa = Zd+anewa Woia = Zdeew (1012)

where of course d = 3. For simplicity, we will drop the subscripts new presently, and resurrect them when

required. With these changes, the kinetic term and the source terms take the form

1 o o
Sbiracly)] = P awm(x)’yuD;(,LO) (&, 9" () (10.13)
ZT,u,y
1 oo oL 1 —~ . oL
Vinel 00" = i | BEDOGH) + S [ W@ 90" (5.2 (10.14)
Z,1 x,Y

where we have now absorbed the flat piece W) of the full connection into the kinetic term, by defining
D) = sz — g) + W&, )
It is clear now that the action is invariant under
P(E) = AT YME), 2o Az (10.15)

where A is a constant (i.e. spacetime independent) scale factor. More generally, we could consider arbitrary
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Weyl transformations by making A Z-dependent, but we will not do so here. As before, we note that p o< 1/z

will end up being the effective “renormalization scale”.

Renormalization group & holography

Of course, equation (10.4) needs regularization in order to render the path integral convergent. Following
our discussion in the Bosonic case, we will once again regulate the kinetic term in the action by introducing
a smooth cutoff function K (s) which has the property that K(s) — 1 for s < 1 and K(s) — 0 for s > 1. We

thus write the new regulated kinetic term as

reqg. 1 T — — = SN\ M
Stee = =it |, Om(@K ! (=22Df)/M?) 1" DY@ DU @ (10.16)
where D(ZO) = 7#“’D£LO)-D,(,O)7 and M is an auxiliary cutoff scale. Note that this choice of regulator preserves the

U(L2) symmetry, while ostensibly breaking the dilatation symmetry. The regulated path integral becomes
Ztreelz; B, W] = e~ SsreclzBW] / [DYpDep] e 5pivac™Vire[0.0"] (10.17)

It is clear from the path integral that as we tune z from e to oo, the effective cutoff for the field theory
decreases from Ayy = % to zero. What we’re interested in computing, of course, is the path integral at
z = €, in the limit ¢ — 0. From the Wilsonian point of view, this process of lowering the cutoff is interpreted
as progressively integrating out fast modes. The partition function Zy,.. must therefore remain unchanged
under this process, and the effect of integrating out modes can be accounted for by making the source B
and W z-dependent. We will label the resulting fields B(z; &, i) and W(z, Z, ¥) respectively, to indicate that
they live in the one-higher dimensional bulk space. The boundary values of these fields at z = € (or in RG

terms, the bare values) will be denoted by b and @,(P) respectively. Similarly, the vevs

5Sfree
SW,

- 5Sfree

(0) = e,

(OM) = (10.18)

also evolve into bulk fields which we denote as P(z; &, 7) and P*(z; Z,¥) respectively. In fact, (8, P), and
()7\/\“, PH) form canonically conjugate coordinates on the bulk phase space. Finally, along the RG trajectory,
we also have the freedom to perform arbitrary U(Ls) gauge transformations, and as a result, the connection

W) also evolves into a flat connection in the bulk, which we label W) (the z-component of which keeps

track of the gauge transformations along RG). The RG evolution equations for the above fields are most
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conveniently obtained using Polchinki’s formulation of the exact renormalization group [60]. These are most

compactly written by introducing the fields
A =B+, P=7P+~,P" (10.19)

In these terms, the renormalization group equations are given by (the details are identical to the Bosonic

case, which can be found in Appendix C)

FO =dw® £ wO A WO =g (10.20)
DOA=0.4+ WO, A] = AAp-A (10.21)
DOP = 0.P+ W, P| =iNAp - P-A-Ap — Ap-A-P (10.22)

where d = dz0, + dz* [0, -], is the bulk exterior derivative, and we have used the convenient notation
Ap =2 “D/(LO)°K(2’2D(20) /M2) (10.23)

with K (s) = 0,k (s). Most importantly, the above equations are in fact the Hamilton’s equations of motion

for the bulk Hamiltonian
HirelA, Pl =T P ([AWO] + A-Ap-A) — NTr Ap-A (10.24)

which in fact, satisfies the Hamilton-Jacobi relation

anree
0z

Hiree = — (10.25)

Note that the trace Tr now includes trace over the Clifford indices, and an additional factor of half for
convenience. This is the central observation which leads to a holographic interpretation of the renormalization

group equations. We can use the above Hamiltonian, to construct a bulk “action”

Syt = / dz Tr (P- (D@A - A-AF-A) + NAF-A) (10.26)

oo

The boundary conditions

A(e 2,7 = bO(Z, g) + a0 (&, ), (10.27)
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can be implemented by adding to the bulk action, boundary terms at z = e:

Shary = (Tr (P-A) — me)z =Ty (P- (A — b0 w@f}))) ) (10.28)

=€ zZ=€

Solving the bulk equations of motion with respect to the boundary conditions (10.27) and

lim P(z;%,9) =0 (10.29)

Z—r00

one obtains the bulk action on-shell. Once again, it turns out that the on-shell action organizes itself in
terms of a Witten-diagram expansion, and indeed, precisely reproduces the generating function of connected

correlators in the boundary field theory
Svutk,o.s€; 0@, B ] = Spreele; 8O, D] (10.30)

which is precisely the statement of holographic duality. The detailed derivation for these statements in the
Bosonic case has already appeared in previous chapters, so we do not repeat it here. Note that Syq,, drops

out of the above equation, because it is zero on-shell; this will change however in the interacting version.

This concludes our introduction to the holographic dual of the free, Dirac U(N) vector model. Our main
aim in the following sections is to deduce the holographic dual to the above theory with generic multi-trace
deformations turned on. In particular, this will allow us to understand the holography of the critical vector

model.

10.2 Multi-trace Interactions in Vector Models

In the previous section, we considered the holographic representation of the generating functional of free
vector models with single-trace operators turned on. Vector models perturbed by local double-trace defor-
mations (particularly those involving spin zero or one currents) are well understood at large N, and are
known to possess non-trivial critical points. Here, we are interested in the more general case of vector mod-

els with arbitrary multi-trace interactions, i.e. interaction terms constructed as products of the single-trace,
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bi-local operators O(Z, §) = Y (Z)Y™(§) and OF(Z, §) = Yo (T) 7™ ():

oo k
(*) 1,1 1 k) = = R
'Lnt[ A s 770)7(9”] = TN e d—1) AL “‘Ls(xlayl;"' ;mkayk) (1031)
{4t o 5 3D f
X O ) O s) O (7 )eee O (T, )
N 1,1 N Th—sy Yk—s L— €+17yk s+1 N Ty Yk

where the powers of N have been appropriately chosen for the large-N limit to exist. Although such
deformations go well beyond what is known from field theory analyses, within our formalism there is no
particular advantage to be gained by simplifying further. The corresponding path integral, which we denote

with the subscript int, is given by
Zintl€ {A/(j?"us }] = e_sint[ﬁ{Affi)_.u,s H /[Dquﬁ]e—SE?’;M—NVW[{AM e 10,04 (10.32)

Note that we specify the multi-trace interactions above at z = e: from the field theory point of view,
this has the interpretation of specifying the bare values of the various couplings. Of course, A(®) =

while A®) = p(©) and AE}) = @,(LO) source single-trace operators, and the rest are multi-trace sources. The
interactions (10.31) might seem like a drastic generalization from free field theory. But from the bulk point
of view (as we will see from various different angles), they merely lead, at leading order in 1/N, to a different

choice of boundary conditions, which of course, is known to be the correct picture [76].
In order to proceed, we use the Hubbard-Stratanovich trick — we introduce four auxiliary bi-local fields
NE D),  p@9), M@ D), pME ) (10.33)
and write the above path integral as
Tint = /[D@ED(/}D)\D;)D)\#D;)“] —859 —Tr A-(O—Np)—Tr }\u.(O#‘pru)fNth[{A/(fl)mus})p)p#] (10'34)

where (schematically)

(k) (k) s
Vine { A3 s b, 05 p* Z Z k'ek(‘i 5 / Ay o pep ptpt (10.35)
k

k=0 s=0 ksYiet

Since path integrals over bi-local fields are perhaps not familiar, we pause momentarily to define them here.

To do so, we introduce an orthonormal basis of functions x (%), a basis for Ly(R*?~1). Then, any bi-local
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field A(Z, %) can be written in terms of these as
)‘(fa g) = Z Aap Xa(f)XE(ﬁ)
a,B

where A\,g are C-valued. Thus, we can regard the path integral over A(Z, ) to be defined as

/ [DA] = H/CdRe Aap dIm Agp.
a,f3

With this definition, it is a straightforward exercise to check the validity of equation (10.34). Moving on, we
can now perform the 1,7 integrations in (10.34) and rewrite this path integral in terms of the generating

functional for the original free CFT (defined in equation (10.17))
Zintle, {A;(f?--us}] = /[D)\DPD)\#DPM] o= StreclEANJHFNTE Xep+NTr A =N Vine[{AL) Yot (10.36)

We will now try to deduce and analyze the holographic representation of Z;,; given in the above equation.
We will do this in two steps — we first deal with the case N — oo, where the answer is easiest to state. Then

in step two we connect this with the Wilsonian RG flow for the multi-trace couplings {Aﬂ? ue} (at N = 00).

1. Saddle point evaluation at N = oco: Since all the terms in the exponential in the above path-integral
are proportional to IV, in the NV — oo limit, the path integral localizes on the solutions to the Euler-Lagrange

equations with respect to A, A, p, p#*, the saddle point equations (gap equations):

_ 6‘/;7# _ 6‘/17lt

A = , oy = 10.37
5P* sH 505: ( )

1 6Sf'ree m 1 6Sfree
= = —dree po— — 2free 10.38
P*= N o P* = N ox, (10.38)

Of course, from the bulk point of view, Ay, Ay, ps, pi are boundary values of bulk fields, and so the above

saddle point equations lead to a generalized set of boundary conditions. Substitution into (10.36) gives
Sinel€ (A0 )] = STuiles Ay M) = NTr Aepy = NTr Mool + NVind (AL o pl] - (1039)

where we have used equation (10.30). From equation (10.39), it is obvious that the difference between
the holographic dual of the free vector model and the interacting vector model, at large N, boils down to

boundary terms. Indeed, all the additional terms in (10.39), as well as the modified boundary conditions,
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can be accounted for simply, by replacing the boundary action in (10.28) by

Stiry = (Tr P-A = NVil[{A). 1, P, P]) (10.40)

Z—€
The role of these generalized boundary terms, is to implement the generalized boundary conditions!

5‘/int

Al =N5p o

(10.41)

which from the field theory point of view correspond to the saddle point equations (10.37). Indeed, these are
precisely the multi-trace boundary conditions described in [76]. Thus, we conclude that in the N — oo limit,
the bulk equations of motion and the bulk action dual to the interacting vector model are precisely the same
as that of the free vector model, the only difference being that we must use the modified boundary conditions

(10.41).

