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I just think too many nice things have happened in string theory for it to be all wrong. Humans do not
understand it very well, but I just don’t believe there is a big cosmic conspiracy that created this incredible
thing that has nothing to do with the real world.

— EpwARD WITTEN



ABSTRACT

We begin by studying holographic renormalization of a free Einstein-Maxwell-Dilaton theory, which
we call the electromagnetic uplift. Imposing asymptotically locally AdS boundary conditions, we em-
ploy a generalized version of the Hamilton-Jacobi approach to holographic renormalization and find
a novel counterterm for d = 4. We construct the associated Fefferman-Graham expansions recursively
and identify the Ward identities. We also comment on a subtlety regarding holographic renormaliza-
tion of p-form fields and provide a conjecture based on our results for one-forms. We present a simple
method to determine the counterterm action for massless p-form fields in AdS,,, and illustrate the
approach for d = 2.

We then develop charged Lifshitz holography for z = 2 by performing a Scherk-Schwarz reduction
of the electromagnetic uplift. The Lifshitz space-time in the reduced theory is shown to correspond
to a z = 0 Schrodinger geometry in the electromagnetic uplift. The sources are identified as the
leading components of the bulk fields in a vielbein formalism and are shown to transform under a
U(1)-extended Schrodinger group. We show that the new sources can be identified with the fields of
Galiliean Electrodynamics (GED). Since the Scherk-Schwarz reduction becomes null on the boundary,
we are directly lead to the conclusion that the boundary geometry becomes torsional Newton-Cartan
(TNC), which we also explore from the perspective of gauging the Schrodinger algebra. We then
determine the VEVs along with all Ward identities, and we show that the integrated Weyl anomaly
becomes an action describing Horava-Lifshitz gravity coupled to GED on a Newton-Cartan geometry.
Finally, based on a dimensional analysis of GED on anisotropic backgrounds, we provide a conjecture
for the extension of charged Lifshitz holography to general values of z.

We provide the required background in holography, Newton-Cartan geometry and holographic
renormalization. We also provide a survey of pure Lifshitz holography for arbitrary values of z.
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We are all agreed that your theory is crazy.

The question which divides us is whether

it is crazy enough to have a chance of being correct.
My own feeling is that it is not crazy enough.

— Niels Bohr
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NOTATION & CONVENTIONS

We use the mostly positive Minkowski metric—for R%'!,

Huv = diag(—l,l,_...,l). ()

d entries

Further, we make use of the summation convention, i.e. all repeated indices (of any kind!) are summed
over unless explicitly stated. In the chiral—or Weyl—representation the four-dimensional Dirac ma-

trices are given by:
At = 0 (0‘74)“3 (ii)
(@)% 0

(@) = (1,0)y (@)% = (1,—0")*. (iii)

with Pauli matrices
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ACRONYMS

They satisfy the Clifford algebra, {y*,9"} = —2y#""1. Objects contracted with y-matrices may be

written in Feynman slash notation, e.g. 4 := 9"9,. The van der Waerden indices are raised and
lowered using the two dimensional Levi-Civita symbol
i 0 1 .
eh = ¢th = <1 0) = —Eup = 4 (iv)

Further, we can define representations of generators of Lorentz transformations in terms of the Pauli
matrices,

1 s o
(7)" = (0" = ), )
((—7;41/)1&!3 _ i ((_TWWUZB o (—Tvdaco,ilﬁ) . (Vi)

We denote antisymmetrization of indices with “[|” and symmetrization with “()”, e.g.

1 ..
] = g Lo 5B iy (vii
T€on

where S, is the symmetric group on #n symbols. The Riemann tensor is defined via

[V Vi Xp = Ry Xp — 217, Vo Xo, (viii)
for an arbitrary one-form X,, where
Ryvof Xp = =330 + Tl — T, Ty + T, T, (ix)

from which the Ricci tensor obtained via the contraction Ry, = Ry7. Given a metric gy, the Christof-
fel symbols are given by

1
T, = EgAP (9u8vp + 9ugpu — Fp&uv) - ()
We will, unless stated otherwise, adhere to the following index convention

#,v,...: General space-time indices. In the context of Lifshitz holography in chapters 5 and 6, the
three-dimensional indices on radial hypersurfaces.

i,j,...: Spatial part of the general space-time indices. The time compoenent will be denoted t.
a,b,...: Tangent space indices including time.

a,b,...: Tangent space indices excluding time. The time component is denoted “0”.

M, N, ...: Five-dimensional space-time indices. Used in bulk models for the uplift in chapter 6.

u: The compact direction in five-dimensional models.