2. Renormalization group at N = oco: As we lower the cut-off from z = € to z = oo, the multi-trace

sources {Afﬁ)u} flow with z. Indeed, the Polchinski exact RG equation

5‘/;nt A (;V;nt 71 I' 52‘/1'771
S LY N T s

1

in this case gives us an infinite set of flow equations for {Afﬁ) s} This might seem to imply that all the
multi-trace sources Aﬂi) 1. become dynamical fields in the bulk holographic description. However, as should
be clear by now, this is incorrect. A simple way to see this in the N — oo limit is to realize that the vevs of all
the multi-trace operators factorize into products of vevs of single-trace operators. Consequently, if we regard
multi-trace sources to be dynamical, then the purported symplectic structure would be degenerate. So, at

least in this limit, the multi-trace sources do not become dynamical in the bulk — it is only the single-trace

sources which become dynamical bulk fields.

However, there is a puzzle here: if the multi-trace sources do not become dynamical in the bulk, then is it
possible to deduce their renormalization group flow (namely equation (10.42)) from our bulk holographic
equations? In particular, there are infinitely many multi-trace sources, while there are only four bulk
equations for single-trace sources and vevs. The answer to this puzzle turns out to be in the affirmative,

and remarkably simple. If A(z) and P(z) satisfy the bulk equations of motion with boundary conditions

1 S _ 5 w96 _
Here we have defined 35 = 5% + 7" 557 -
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(10.41), then define a one-parameter family of functions Vj,:(z) which satisfies

AB = NPy

(10.43)

We claim that the running sources {Aﬂi)u (2)} can be read off from V;,:(z) by simply expanding it in a

power series in P and reading off the coefficients, i.e.

oo k
Vint( ZZ kk.zkd NELRA=T) /{ AP L (2)P(2)---P(2) PM(2)- - PP (2) (10.44)
=0 s=0

Th,Yk}

Let us now show that this is indeed the case. Differentiating equation (10.43) with respect to z, we obtain

(we use minimal notation to avoid cluttering up the equations)

% =N 55 20, Vint + Nz Cf;; 651‘2;” (10.45)
Using the Hamiltonian equations of motion, we get
57;;;“ =Ns5 O O Vi — Mézee 5;1‘2;“ (10.46)
Rearranging the above equation gives the following flow equation for Vj,;:
20, Viny = H freeN 5;/;;” P]+V, (10.47)

where the P-independent term Vj is basically the overall normalization of the path integral, and might be
ignored. In order to obtain the RG flow of multi-trace couplings, we need only solve this equation. As a

check, note that using the explicit form of the Hamiltonian from equation (10.24), we get

(ﬂfint
oP

5‘/int 5‘/17115 . 6‘/717115
sp AT AR TR

1 1
~20Vint = =7 Tx P- {WZ(O), } + Tr P- (10.48)

This equation is precisely the covariantized version of the Polchinski exact RG equation (10.42) for the Dirac
theory in the large-N limit.2 In this way, the bulk theory reproduces all the infinitely many RG equations
for the multi-trace couplings from the bulk equations of motion. Interestingly, although we have derived

equation (10.47) in the specific example of the free fermion CFT, the above arguments go through more

2This is because, while acting on Vj,¢, we have

5 O
fwm / I ,7)’ &/Sm(f)_/gw (y)éP(yif)

Hl
sy
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generally for any CFT with a holographic dual. Consider a CFT with a set of “single-trace operators”,
which we collectively label O, and let A and P be the corresponding bulk sources and their conjugate
momenta. Let H[A, P] be the bulk Hamiltonian. Then the Wilsonian effective action for multi-trace sources

satisfies the flow equation [56]

_ 6‘/znt

In this context, we might regard the above equation as a generalized Polchinski equation.

This concludes our discussion of the exact renormalization group and its interpretation as a dual holographic
theory (in the Hamiltonian framework). To summarize, we considered the Bosonic and Fermionic U(N)
vector models close to their free fixed points, with single-trace deformations turned on. We formulated
these theories by recasting the single-trace deformations in terms of a background U(Ly) connection and an
adjoint-valued O-form, which are closely related to the geometry of infinite jet bundles. The renormalization
group equations for these sources were written as U(Lg) covariant, geometric equations of motion. Including
the RG flow of the vevs of the corresponding operators, RG was formulated in terms of a Hamiltonian
system of equations on a one-higher dimensional bulk spacetime. The bulk on-shell action was evaluated
explicitly, and shown to reproduce all the correlation functions of the boundary CFT, consistent with the
holographic dictionary. Furthermore, the linearized bulk equations of motion were shown to contain the
Fronsdal equations of motion on AdS space, thus proving the equivalence of our equations with Vasiliev
higher spin equations at the linearized level. Finally, it was argued that turning on multi-trace deformations
in the CFT corresponds to a different choice of boundary conditions in the limit N — oo, which is again
consistent with the known AdS/CFT dictionary. Our construction provides a concrete boundary to bulk
realization of the AdS/CFT correspondence as a geometrization of the renormalization group, in addition

to a new (potentially more accessible) formulation of higher spin theories on AdS.
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Appendix A

Supersymmetric Quantum Mechanics

In this appendix, we present a detailed review of Supersymmetric Quantum Mechanics (SQM) on manifolds
with torsion and curvature, and use it to compute asymptotic expansions involving the heat kernel of the

Dirac operator on such manifolds.

A.1 Classical N =1 SQM

We start with the Lagrangian

1 dzidz? i LAyt dak i
Lipin = 59@;(@@@ + 592](35)1/1 ( a + gr kY (A1)

where the quantity (dd—f + ddi:Fj klwl) is simply the covariant derivative of /7 along &*, and will henceforth
be denoted by V9. It is worthwhile noting that the Lagrangian can also be written equivalently as
Lmin = 591] (x)xlx] + inabwa (?/Jb + mkwkbcwc) (A2)
where we have introduced the new variables 9% = e%1?, and w is the connection for local Lorentz transfor-
mations. The 1®’s are to be treated as the canonical variables, and therefore the correct canonical momenta
are
i

-7 i a c
pi = gi; &7 + ?Iabw w; e, Ta = *iwa (A.3)

We are interested in constructing a torsionful Lagrangian L invariant under the following supersymmetry
transformation:

dat =ingyt, oyt = —nit (A.4)
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or in terms of the ¥®’s

out =ineyy”, 0T = —neld’ —inecw;” Y + SnTitye (A.5)

N =1 Superspace

We construct the superfield corresponding to (2%, v%) as X = x4 . The differential representation of the
supersymmetry generator Q on superfields is given by Q = (—p +i00;) with Q% = —id;, and 6 X = —inQ X.
It is easy to check that a supersymmetry covariant derivative is given by D = (9p 4 109;), with {Q, D} = 0,
and D? = i0;. It is evident from the above constructions, that for any function f(X) = f;(a?,¥?)+0f(xt, %),

one can obtain a supersymmetry invariant by constructing

L= / AOF(X), 0L = —ndsf, (A.6)

For example, if we take f(X) = —3n;; DX (i0,X7) = —41;; DX*D?*XJ, we get the supersymmetric la-

grangian in flat space, Lyq; = %m’xl + %wi@. More generally, it is easy to see that for

1 , . 1 N A
F(X) = =595(X)DX'D?X7, 1O = ~g;d'd + %thzpj (A7)

which is the supersymmetric Lagrangian in curved space without torsion. Here,@ stands for Levi-Civita
connection. From equation ( A.6), we get

i d .

2 dt
It is also worth noting that if we consider the superfield Df(X) = fp + i00;f:, and construct a similar
supersymmetry-invariant out of it, we find that 0 f; = —nfe+C, where C' is some time-independent constant.
Thus in most cases, we find that supersymmetry closed constructions are also supersymmetry exact. For

instance, in the example of curved torsionless spacetime considered above, we conclude that

1 1 e
0 (29ij¢lffj> =-n <29ij1' @+ %w Vt%‘) (A.9)
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Torsion terms

Let Cijk be the torsion tensor, while €2;;;, = %(Cijk; — Cjki + Cp;j) is the contorsion tensor. We now attempt

to add torsion terms:

L(IA) _ %Qijk(X)DXiDXjDXkM — EQijk ($i¢j1/)k _ :’Ejtﬁllpk + kazwj) + %amgijkwmwiijk
1 o
= 204 (EYIYF — ) + 1O Cipy g
i i d R 1 moi, g
= Qi (28 WIYF — TYE) 4 D N ™Yt (A.10)

where Ny, i is defined as (T* AT, — Rap Ae® Ae®) = Nyijrdz™ Adz? Ada? Adz®. In the last line we have used
OmCijk = 9i(OmClk + TnpCP k) + TimiCljg, along with the Bianchi identity for torsion DT® = R%, A €®.

Using the fact that Q@I p* = Qqpddpip* + Cpjri*epipd we can write LY as
L0Y = —Qz Y 4 iCygit gty + Nmuw Yl (A-11)
It is curious to note that there is one more way of writing the above action, which is

LY = ; Qiji (2"P79* — ijwi¢k+ﬂbk¢i¢j)+1Nmz‘jk¢m¢i¢j¢k

i i
— 5ty Yr +

%(Qijk Qi) Ik + Nm”w RTERT

i Lq o Z .3 m. /1.7
= —5Qupd Yt + S Cipi' Tyt + §Nm¢jkw Yl (A.12)

The different ways of writing this term are simply different ways of packaging €2;;1 - the equivalence can be

easily checked. The supersymmetry variation is given by

B d
Ta
n d

= _5&(Qijkw¢j¢’f) (A.13)

1 o
SLA  — ( Q”k(X)DX’DXJDX’ﬂt)

We notice that the first term in L(*4) is the minimal coupling term. We will henceforth stick to the second
version of L(14) in equation A.12, because the contractions are more natural® If we take the full Lagrangian
tobe L =L — LUA  we get

1
L= 591]1 xj + 1/1 vt'l/)J z]kxlewk . mljkwmw ijk (A14)

1n fact, it is this version which gives the correct Dirac operator as we will see in a short while.
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where now V stands for the full connection. The supersymmetry variation is given by
d (1 coao 1 o
L=n— | =gi;0d’ — QY7 k Al
Udt(29g¢$+2 ka'l/}d}) ( 5)
We also remind ourselves from our discussion of SUSY closed implies SUSY exact, that we have

] . 1 L
0 (;giijﬂj + 2Qijk'¢zwj¢k> = —inL (A.16)
Hamiltonian

We now compute the classical Hamiltonian for this theory. We have the bosonic momentum p; = &; +

%wi’abz/)“b - % i,abwalﬂ and the fermionic momentum p, = —%1/)(1. The Hamiltonian is given by
H = g"pii;+n"Papy — L
1 R 1 a c
= 59”331‘33]‘ + §Nabcd¢ PPepeep
1 .. 7 1
= 9" mimj + SO Chym — L Rap cat P °y" (A.17)

where 7; = p; — %wi,ab¢a¢b-

Yang-Mills

In order to add Yang-Mills (internal) gauge degrees to the theory, we introduce new superfields N™ = n™ +
0D and Ny = s +60Day, with the superspace action Sy pr = — [ dtdd Npy(DNM+iDXAY(X)T*M yNV).

In component language, we get (we suppress the vector index)

Sy = / dt in(n + ia* ALTn) — iqp* ALT D + iqpIp*0; AL Ty — (DD + i Dy AT ) (A.18)

We can eliminate the auxiliary field D by using the equations of motion D = —itp!A®T%) and D =
—inpt ASTS to get
. d k i
Sym = /df ”7(&77 + AT ) + 5771/)J1/JkFﬁcTa77 (A.19)
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We can add Sy s to the action derived before. Now the full hamiltonian gets modified to

1 .. 7 1 7 )
H = Sg"mm; + iwwbq’;bm — lRabycdww%Cw — iﬁwjz/;’“FﬁT“n (A.20)

where now m; = p; — %Wi,ab¢awb + AT n.

Supercharge

We can calculate the supercharge from here as

nQ

0x'p; + 0P, — (2779ijW$ + gQijkT/) W¢k>

. a i 1 %,/,C~ a a c
= Z’r}d) eapi + inecw wi,adw ¢d - gQabcw ’l/)bw (A21)

Upon quantization, we must replace p; — —i0;, and ¥* — %7“. The first two terms give us the Dirac

operator with the Levi-Civita connection, while the last term can be simplified as

gQabcva'yb’Vc = _gQabc'Yb'yalyc + nQaac'yc
= _gQabcqu/ac + nQaacvc
= - g Qabc’ybac

Thus the supercharge upon quantization becomes

nQ = % <¢Lc + iQabc'YbaC> = %ID (A.22)

where the subscript LC stands for Levi-Civita. So we learn that ignoring ordering ambiguities of quantum
mechanics, the torsional Dirac operator can be realized as the supersymmetry charge corresponding to this

model. We now deal with the operator ordering issues.
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A.2 Quantum N =1 SQM

In order to calculate anomalies, we need to work with R = —%61/2$2e’1/2 as our regulator, where P =

el (9; + iwi’bc'ybc + B; +iA;) and e = det(e?). A standard Weitzenbock calculation yields

2 ij (T L i L i L ija i a
P =g"D{"'D; - 57]Ckijpk+ §7jBij +37 T9* Rap,i5 + 57 *Fap (A.23)

Using this, we write our regulator in the form

1

- 1 .. 1
R = —561/2 (ngpl(F)Dj _ 5'7”0kijpk 4=

2

. 1 .. 1 _
7Y Bij + gV”W’abRab,zj + §7ab ab) e /2

1 ij i 1 1 .. 1 .. 1 .. i
= —56_1/2 (Dieg”Dj — 2€B]Dj) 6_1/2 — 561/2 (—2’}/Uckijpk + il‘r/l]Bij + g’}/”’}/abRab,ij + ivabFab

1 g A A 1 1 .. 1.
= 75671/2 (Dieg D;j + (0i(eB') — eB;BY)) e '/? — 561/2 (Q’Ymckiﬂ)k- +357Y By

1 1 A i a —
+ 577 Ravis + 57 bFab> e !/

where D; = 0; + iwi,awab +iAST*. Now in the quantum theory, we can make the replacements p; = —iho;
1&“ = %7“ and T = é}‘w(Ta)MNéN. We denote 7; = p; — %wi7ablﬁa1ﬁb + hAY¢*T*¢. From now on, we will
drop the hats on the operators, with the understanding that until we Weyl order the expression and put it
inside a path integral, the p;’s, ¥*’s and c¢’s are operators. The regulator becomes

. ih h? in? )
hQR _ 671/2 (meg”m) 671/2 + Eel/2,l/)a¢bcvkab,/,rkefl/2 _ chd}dwawbRab’cd _ 7¢awagbc T

DN = N =

(B2 “4p* Bay + 1 (e 71 0;(eB*) — B;B*) — h*9"¢"C* 1, B,) (A.25)

Next, we Weyl order the terms in the first line; terms in the second line are already Weyl ordered. Note that

the internal fields will not be Weyl ordered. Let us first look at Je~'/2meg”m;e~1/2. We have

1 i 1, n I
3¢ Y2piegiipjet/? = SPig 'pj + Zai(g 05ln(e)) + <9 7 9;ln(e)9jln(e) (A.26)
1, W2 R R
= §(pz‘9 Ipj)s + gaz‘ajg T+ Zaz‘(g ?9;ln(e)) + <9 ?9iln(e)0;jin(e)
A quick calculation gives us
L1 eqiip.e1/2 = Lipgiip R Phi g ow (A.27)
5 piegrpje =3 pig-Dpj)s 3 ] ik w9 :
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where the hats indicate Levi-Civita connection. Similarly, Weyl ordering the four fermion term gives us
1 1,10 . ik _ R . n? .
56 1/2(5wi,ab'¢)awb)eg”(ij,cddjcwd)e 1/2 = _gg”wi,cdwi,ab(wcwdwawb)A + Egljwi,cdch'd (A28)

The two-fermion term gives no additional counterterms and can be written in the Weyl ordered form as

— 2 pi, g w; 1} Now we move on to the second term - Lel/2¢apbCF e ~H/2. We observe that

ih ~ ih, R, m
561/2¢“¢b0kabpk€ V2= EW *C* ubpr)s — 7Y P(OkCE, + Tk CF b + 2B1,C* ) (A.29)
h2 ab ~k cd h2 k a,.b.c..d h’z k h2 k ac
Ziﬁ C" Wi, ed?h™ = ZC abWi,cd (VP PeP) 4 + gwk,abc ba + EC abWh b (A.30)
The curvature term can be written as
h? d b h? d b h? h? bd
- ZRab,cdwcw Z/Ja'l/f = _ZRab,cd('Iljcw @/fa?/J )A + §R - ?Rab,adw (A?’l)

Thus the regulator after Weyl ordering becomes

1 .. ; 2
hQR — (gljﬂ.iﬂ.j + %wawbckabﬂ.k _ E

2
3 1 Rab’cdwawbzbcwd — gwwag’,,c*T%) + counterterms

w
(A.32)

We observe that the Weyl ordered piece of the regulator is essentially the Hamiltonian for N=1 Supersym-

metric quantum mechanics derived previously. We now focus on the counterterms.

Counterterms

Let us consider

Rab,cd = Rab,cd + (Dch,ab - DdQc,ab) + Qe,abrfecd - (Qc,aeQd,eb - Qd,ach,eb) (ASS)
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We can use this to see that

Rab,adwbd = Reab,adwbd + (Dan,ab - Dan,ab)wbd + Qe,abT‘ead'I/]bd - (Qa,aeQd,eb - Qd,aeQa,eb)wbd
1
= §DaTa,dbwbd + (2Dde'(/de + BeTe,db)wbd + Qe,abTeadwbd + Qd,aeQa,ebwbd
1 1 1
= 7DaTa,db’(/)bd + Bdbwbd + Q(Ta,eb + Tb,ae)TGadwbd - Z(Ta,de + Te,ad)Tb,aewbd

2
1 1
= §DaTa,db¢bd + Bapp™ + 2 web T aath®® (A.34)
This yields
h? R /1 1
- ?Rabﬂdwbd = E (QDaTaJJd + Byg — 2Ta,ebTead> 1/15(1 (A35)

Thus the 9% counterterms all cancel out. In order to compute the remaining counterterms, we notice that

h? R? . h? h? h?
R = LR+ (DB + B.BY) + 0 b T b+ = e Qe
3 D ( + )+ g eabdab + ot actla er
W2 R?, , . h? h?
= §R + ?(6 18i(€BZ) - Bz‘Bl) + ETu,ebTe,ab + 33 e,abTe,ab (A36)

The v independent counterterms reduce to

hQA- P h2 . J h2 h2 i

7 J ) c ~
) P]k]-—‘l g + 169 ]Wi,cdwj + ] Qb,a,egza,eb - ) Wk,abc ab (A37)
We henceforth denote all the counterterms by L.;. It should be noted that this can be rearranged to put it

in the form

P 02
Ly = grzkrflg + Ewi,cdwl‘c + Ewe,ab(Ta,eb + Te,ba + Tb,ae) - 33(Tb,ae + Ta,eb + Te,ba)Qb,ae
W2 wi 0 B2 g 3R 352
= gl“jkl“zlgkl + Ewi,cdwid + Ewe,abT[a,eb] - ET[lLae]Q[lLae]
By o B2 3
= grjkrglgkl +1gWieaWs 4 - g Sbaeldip.ael (A.38)

where Wi oy = @i ab + 3,45 Notice that the counterterms only see the totally anti-symmetric part of
torsion. In fact, we could have kept only the totally antisymmetric part of torsion to begin with, and we
would’ve gotten the same answer much faster - this is again a consequence of the fact that the Dirac operator
only sees the totally anti-symmetric part of torsion. Finally, we conclude that the regulator can be written
in the form

2

1 . ih g
PR = (g”mﬂ'j + %wal/)bckabﬂ'k -

D) 4 Rab,cdl/]awbwcwd) + Lct (A39)

w
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where the counterterms are given in two equivalent forms in Eqs A.37, A.38.

A.3 Dirac index and the chiral anomaly

Our first aim is to compute the chiral anomaly in a torsional background using supersymmetric quantum
mechanics. We will mostly follow the treatment of Boer et. al. in this calculation. Using standard arguments

which we don’t repeat here, we have
ind D — Tr 75e%ﬁhel/2w2e*1/2 —Tr 7567ﬁh72 (A40)

where 2(8h)~! = A%, A being the ultraviolet cutoff. From our previous discussion on SQM, we can write
this as

ind Jp = Tr (—1)F e (H+Ler) (A.41)

where H is the classical Hamiltonian for N = 1 SQM. Again, from standard arguments this can be written

as
ind Jp = [da? (7)depd (1))~ % J=s dTLe (A.42)
PBC
where
1 24 h 7 j h RN h2 m, %, 1.7
Lg = 59is% @7 + 591‘3'1/) Vol — §C’¢jk$ Pk + 3Nmijkw PipIypP
TPV ) = S,
+ b+ &t ART ) — = R T + Ley (A.43)

is the Euclidean version of Eq A.14 (now with the counterterms added), obtained by the rotation 7 = it
- the dots in the above equation now obviously refer to derivatives with respect to 7. The symbol PBC
stands for periodic boundary conditions 2. We also have to add to the Lagrangian certain ghost fields
which enter as a consequence of a careful time-slicing analysis of the path integral. The ghost Lagrangian is
Ly, = %gijbicj + % gija‘a’, where b;, ¢; are real anti-commuting ghosts while a; is a real commuting ghost.

Finally, we redefine the time coordinate as s = 87 !7, and rescale the fermion fields 1) = ﬁw’ , and dropping

2In Euclidean superspace, we have Q = —9g — 00-, Q%> =0, D = 0y - 987,_D2 = —0; and DXi = it — 0%, The classical
part of the above Lagrangian can be written as Ly = [ d6 (%gij (X)DX*D?X7 + %Qijk(X)DX’DXJ DXF)
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the primes for convenience, we have the action

1 1 [° 1 1
—ﬁS == —% dS (29’LJ( l'j + blcj +a aj) + 77 bwav 1/11) - 'Labxlw d}b + Nade,l/} w w wd>
-1
0 .
- / ds <77(7'7+9'6’“A2‘T“n) - ;nij’“FﬁT“n) —hp / ds Le; (A.44)
-1 -1

where L = %f‘}kfglgkl + %Wivchfd — %Q[b,ae]Q[b,ae]. We now expand the fields as z(s) = z + v/Bhq'(s)
and 9%(s) = ¥ + /Bh¢%(s)® about the classical solutions of the free action, which we take to be Sy =

— f ds (ng (20)(¢'¢” + b'c? + a'a?) + %nabgaéb). We have also scaled the ghost fields by a factor of \/Sh.

Let us now define H; o5 = (2} qp)- We will find it convenient to work with the modified connection one-form
Wiab = Wi,ap + 3H; qp, s0 all our expressions will involve these new quantities henceforth. The interaction

terms are

1 0 h o 0
_ﬁsint = /ds(—ﬂakazgij(xo)(wo)qkql+-~-)(qu]+blc7 +ala3)—ﬁh/ Lt

/ ds z\ﬁ < 3ab(70) + / BhgE Wi ap(20) + Bﬁqkqmaka Wi.ab(w0) + - - )

x (w8l +2v/BhevE + Bhcc?)
0
- / ds 2;71 ( abed .’IIQ + \/7(1 0; Nabcd(wo) + th qja 0j Nabcd(xo) + - )
x - (weubuul + 4V/BRCUUGE + 6BRCCP UG + A(BR)/ACCCoU] + (BR)*CCCC)

0
- \/ﬁ?/ ds ¢"7(Ag + /BhO; Arg’ + -+ )T

0
+ /_ LR(gub + 2/ BRCUDG + BRCCY)(FS + v/ BROLFSG" + Bho; 0, Foq’ 4°) T n (A 45)

where Napea = N, [abed]- In order to simplify the interaction terms, we will chose Riemann normal coordinates

about the point zy and chose a frame such that the modified connection W; 43(z9) = 0.

Perturbative evaluation

We now evaluate the Dirac index in perturbation theory in d = 4, with 8% as the coupling constant (in the
weak coupling limit). The same computation can be repeated in higher dimensions, but we do not present

all the details here.

3The factor of v/Bh makes it easier to keep track of the Feynman diagrams we need to compute.
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We first state all the propagators

(4 () () = —g (@) A(t — 5) (A.460)
(' (t)a (5)) = +9 (20)3(t — 5) (A46b)
(B () (5)) = —267 (0)3(t — 5) (A 460)
(1)) = 50%elt —5) — (¢~ 5) (A.46d)

where A(t —s) =t(s+ 1)0(t — s) + s(t + 1)8(s — 1).

Let us perform the computation order by order - we’ll mainly be interested in the results at Sh~! and Bh°
order. At Sh~', we have only one non-trivial diagram

1 -
- %Nabcdzﬁswéwsw% (A.A7)

There are many terms at 3%, and we will list the terms (ignoring gauge internal gauge fields for the moment)

below:

1 0 N7 i iJ i g abce 1 A abce
g/ dtds Nabcd(xo)akﬁlgij(aro)(qkql(q @+ b+ ala?))yted = @R(&Jo)Nabcd(!L‘o) abed (A.48)
1

In the above, we have used the normal coordinates formula 8(2kl) gij = %Ri(m)j.‘l

0
- %/ dt 9;0; Naveath§***(q' ()¢’ (1)) = —igij(ﬂfo)aiajNabcd(xo)l/)gde (A.49)
-1
0
/ dsdt 4NgpeaNepanf" (¢ (D) ()¢ ()¢9 (5)) = O (A.50)
-1
0
/ Atds 2NupeaOk Wi e 1 (G1(5)q" (s)CH(8)CE (8))pl " = éaaegiwabcdakwmﬂpgbcd (A.51)
-1
9 N7 N7 a b e f cdgh __ 3 - 7 cdgh
§/dtd8 Nabchefgh<< (t)C (t)C (S)C (S)> 0 = _Z abchabgth (A52)

1 0 -7 - abc 1 ij j @ abce
g/ dsdt O Wi apO W cald' (t)d (s)¢" (t)g' (s))0g"" = %(gklg I — g g Wi, bW cath§?  (A.53)
-1

0
-1 [ s P Puaaon(onon(s) v (A.54)
-1

4The more general formula (see [?]) is g;j(zo0 + y) = gi;(z0) + %Ri(hl)jykyl + %VmRi(k’l)jykylym +
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There is only one counterterm diagram

3 /0 - 3 -
- 173/ dtds NapeaHe, pgHe, rq00"" = T abedHe g He, pg005" (A.55)
-1

Putting everything together, and adding the appropriate normalization factor we get

: 1 abed 1 abed 1 - N, 1 ij
ind(p) = sr2ght . Nabed + g€ 13 B (@0) Navea(@o) — 579" (20)9:0; Nabea(o)

1 - . 3 - 3
+ %(gklg” - gk]ng)akWi,abale,cd - ENabcdHe,nge,fg - 4NmnabNmncd> (A56)

Let us now make an important observation - let R

iAo be the curvature corresponding to the connection

Wi,ab+ cHj qp, written in coordinate indices. We have (it is understood that all of the quantities in the below

equation are antisymmetric in p, v and A, o)

nvAo Ao, uv

RO _RED 9 (DAHU,W +D,H,, AU) = 2¢(O\Hoy p — O Ho ) (A.57)

We see that this combination is totally anti-symmetric in all it’s indices, and is in fact proportional to the

Nieh Yan tensor. We thus conclude that
~R{,?, = ~4cNjuro] (A.58)

Further, since all our calculations are in a special choice of frame, we are allowed to replace ;W 4, with

)

%R(S) Therefore, we will covariantize our answers by making the replacement 0;Wj . — %(sz, b

ab,ij*

12Ngp;j). This immdietly gives

1 _ _
ind(1p) = / o (1" AT — Ry Ae" Ae) + (Rgb3> ARED 4 2ddT (T AT, — Rap A e® A eb))

19272

(A.59)
where we have used R(-3) = R — 9H, pcHg pe, and df = *d*. Finally, we notice that the last term is the
derivative of an invariantly defined form; we will drop such terms. Also, we haven’t considered the Yang-Mills
gauge fields in the above computation, but one can include them easily. Adding back a U(1) gauge field
gives us

1 1 _ 1
ind(1) = T AT, — Ryp Ae* Aet) + —REIARCD 4~ pAFR A.60
nd(D) = [ pAet A+ V4o (4.60)

19272 b

In the general non-Abelian case, the result is simply modified by the Chern class 8%Tr FAF.
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A.4 Diffeomorphism anomaly

The diffeomorphism anomaly due to coupling of chiral fermions to gravity is given by
AP'] = Tr (y°v'D;je P'R) (A.61)
Similar to the case of the chiral anomaly, we can write this in terms of a Euclidean path integral as
Al'] = /P et (@) (s (= + %Cijkmk)e— J§ drLe (A.62)

Since the operator insertions are already Weyl ordered, there are no additional Weyl ordering contributions.
We simply exponentiate the insertions, because we are interested in terms first order in v. The additional
terms are

1 10 i Bho b
*ﬁsdiff = 55/1d5w( C’a¢¢)

0
= / ds {ql <qk8kvi + = \/ akﬂ)zqk ﬂhaklmvzqkqlqm + - >

-1

+ m (vab + /Bhg" Orvap + thkq a,%lvaw-~->(w3¢8+2Mcaw3+ﬂh<acb>}(A-63>

Perturbative evaluation

Once again, we present a sample calculation of the diffeomorphism anomaly in d = 2, although we expect
the technique to go through in higher dimensions as well. In two dimensions, the computation is greatly
simplified by the fact that H; ., = 0. So the Lagrangian is effectively torsion-free. The only contribution to
torsion comes from the operator insertions. Once again, let us perturbatively compute the diffeomorphism

anomaly - this time, we chose Riemann normal coordinates, and the frame is chosen such that @; 45 (z9) = 0.

At order (8h)~!, we have only one diagram

1 % a
%Uic ab P40 (A.64)

135



Let us now list the diagrams at order (8h)°:

0 1. y ) 1, o
[ [ atds SO0 O ()6 6)rnandrosis? = 51695 — g0 Pres i (A.65)
-1
1 (9 , o o o 1 . .
— g/ dtds viCZabﬁkalgiﬁqkql(qij +a'a’ +bzcj)>¢8b = —@Rviczbwgb (A.66)
1
1 /0 , 1 ,
1 [ 400, ) O O =~ 510" D (0 C ) (A.67)
1
O . .
[ dtds 0 IVl OC () ()a () = 0 (A.69)
—1

Putting all the terms together and covariantizing, we get

- _ab

1€
21

1 i 1 . 1 . i
A[’U] = /]VI d2z \/g <2Bhv20 ab + ﬂRij,ab(awj) — ﬁR’Uz’C ab> (A69)

Using the special properties of Riemann curvature in 2 dimensions, we write this in differential form notation

as
Al ]—/ o [ T® 4 % AR — — BT (A.70)
U T orsn T 487 '

We have ignored the term ddf(v,T?) in the above expression, because it is a total derivative.

A.5 Trace anomaly

Here the trace that we are interested in is
Alo] = Tr oe PR (A.71)

Note that the absence of v° = (—1)¥ means that the fermions have anti-periodic boundary conditions. This
makes computations harder at higher orders in Sh. We will restrict ourselves to two-loop calculations, which
are the relevant ones in two dimensions. In fact, the same computation carries over to higher dimensions
(unlike in the case of the previous calculations), and so we will compute the two-loop coeflicient in arbitrary

dimension.
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We will expand z¢(t) = 2} + /Bhq'(t) and ¥i(t) = /BhE (t). As before, the free action is

0 1 o o o 1 .
So = —/ ds (291'1'(5”0)(4%4] +b'd +a'al) + QﬁabﬁaCb) : (A.72)

—1

The interaction terms are now given by

znt / dS

/ ds 2\/— (\/7(] asz ab(xo) + /thkqmaka Wl ab(xO) >,8h<a<b

0
akalgzxaco)(xo)q ¢+ )dd + b +aiad) — Bh / Lt

0
— / ds 2;h < abed IO + \/7(] a Nabcd(‘TO) + th q]a 0; Nabpd(fﬂ()) ) (5h) CU«C Cccd
V[ ds g+ D, A+

0
+ / ds TAORCC) (G, + v/ Bk Fia® + Bho,0 Fhiat + )T (A73)

At zero-loops, the trace is given by

old/2]

g | 50 Valwoo(ao) (A7)
At the next order in 8h we have the diagram

—% s idrgis o (5)q'(5)(@ () () + ) =~ (A.75)

where - - - represents ghost terms. Additionally, we have the counterterm diagramﬂh%HaybcHa_’bc. These two

combine to give us

R 3 1
5h <24 + Ha,bcHa,bc> = 7ﬂhﬂR(73) (A76)
So, the trace anomaly becomes
d/2 ﬂh (3)
Alo] = gy | @0 Valawatao) (1= SLRCY + 0((5n) ) (A7)
For d = 2, this reduces to
> 1 R
tP° _ 2 [ A
Tr e = [ d°zo v/ g(x0) (27715 Y + ) (A.78)
and for d = 3 we get
t$2 3 2 R(_?’)
Tre = d o \/ g(xo)m 1-— Tt -+ .- (A79)
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This concludes our review of SQM and its applications.
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Appendix B

Supplement to Part I

In this appendix, we will present some more supplementary material relevant to the discussion in part I of

this thesis.

B.1 Divergences in higher dimensions

In this section, we discuss the torsional divergences in anomaly polynomials in arbitrary dimensions, and
their Pauli-Villar’s regularization. As we noted in Section 2, divergences of the anomaly polynomials in
d =4n and d = 4n + 2 are the same. Therefore, to study the cancellation of divergences, it suffices to focus
on the anomaly polynomials in d = 4n. We have dealt with the case of n = 1 explicitly in section 2, so we

now take n > 1. Now in d = 4n, we have the asymptotic expansion
> R 1<
Try, D4 +1esPin ~ = > bisk = o > bis® +0(s) (B.1)
k=0 k=0

where the by are 4n-form polynomials made out of curvature, torsion, and their covariant derivatives (see
Egs. (2.16) and (2.49)). For instance, in d = 4n we have by oc [, (dH)", while in d = 4n + 2 we have
by fM4 " F A (dH)™.' As before, we will not consider O(s) terms because these lead to 1/m corrections

in the anomaly polynomial. The un-regulated anomaly polynomial thus takes the form

- 1
0 _ 1 . 2
PO (m) = ll_r% iv/Tm kg_o LCe(—n + 3 + k,m?) by, (B.2)
where
I (o, m?) :/ solemsm? (B.3)

1The explicit form of b, is difficult to compute in arbitrary dimension in the presence of torsion.
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with € = % Therefore, the UV divergences of the anomaly polynomial in d = 4n are contained in

{mFE(—n+;+k,m2)}, 0<k<n (B.4)

where € = % Let us examine these integrals schematically:

1
mFe(—n+§+k,m2) :aék:)mAQn—Qk—l+a§k)m3A2n—3—2k+ . ff)k,lmz" 1- 2kA+a )k51gn( ym>2n—2k

(B.5)

where the agk) are finite numerical coefficients. As before, we introduce Pauli-Villar’s regulator fermions
with masses M and parities Cy, where I = 1,2--- N. For convenience, we label the original low-energy
fermion as I = 0 with My = m and Cy = 1. From equation (B.5), it is amply clear that to cancel all the UV

divergences, we must require

N N N
> CiM; =0, CiM}=0,---,> C/M;" "t =0. (B.6)

Additionally, we must also check the finiteness of the remaining A-independent coefficients

N

N
Za(O)Clagn(MI VM, oy = Za 1Crsign( MI)M2" 2, = Zag")CIsign(MI) (B.7)
1=0 1=0

in both the topological and trivial phases, where we note that a;k_) P f(—n + k+ %), where T stands for

analytic continuation of the Gamma function. Having done so, the regulated anomaly polynomial is

m) = Zak(m) by. (B.8)
k=0

In order to see that the constraints in (B.6) can be satisfied, and that the coeflicients {cay} are finite, we go

back to the lattice Dirac model in d = 4n — 1. We will work with the lattice Hamiltonian

4dn—2 4n—2
H= ZCTIZ {m + lbw <4n -2- Z cos(k#)> A g Z sin(k#)fy“} cr- (B.9)
i p=1 pn=1
The Hamiltonian has 24"~2 Dirac points - the one at k = (0,0,---,0) will be labelled by I = 0 and
interpreted as the low-energy Dirac fermion, while the other fermions will be labelled by I from 1 to 4n — 2
4dn — 2
and interpreted as Pauli-Villar’s regulator fermions. The fermions have a degenracy of N; = < " ),

I
parities C; = (1)1, and masses M; = (m + 2Ipp,). Now in this model, all of the UV constraints (B.6)
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translate to

4n—2 4n—2 4n—2 4n—2
> CINy =0, Y CINI=0, Y CNI*=0---,> C/NI™ " =0. (B.10)
I=0 I1=0 I1=0 =0

These constraints are obviously satisfied on account of the following identity

I=0

=0, VO0<k<2n-—1. (B.11)

r=1

Moving on to the finiteness of the coefficients (B.7), we have to deal with these separately for m < 0 and
m > 0. For m > 0, these are all zero (for n > 1) as a result of identity (B.11). On the other hand for m < 0,
we get

~ 1
ay = —2m* 2k (n +k+ 2) . (B.12)

This proves that the parity-odd fermion effective action for the lattice Dirac model is finite in arbitrary
dimension even in presence of torsion, provided we take into account the contributions from spectator

fermions.

B.2 Hall viscosity for Lattice Dirac fermions from Berry

connection

The Hamiltonian for lattice Dirac fermions is usually written as

_ i i i i
HLD - Z { (cm$+1,myazcmz,my o sz,myazcmlJrl,my + me7my+10'ycmx,my - sz’myaycmxamy+1
Mg, My

T T T T
- (Cmerl,myJZcmm,my + Cmm,mygzcmm"rlvmy - Cmm,m?j+1azcmm»m;/ + Cmm,mygzcmrnvmy""l

+ (2- m)cjnmmyozcmx,my} (B.13)

We will interprete m,, m, as the lattice coordinates, with a fixed integral spacing (i.e. we set the lattice
constant to one). Now usually, the matrices o = (04,0y,0,) are taken to be the Pauli matrices. In the

more general case, we replace these with

ot = Z elo? (B.14)

a=1,2
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where the 0% are Pauli matrices. We will take the coeflicients e# to be constant, but importantly, we will
take eZ = 05— this means no mixing between time and space directions. This is why the sum in the above

equation runs over the spatial directions only. With this, the lattice Hamiltonian becomes

_ T T _a T T _a T Yy _a T Yy _a
Hyp = Z { (szﬂ’myeaa Cmaamy = Cmgmy, €00 Cma+lmy, |+  Cmy my+1€00 Cmaimy, = Cing i, €40 Cmg,my, +1

Mg, My
i 3 T 3 T 3 T 3
- (C'mw+1,my0- Cmg,my + Cmpmy 9 Cma+1,my | — C'mw,my—&-la Cm,my + Crmgymy @ Cmg,my+1

+ (2- m)cjnmymy O'BCmmymy}
In the continuum limit, if we regard
cmz-‘rl,my = Cmm,my + axcmm,my + - (B16)

c’mz,my+1 = Cm,_,,my + 8ycm,_,,my + - (B17)

then the Hamiltonian becomes (up to total derivatives)

Hcont. = Z /de (81'6[('/13) y)ezaac(xa y) - CT(I‘, y)egaaaic(x7 y) - mCT(Jj’ y)USC('T7 y)) (B18)

i=1,2

which is the correct continuum limit, provided we interpret e’ as the spatial frame. More generally, we could

take e’ to be functions of the lattice coordinates, but we will not do so here.

We now switch to momentum space

o 1P My +ipy,m
Cmmymy - § :epz vty ycpvay (Blg)

Da Py
The Hamiltonian in momentum space becomes
Hip = Z c;fjm’py (sin(pw)egaa + sin(py)edo® + (2 — m — cos(p,) — cos(py)) 03)cpw,py (B.20)
Paz,Py

Note that p;,p, are momentum coordinates, dual to the lattice coordinates; consequently their periodicity
is fixed to be 27 once and for all, irrespective of any lattice deformations. Any effect of lattice deformations
is encoded only in €. Clearly, the above Hamiltonian approaches the continuum Dirac Hamiltonian as

Dz, Py — 0.
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We now specialize to the case
1 1

D= B.21
\/57 €3 ( )

In this set up, the parameter space is the 7-space, with a torus (coordinatized by p,,p,) sitting at each T,

T __ [ —
€1 = /T2, €3 = —

with the corresponding 7 dependent metric:

—1

9 (Ir[*dp3 — 2mdpydpy + dp}) . (B.22)

1
=
The Hamiltonian becomes

. 1 . .
Hip= Z C;mey{ oot sin(p,) + ﬁag(sm(py) -7 s1n(pz)) + (2 —m — cos(pg) — cos(py))a‘g}cpmmy.
Pa:Py

(B.23)
Clearly, this Hamiltonian takes the familiar form?
3
H=> cq(R)o" (B.24)
a=1
We read off the coefficients c,
c1(piy7) = /T2 sin(py) (B.25)
(i 7) = —=sin(p,) — 71 sinps) (8.26)
i, T) = — [ sin — 71 sin(p, .
C2\Pi, T \/’72 S Py 1 p
c3(pi, T) =2 —m — cos(py) — cos(py) (B.27)
Hamiltonians of this form are known to have the Berry curvature
1
- @raran (cl dey A des + ¢ des A dey + e3 dey A dc2) (B.28)
We can now straightforwardly pull back the above 2-form on to our parameter space:
1
F = W{ — (cos(pz) + cos(py) — (2 — m) cos(py) cos(py))dpl. A dpy
1
+ — ( (2 —m — cos(pg) — cos(py)) sin2(pw))d7'1 A dTy
T2
+ sin(pe) (1 + cos(ps) (—2 +m + cos(py)) )dﬁ Adpy + -+ (B.29)

where we do not write the remaining terms because they’re quite complicated, and not required in our

2The common notation is d,o®, but we use ¢, so that there is no confusion between exterior derivatives and the coefficients
da.
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discussion. In the pg,p, — 0 limit (continuum limit), F' reduces to

2
m mp
dpz N dpy — z
Rk (0 17 + )

lim F|7—:Z‘ =

dm Nd e B.30
p—0 (m?2+p2+p TAAT ( )

We only show the result at 7 = ¢, but it is not very hard to compute the curvature at generic 7. It is now
a straightforward exercise to show that the first term above, when integrated over the Brillouin zone gives
the Hall conductivity (which needs further regularization using Pauli-Villar’s regulators). Importantly, the
second term gives the Berry curvature in the 7-space at 7 = ¢; upon averaging over the entire Brillouin zone

(and suitable regularization) one finds precisely the coefficient (g computed in chapter 2:

27 27
©) = / / dpydp,\/g Frr (B.31)
o Jo

In fact, the above integral can be performed numerically (without going to the continuum limit), and we show

the result in the following figure. We note however, that (g as computed using (B.31) is not a topological

4r

-10 -5 I 5

4

Figure B.1: The Hall viscosity as a function of m at 7 = i.

invariant. One can define a topological invariant by integrating F' over the fundamental domain in 7-space,

but we will leave this to future investigation.
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B.3 Energy Spectra for 34+1-d Weyl Fermions

U(1) Magnetic Field

Let us consider the energy spectra of isolated Weyl fermions in the presence of a uniform U(1) magnetic
field. This result is well-known but we recount it here to compare it with the case of the torsional magnetic
field. We take the spatial geometry to be Y3 = R x S x St parametrized by 2 = (21,22, 2%) respectively.

The U(1) gauge field is taken to be A = f(xz)dy. We chose the Weyl basis for gamma matrices

0 1 , 0 —o -1 0
0 _ A= _ , Y= . B.32

With this, the Dirac equation for the left and right modes ¢y, = #ﬂ)[l, Pr = #ZUR becomes
1 (80 — O'i(ai + iin)) Yvr =0, 1 (80 + O’i(ai + iin)) P, = 0. (BSS)

Let us now concentrate on the left handed modes, and we will drop the L subscript from here on. If ¢ is a
zero mode of Oy + 0 (0; +1iqA;), then so is (9p — 0(9; +1iqA;))1 (because the A; are time independent), and

hence we try to solve the second order equation?®
(95 — o' (0; +iqA;)o? (0; + igAj)) v = 0. (B.34)

Using 0305 = di; + i€;j,0, and the fact that po, ps are good quantum numbers, we find that energy eigen-

functions must satisfy

(—8% + (p2 + QA2)2 er% + geiijijUk) 1/1 = E21/J. (B35)

Now let us consider the special case of a uniform magnetic field. Choose A = Bz'dxz? corresponding to a

uniform magnetic field B parallel to z3. Substituting into Eq. B.35 we find

2
(—3? + (¢B)? <fc1 + 5;) +p3+ ch73> ¥ = E% (B.36)

3Eventually, we should be careful to discard solutions of (9 — o(9; + iqA;))y = 0
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Figure B.2: An illustration of the energy spectrum for a left-handed Weyl fermion in the presence of a
uniform background U(1) magnetic field. The linear dispersing mode is the zeroth Landau level and the
gapped modes are higher Landau levels (or bulk states). We have drawn a mass cut-off +|m| to represent the
energy at which the low-energy chiral modes begin to couple with the bulk modes in the gapped topological
insulator and lose their chirality and boundary localization properties.

which is the simple harmonic oscillator equation with frequency |¢B]|. The dispersion relations are
1 1/2
E(E,p3,03)=i<p§+2|qB|(€+2)—|—qB<73) , £=0,1,2,--- o3 ==+1 (B.37)
and the wavefunctions are

(l, s, 03) = AgelPor i Tl 2 g, (V [gB](z" + 5123>> [o3) (B.38)
with 4, = ﬁ(|q3|)1/4 being the normalization.

The solutions corresponding to ¢ = 0,05 = —sign(¢B) are the gapless modes E(p3) = +ps. But note that

we still need to eliminate the spurious solutions which satisfy (i0y — ic*(9; + iqA;))y = 0, i.e.

( E+ps (p1 — ieB(x' + p2/qB))
p

0,p3,0) =0. B.39
| +igB(z" + pa/qB) E—ps )“ 23,9 (B.39)

Thus, the E = sign(¢B)ps mode gets eliminated, and we are left with only one gapless branch

E = —sign(gB)ps. (B.40)

lg® 5]
2w

The number of states for each ps is given by , which comes from demanding —% < 2 < %; here

gB
®p is the magnetic flux. If we had chosen to study the right-handed chirality then —sign(¢B)ps would have

been eliminated and the remaining mode would be E = +sign(¢B)ps.
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Torsion Magnetic Field

Now set the U(1) magnetic field to zero, and consider the following co-frame and its dual frame
eV =dt, et = dat, e = da?, & = da® + f(z!)da?, (B.41)

eo =0, €1 = 01, e = 0y — f(')Ds, €5 = 0.

We will set the spin connection to zero for simplicity. In this case, the above co-frame is torsional with

T3 = de® = 0 f(a')dx1 A dxo. The Dirac operator becomes

i) =i (7200 + 7' 01 +v%(02 — f(2")03) +7°05) . (B.42)
For the left-handed Weyl fermions, the Dirac equation reduces to

i (00 +0'01 + 0202 — f(x")05) + 0%03) Y, = 0, (B.43)
and since po, p3 are good quantum numbers, we can write the above as

(i@o +i0td — 02(p2 — f(acl)pg) - U3p3) Y, = 0. (B.44)

We notice that this looks exactly like the Dirac equation with a U(1) gauge field A = 7%f($1)d$2 = 7%563

and field strength F' = f%”T?’. Thus (B.35) becomes

(—3f + (p2 — p3de3)” + p3 — %eijkTgUk) ) = E*). (B.45)

To understand the spectrum, we first notice that for ps3 = 0, the spectrum is just E(p1,p2,p3 = 0) =
+(p? + p3)'/2. This must be the case because the ps = 0 mode is not sensitive to translations/torsion. In
order to proceed, we choose f(z!') = Cz?!, this leads to a uniform torsion magnetic field 72 = Cda' A dz?.

The spectrum for ps # 0 is similar to the case of the uniform magnetic field
1 1/2
E(ﬁ,p3,03)2i<p§+2|0p3(€+ 2)—Cp30'3> 620,1,2 ,0'3::|:1. (B46)

Notice that for £ = 0,05 = sign(Cps), the spectrum is simply given by F = £p3. But once again we have
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Figure B.3: An illustration of the energy spectrum for a 3+1-d left-handed Weyl fermion in the presence of
a uniform background torsion magnetic field. The downward dispersing (blue) curve represents the zeroth
Landau level while the non-linear (black) curves represent higher Landau levels as given in Eq. B.46. This
should be compared with the result for a U(1) magnetic field shown in Fig. B.2.

to be careful to eliminate the spurious zero mode. This is delicate, so let us work this out explicitly; the

spurious mode satisfies

E —i(ps — Cpazt
. + p3 1 p1 — i(p2 p3xt) b =0. (B.4A7)
p1+i(p2 — Cpsat) E —p;3

We find that E = —sign(Cp3)ps should be eliminated. Thus the remaining gapless (p3 # 0) mode is
E = sign(Cps)ps, o3 = sign(Cps). (B.48)

The opposite chirality mode will have E = —sign(Cps)ps, 03 = —sign(Cps). This is different from the case
of the U(1) magnetic field in two important ways. First, the number of states for each ps # 0 is now given by
%, where &1 = C'L; Lo is the torsion magnetic flux. Second the right-handed and left-handed fermions
do not give rise to 14+1-d fermion branches with a constant group velocity. In fact, one chirality disperses
upward and the other chirality disperses downward. The fact that the association between the different

14+1-d branches and the chirality is modified is exactly what gives rise to the torsional contribution to the

chiral anomaly.
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Appendix C

Supplement to Part 11

In this appendix, we will present some supplementary details relevant to our discussion in part II of this

thesis.

C.1 Vasiliev Higher spin gravity

In this section, we will present a short review of the non-linear Vasiliev higher spin equations in general
dimension d+ 1 in terms of vector oscillators.! Of course, this is not meant to be pedagogical by any means,
as the details are not relevant to our discussion in this thesis — our aim here is to merely present the Vasiliev
equations so as to facilitate comparison with our RG equations. For more details on the Vasiliev theory, we

refer the reader to Refs. [64, 65, 66, 67, 68].

Let {Y;*} and {Z!} be Sp(2) x O(2,d) variables, where upper-case latin indices A, B--- stand for O(2,d)
vector indices, while i, j, - - - stand for Sp(2) indices. The Sp(2) invariant product is defined by Y4 V,P =

€ YiAYjB. We define the star-product between two functions f(Y, Z) and g(Y, Z) as
f(Y,Z2)xg(Y,Z) = N?P /dQDUdzDV e UVARY 4 U Z+U)g(Y +V,Z - V) (C.1)

where D = d + 2 and N2 is an appropriate normalization constant chosen such that fx1 = f. It is easy

to check that this implies the relations

1 1
A B Ay B AB A B A 7B AB
Yi * Yj = YZ. Yj + 577 €5, Zi *Zj = ZZ. Zj - 577 €ij
1 1
A B Ar7B AB A B Ay, B AB
Y xzZy7 = Y'Z7 — 7277 €ij, Zi *xY; =ZY;” + 7277 €ij (C.2)

1We note that the case d = 3 is special, in that the Vasiliev equations can be formulated in terms of twistor variables, and
admit the two versions referred to as A type and B type. In particular, it is not known how to construct the B type theory in
terms of vector oscillators.
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We introduce the function K(t) = e_2tziyi, where y; = Y;7! and z; = Z;'. For t = 1 this is called the

(2

Kleinian, and will be denoted by K. It has the important property that
KxK=1, Kxf(Y,2)«K = f(Y,Z) (C.3)
where f(Y,Z) = f(YA —2Y 164, 24 —22-154)).

The Vasiliev system is described by two one forms W(z|Y, Z) = Wy (z|Y, Z)dz! and S(z|Y, Z) = SY (z|Y, Z)dZ2,

and a zero-form B(z|Y,Z). The Vasiliev equations are given by

AW +W W =0

deB+WxB—BxW =0

AW+ deS+WxS+S*W =0 (C.4)
dzB+S8+«B—BxS=0

2 .
dzS+S5+S = gdeleil BxK

In addition, one must impose the appropriate Sp(2) invariance constraints on the above fields, in order for
them to describe physical higher spin fields. Note that B transforms in the twisted adjoint representation,

and in particular the covariant derivatives for B feature the twisted commutators (W x B — B x W) and

(8§ x B— BxS). By redefining the 0-form as
B =B+xK (C.5)

the new 0-form B transforms in the adjoint representation, and the twisting can be partially removed from

the Vasiliev equations.

C.2 Infinite Jet bundles

In this section, we want to give a general discussion on the language of infinite jet bundles introduced in the
main text. The elementary fields could be scalars, or fermions (or more general fields), denoted by ™ (z);
more formally these are sections of a vector bundle E — M, = R¢, which could be a complex line bundle,

or the spin bundle (or a more general bundle depending on the spin), tensored with itself N times. We will
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label by I'(E) the space of all C*° sections of E. Corresponding to F, there exists the infinite jet bundle

over My

Too : J(E) — My (C.6)

which is defined as follows: two sections ¢™(x) and x™(z) of E are said to have the same rth jet at a point
r € My if
ok ok

- YY" = — 47 <k< .
axal...axakw 896“1-'-835%)( ’ O_k_’l“ (07)

For any given section ¢¥™(z) of E, the rth jet of Y™ at x, denoted by jl, is the equivalence class of all
sections which have the same rth jet at « as ¢™. The rth jet bundle w,. : J"(E) — My of E over My is then
defined by

J(E) = {ju + Vo € My, € T(E)} (C.8)

with the natural projection =, : j7¢ — x. The infinite jet bundle J*(E) of E is defined as above, with
r — 0o. Given a section )™ (z) of E, we can naturally construct a section j°¢™(z) of J*°(E) by taking its

infinite jet at every point x. This is called the prolongation map
J<T(E)— T(J*(E)) (C.9)
In simple terms, the prolongation map sends

() 3 0™ (0) = W7 le) = (07 (o), G @) g (@)oo ) €TUS(E). (C0)

The important point is that a differential operator can be thought of as a section of the Endormorphism

bundle End(J>°(E)) of J*(E), i.e. it is simply a local linear transformation when thought of as acting on

sections of the jet bundle. For instance, the derivative operator 6% can be thought of as the matrix

P, = (C.11)

acting on the jet prolongation, with each entry corresponding to a map between tensors of different ranks.

In more precise notation, P, is a section of End(J*°(E)). Acting on a vector j2°¢™ at x, it may be defined
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as the push-forward of the derivative operator:
(Py - ™) () = ji° (0,9™) () (C.12)

or in terms of a commuting diagram

where, by J2°(E) we mean the fiber of the infinite jet bundle over z. Similarly, we may also translate a more

general differential operator
e(r,y) = i&(2)6%(x — y) + & (@)0 5z — y) + - - (C.13)

to the language of jets, as a section of End(J°°(F)) acting on the vector j{uy™ at x:

i§(x) §"(x)
(Elel-329™) (@) = 52 (ev™) (2),  Elel(x) = [ 10u€(x) 07E(2) +Tu¥(x) -+ (C.14)

In terms of commuting diagrams:

I(E) —>T(E)

JRE) - S (E)

x

There is another slightly more convenient notation which makes the discussion of infinite jets potentially
more tractable. Let us introduce the auxiliary variable Y* € R we emphasize that this is completely

independent of the spacetime coordinates. Now we write the jet prolongation as
e o} m m a m 1 a m
" [WY(2) = g7 (2) = 9" (2) + YU0up™ (2) + 57 Y Y 0,00 () + - -- (C.15)

In this notation, we can write the jet-prolongation of differential operators as

— 1 9 d
Elel(x) = Z ﬁeal"'as?bl”'br(x)Ybl Y aY. oy’ €ar-agsby b, (T) = O+ - Op,€aya, () (C.16)

r,5=0
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Note that Y and 0y generate the Weyl algebra, so in this language we can think of our bilocal sources as well
as vevs as being Weyl-algebra valued. It would be an interesting exercise to try and rewrite the non-local
renormalization group equations in terms of local equations using this formalism. We leave this to future

work.

It is also convenient to introduce a bilinear form on the fibres of J°°(E) which, intuitively speaking, we want

to look like

()= ® €ap @ Omn (C.17)

where €45 and d,,, are the metrics for spinor and O(N) indices respectively. More precisely then, we define
<.’ > as
(™, g X" ) (@) = omn ™ (2)x" (2) (C.18)

With this, we naturally get an inner product (-,-)p(j~(g)) on sections of J>(E)

(7 U)o (y) = /M a0 (z) (@™ (), 9" (2)) (C.19)

where ®, ¥ € I'(J®°(E)), and we have made the (metric) measure on spacetime explicit. The point of
choosing this inner product of course, is that on prolongations, it agrees with the standard inner product on

I'(E), namely

(3™, 35X " ) ey = (W X" )re) = /M dz \ 9O (x) Smn ™ () X" () (C.20)

In terms of the auxiliary vectors Y introduced above, this amounts to setting Y = 0 after all the contractions

are performed.
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C.3 Renormalization group: Details

In this appendix, we spell out the details of the derivation of the exact renormalization group equations. We

take the regulated action to be

SBos. = S() + Sl (021)

1
So = T a2 /xy . ¢Z@($)D,(LO) (m,y)D,&o) (y, u)d™ (u) (C.22)
S = o5 [ OB ) +U (©23)

Next, we run the two-step RG process:

Step 1: In Step 1 of RG, we want to integrate out a shell of fast modes, and investigate how that changes
the sources. In order to perform this integration, we use Polchinski’s exact RG formalism. We start by
lowering M — AM, where A = 1 — ¢. Since this has the interpretation of integrating out fast modes, we can
extract the change in the sources 6.8 = —EMﬁB and U = —sMﬁU by imposing
MLy Zyt /[d¢ do*] {(Mdei30> e 4 5o (Mdei&) - Zo—leiSU“SlMdZo} =0 (C.24)
dM dM dM dM

where the last term above is from the normalization of the partition function?, as in (6.11). Evaluating the

first term, we find

d i e [ d
Mo =~ [ (Mgt ) o

7

_ 62'50/¢:n.D(O)2_AB.D(O)2.¢m

Sd—2
6 525, |
_ -2 A - . - |
1z /m,y B(z,y) {5¢m(x)6¢rn(y) 15m¢($)5m¢*(y) } e (C.25)

where we have defined Agp = M ﬁ(DfAO)DI(LO))_l. The second term in (C.25) cancels with the contribution

from the normalization. Therefore, integrating by parts from equations (C.24) and (C.25), we are left with

d 52 ,
M——¢"5t — izd_2/ AB(x,y)—elsl =
z,y

ani 5 @56 () (C.26)

2We have defined Zo = [[d¢ dp*]e*50.
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Evaluating this term by term, we find

‘ d 1, d m e m
Z<MMU+Z(1—2¢m.Md]\jB.¢ >——<NTI‘AB'B+Zd_2¢m’B’AB'B’¢ > (027)

As the notation suggests, the above equations should be regarded as valid inside the path integral. From
the above equation, we can now read off the change in the sources (if we treat the 1 and ¢}, ()™ (y) as

independent operators)

d
e :—Mi = 'A . .2
0.8 =—cM—B=cB-ApB (C.28)
S.U = —eM-1 U = —ieN Tr Ap-B (C.29)
eU = —¢ M = —1€ rAp .

Step 2: Next in step 2, we perform a CU(Lsy) transformation

to bring the cutoff back while changing the conformal factor of the metric. Having done this, we label the

sources B(z),B(z + €z) and U(z),U(z + £z). Together with step 1, we thus conclude
B(z+e2) =B(z) —¢ {Wéo), B} teBAgB (C.31)

U(z+ez) =U(z) —ieN Tr Ag-B (C.32)

In this way, the renormalization group extends the sources defined at a given value of z to all of the bulk

—1
RG mapping space. Redefining Ap as Ap = 2 -4 (D(QO)) , we recover equations (7.7) and (7.8).

Callan-Symanzik equations

Similarly, we can derive an expression for the Callan-Symanzik equations of the bi-local operator ﬁ(x, y) =

¢k (y)¢™(x). Again we run the two step RG process:

Step 1: Defining normalized correlation functions by

Jld¢ d¢*] O e™®

O = g 1o

(C.33)

155



it is straightforward to demonstrate the relationship

. 88y OI | oI 681 . &I
MdyTl = Mdp (I1) = Tr < Ap- - .34
il = My (1) { g <6¢:;, som 5y, 30m ' Sombor (€34
The right hand side can be calculated explicitely. The result is
(SEH = —€Md]\/[H =1 NZAB —EZ AB'B'H —EZ H'B'AB (035)
or more compactly,
0.1 =iez N Ag + ez Tr {y-11} (C.36)
where we define
_ 5% (w,v)
y(z, y;u,v) = By —0(x —u) (AB-B> (y,v) — (B-AB) (u, ) §(v —y) (C.37)
Step 2: We perform a CU(Ls) transformation as given in (C.30). The result is
Mz +ez;z,y) =1(2;2,y) —e2 [WZ(O), H] +iez NAp +ezTr {y(z,y;u,v) (v, u)} (C.38)

As with the beta function derived above, this relationship can be extended into the bulk. Denoting the bulk

momentum as P, we have

DgO)P =0, P+ {Wz(o), 77} =iNAp + Tr {v(z, y; u,v)-P(v,u)} (C.39)
. . __ B® (zu) . .
where v(z; z, y; u,v) = G 8 the bulk extension of ~.

C.4 Comments on Exact RG as Vasiliev theory

In this section, we make some observations about the additional structure which we expect to emerge by
shifting to the language of principal bundles (see [77] for details), and we make comparison with Vasiliev
theory. Let G — Pg — My41 be a principal bundle over M1 (with G being the structure group), of which
J5o(E) is an associated vector bundle. In particular, we may take Py to be the frame bundle Fr(J2,.(E)).

Let Z* be local coordinates on the (infinite-dimensional) fibers of Pg. Given a local section ¥ : My4q +— Pg,
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we may choose local coordinates® (z, Z) on the total space of Pg adapted to the section, which is to say the

section is given by Z = 0 in these coordinates (see figure C.1). Vector fields on Py of the form V = V¢ aga

which point along the fiber directions are referred to as vertical vector fields.

Figure C.1: A pictorial representation of the principal bundle structure.

In order to specify what it means to be horizontal, we need to define the notion of a connection on the
G-bundle. An Ehresmann connection w on Pg is a G-equivariant one-form on the total space, valued in the

Lie-algebra of G, and may be written locally on Py as

w=wr(z, Z|Y)dz! + w,(z, Z|Y)dZ* (C.40)

Note that both w; and w, are valued in the Lie-algebra of G, which is manifested above by their Y depen-
dence. Having defined the connection, we now refer to vector fields on Pg in the kernel of w as horizontal.
In terms of the local coordinate basis of 1-forms (dz!,dZ®), we may think of dz! as being horizontal be-
cause they kill all vertical vector fields, while dZ% are simply normal to the section ¥. The pull back of
the connection by the section, ¥~ 'w, is a qualified connection 1-form on associated vector bundles, and is
what is usually called the connection (or gauge field) in the physics literature. It is this piece which may be

identified with what we referred to as the connection over Jg5°, (E) in the previous section

W(z|Y) = wi(x,0]Y)dz! (C.41)

31n this section, the symbol x should be taken to stand for 2! = (z, 2*).
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As was explained in [77], the remaining piece w, (z,0]Y)dZ* (evaluated on the section) is called the Faddeev-

Popov ghost in physics, and we suggestively label it as

S(@|Y) = wa(z,0]Y)dZ® (C.42)

The fact that S is a 1-form means that it anti-commutes with itself, which is why the ghost is taken to be

Grassmann.

The exterior derivative d on the total space Pg can also be separated with respect to our coordinate system
into a horizontal and a vertical piece: d = d, + dz. The vertical piece dz is commonly referred to as the

BRST operator in physics. The curvature 2-form for w*

Fo = dwtwAhw

= dWAWAW+dW+d, S +{W, S}, +dzS+ SN S (C.43)

consequently splits up into a horizontal, a vertical and a mixed term. A fundamental property of the
curvature 2-form is that it is purely horizontal (a quick proof for physicists can be found in [77]). This

implies that the curvature 2-form must not have any dZ® legs, which lead us to conclude that

dzW+d,S+{W,S}, =0 (C.44)

dzS+S A, S =0 (C.45)

These relations are referred to as the BRST equations in physics. Of course, the charged 0-form 98B has its

own BRST relation as well, which encodes its tensorial transformation property under gauge transformations

dzB +[S,B], =0 (C.46)

At this point, putting all of the above BRST equations together with the renormalization group equations

4Here dz S is to be interpreted appropriately as dz(wadZ%)|z—o.
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(7.3) and (7.4), we obtain the full set of equations satisfied by the various pieces of our Ehresmann connection

d. W+ WA, W =W

B + W, 8], = B>

dzW +d.S+{W,S}, =0 (C.47)
dzB +[S,B], =0

dZS"_S/\*S:O

These equations bear remarkable resemblance with the equations of motion in Vasiliev’s higher spin theory,
which have been briefly reviewed for completeness in Appendix C.1. Note however, that there are also

significant differences:

(i) Firstly, in our construction, Z are coordinates on the infinite dimensional fibers of Pg. To make contact

with Vasiliev, we can introduce a parameterization of these fiber coordinates

i1j1 7 A
Z% = Z (zﬁ{lBlmeZ Nz« Z0 x ) (C.48)

That is, by introducing auxiliary sp(2) x O(2,d) variables Z, the Z% can be written as arbitrary Sp(2)-

invariant x-polynomials. We can then recast

S(x]Y) = wa(z,0]Y)dZ® = Wiy (2]Y, Z)dZ{ (C.49)

(ii) Secondly, equations (C.47) have been written along the Z® = 0 section, and (C.49) represents some
sort of lift to non-zero ZZA. While one is eventually supposed to project the non-linear Vasiliev equations to
Z# = 0 to get the physical variables, such a projection is not straightforward in the Vasiliev theory, and is

typically carried out order by order in perturbation theory, thus making a direct comparison non-trivial.

(iii) Finally, in Vasiliev’s equations without the projection to Z{* = 0, the curvature is along vertical (i.e.
dZ# A dZY) directions, as opposed to our situation, where the horizontal components of curvature are non-

trivial.

It is natural to ask if there is some sort of redefinition of our variables that would render our equations

in Vasiliev’s form. Such a redefinition was implicit in the construction of Ref. [74], though it is not clear
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to us if such a redefinition is natural. From our point of view, it seems compelling to think of the RG
B functions as the (horizontal) curvature, while the equations for S are interpreted as the analogue of
BRST equations. Holographic RG certainly presents us with a notion of a higher spin theory; it is perhaps
not obvious that it must agree in all details with Vasiliev’s construction, even though the similarities are
immense. However, it is our belief that the differences pointed out above conspire to hide the equivalence of
our renormalization group equations with the non-linear Vasiliev equations. A better understanding of this
equivalence by constructing an explicit map between the two sets of equations will be left to future work. But
if the conjectured equivalence is indeed true, then it would shed new light on the auxiliary 1-form S in the
Vasiliev system (which has always appeared mysterious, to us anyway), namely, that it is the Faddeev-Popov

ghost corresponding to the higher-spin gauge symmetry.

C.5 Calculating G(&S)

In this appendix, we want to explicitly compute the kernel G(S’S) which appeared in chapter 9, equations

(9.44), (9.70). We will first compute the s = 0 case, and then general s.

From the definition (9.33), we have

d'q¢ K(Z*(F—@*/M?) K(z*¢"/M?)
(2m)? (P —q)? 7
(C.50)

o d'p (-7
G(o,o)(z;x,y) = / ﬁ G(o,o)(%ﬁﬁ P y)7 G(o,o)(%ﬁ) = C/

where c¢ is some constant factor. This is basically the Feynman diagram shown in figure 2.

pP—q

Figure C.2: The Feynman diagram which enters the renormalization group equations at the linearized level. The
dotted lines are the external sources, while the solid lines correspond to propagators for elementary scalars.
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For concreteness, let us pick a convenient regulator:

K(s)=¢e*

As we have discussed before, the arguments we have presented do not depend on the choice of the cut-off

function. Therefore

dd(j 67u2(57‘7)2 67u2(72

@m¢ F-9* ¢

G(0,0)(2:P) = C/ (C.51)

where we have defined

u=z/M

We can use Schwinger parameters to rewrite this as

G A=c| [ T var st _ [ " dtds — ! - (052
(0,0)(27]5')—0/11‘2 /1;2 S/W@ —CAZ /u2 SWWG ( . )

where we have carried out the ¢ integration. We can evaluate the v = 0 limit straightforwardly

M- $)B(§ -14-1 1

(47)d/2 (p2)2~

Go,0)(z = 0;p) =c (C.53)

[SII-N

which in position space goes as |z — y|~22+ — the correct boundary two point function. But what we are

interested in is not Gg,g, but G(o,o)

. o0 1 1 _ tu? 2
. _ . _ 2 i+u2Z P
G 0,0)(2: D) = 20.G 0,0y (2; D) = —4cu /u2 dt ST T2 (a & t)d/ze + (C.54)
Defining t = u?7, we get
: > 1 1 s 22
. _ 4—d — g u’p
Goolsp) = ~deu /1 Tt Gt (C.55)

For u?p? << 1, the quantity in the exponential is small, because

Lo ™
2 1+7

Thus, in the limit u?p%? — 0, the exponential point-wise (in 7) converges to (and is bounded by) 1. This is

also the case for all derivatives of the above function with respect to u. Additionally, 77z is integrable

1
(147)
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on the domain 7 € (1,00). So, using the dominated convergence theorem, we get

. i 1 1 T 1 2
. _ 4—d o 22 - 4 -4 .
Coolzp) = —deu /1 I Sids (15 )P (1 TP Tae et >
4 1 1
= —deu? dW (I(d; 0) — I(d; Du*p® + ol (s 2)utpt + - ) (C.56)
where we have defined
> m 2 d—2 d d
I(d: — d — F _ g | .
(d;m) /1 TAtndzm ~ 422 1( g g My ) (C.57)

which is well-defined for all m provided d > 2. The first few of these integrals are given by

227d/2
1(d;0) = C.58
(4:0) = =— (C.59)
21-4/2(d 4 2)
I1d;1l) = ———= C.59
274/2(d% + 6d + 16)
1(d;2) = C.60
and so on. So, in position space, we get
. oL deu=2 2 1 42 d
Goo)(zd,y) = ~SiaT I(d;0) + I(d; 1)u"0y) + af(d; 2w,y +-- | 0%z —y)
= —Cz%(1+a®0g +-) 0%z —y) (C.61)
where
_ 4cl(d;0) , 5, _d+2
C_igdwd/z M=, o= >0
are constants, and recall that
2V:A+*A_ :(d*4)
Higher spins
Now we wish to do the same calculation for generic higher-spin currents. In this case,
BV, o 24 e o U
GEL 3 (35 ,) = S (T P (@) (7)) orr (C.62)
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Using

I @) = G (@ (8 0y, B )0 (@) (C63)

we get in momentum space

fr (g, i(ﬁ—@)l((zgﬂm)f”l"'ys(‘i@ —ir=a) (C64)

L/d%f«%@—@WM%
(

G @M =0 | Goa— G=ap

—S

Once again, using K (s) = e~* and Schwinger parameters, we get

,75 dd_' v Gt (-2
G%szf%/ ﬁ/ s [ G G = ) (i i D) T ()

which can be conveniently written as

a 8 8 dd -2 o 2 .27
&P -0 Juz d 5‘] o)’ o " e5) ) e

(C.66)
Upon doing the ¢ integration, we get
c 0 0 0 0
Gfs Y 2P _ S hm fm s (_’77;;5'_ _,) fl/l-..l/s (__’7 —iﬁ-i— _‘>
(8 S) ( _‘) 2dﬂ-d/2 # 8] 8_] a] 6]
ts =2 1 2, .t o
el Cib vy e i ey
X / dt/ ds d/2 +sP A TP (C.67)
Now taking a u derivative, we see that
2c ut—d=2s 0 0 0 0
GE™(zp) = —25 lim frahe <q,iuﬁ— _,) froove (—_.,—iuﬁ—i- q>
(s,s) ( _’) Qdﬂ.d/Z f’—)O 6]/ 8_]/ aj/ 6]/
Oo d 1 - - i’ up-j’ up-j’ C.68
T+1 4 'r+1 T+1 T+1
. /1 A+t (77T e ) (C.68)

where j = uj’. In order to proceed, we need to know the explicit form of f#1"#s and the detailed form of the
kernel above will depend on this explicitly. However, in the higher-spin Coulomb gauge we choose the higher-
spin fields to be divergenceless, and the only piece of interest is the term proportional to n<H1<¥1...pHs>Vs>

where the angular brackets refer to the traceless, symmetric combination. In this case, it is evident for the

same reason as in the s = 0 case, that we have
GEA(Z,7) = Coz™ (1 + 2?0z 4 - -+ ) 64T — g)n<rr<vr ... phs>vs> C.69
(%)
with ag > 0.
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