A, B, ...: Four-dimensional space-time indices. The same as M, N, ..., but excludes the radial direc-
tion.
M, N, ...: Four-dimensional space-time indices. The same as M, N, ..., but excludes the compact

direction u.

We point out that in chapter 3, the index structure is different: there, we use y,v,... to denote
(d + 1)-dimensional space-time indices, while index i,,... are used for d-dimensional indices that
exclude the radial direction. We also point out that tangent space indices a4,b,... in this chapter
incluces time.

Note also that in chapter 2, we use z to denote the radial coordinate in Poincaré coordinates, while
in later chapters—notably chapters 3, 5, and 6, we use r. In particular, since in the context of Lifshitz
holography, z is the symbol for the dynamic exponent, we hope that this does not cause any confusion.

Throughout the thesis, we will use ~~ to indicate the leading term. For example, if a quantity X has
an expansion in a parameter r near ¥ = 0 of the form X = X(O)V_Z + Xqyr + X(z)r75 + .-+, we write
X ~ X(O)i’iz.

Unless stated otherwise, we work in natural units, where h = c =k = 1.



INTRODUCTION

The seminal paper by Maldacena in 1997 on the AdS/CFT correspondence [1] sparked a veritable rev-
olution in theoretical physics. The correspondence provides a concrete realization of the holographic
principle put forth by 't Hooft and Susskind in [2, 3], and was the culmination of the second super-
string revolution initiated by Witten in [4].

While the most general version of the AdS/CFT correspondence posits an exact equivalence be-
tween type IIB string theory on AdSs x S° and N/ = 4 super-Yang-Mills theory, a more moderate
and well-established version of the correspondence relates weakly coupled gravitational theories in
asymptotically locally AdS—the bulk—to strongly coupled field theories on the boundary (usually
of either flat or spherical topology). This feature of the duality is extremely useful: it offers tantaliz-
ing opportunities of describing strongly coupled field theories using weakly coupled—that is to say
classical—gravitational theories, and many of the most interesting not-yet well understood physical
phenomena belong in this class of theories, e.g. high T, superconductivity—explored holographically
in e.g. [5-8]—and the N/ = 4 quark-gluon plasma, for which the viscosity to entropy ratio was calcu-
lated holographically in the seminal work [9] (see [10] for a review). The attempt to describe strongly
coupled condensed matter systems using the AdS/CFT correspondence has garnered much attention
in recent years [11-14] following the groundbreaking work of Sachdev and Herzog in [15].

However, most strongly coupled condensed matter systems are non-relativistic in nature. This is
an inherent problem and would seem to render the application of holography in the context of such
systems void, as succinctly pointed out by Nobel laureate Phil Anderson in [16]:

“As a very general problem with the AdS/CFT approach in condensed-matter theory, we can point to those
telltale initials “CFT"—conformal field theory. Condensed-matter problems are, in general, neither relativistic
nor conformal. Near a quantum critical point, both time and space may be scaling, but even there we still have
a preferred coordinate system and, usually, a lattice. There is some evidence of other linear-T phases to the left

of the strange metal about which they are welcome to speculate, but again in this case the condensed-matter

problem is overdetermined by experimental facts. ” —Philip W. Anderson.

This is of course a legitimate point of critique. While holographic systems in an AdS/CFT context
are conformal, relativistic and, to make matters worse, supersymmetric, at short distances, many
of these symmetries are broken at large distances in the presence of a finite chemical potential or
temperature. This long distance behaviour can, in fact, be captured by gravity duals, showcasing the
power of the fluid/gravity correspondence [10, 11, 17, 18].

Another—and more recent—way forward is to directly consider bulk space-times, whose asymp-
totic behaviours are different from AdS as emphasized in [19—22]. Such space-times include Schrodinger,
Lifshitz and hyperscaling violating geometries, which are all characterized by a so-called dynamical
exponent z, which expresses the anisotropy between space and time on the boundary. Developing such
notions of non-relativistic holography turns out to be extremely challenging, and despite a flurry of
research (see e.g. [23—29]), this is still very much a work in progress, and many aspects remain poorly
understood. It is important to emphasize in this context that there are no conventional tools available
to the condensed matter theorist that allows him/her to attack such problems, and as such these
holographic approaches are unique in their scope.

In addition to the applications of non-relativistic holography to condensed matter problems, it is
also of intense theoretical interest to ascertain the validity of the holographic principle in concrete
settings that go beyond the original AdS setting, and circumstantial evidence for the principle in
the form of exotic gravity/field-theory dualities constitute important milestones on the road towards
quantum gravity.

For Lifshitz bulk geometries, which will be the focus of this thesis, such a non-relativistic holo-
graphic correspondence for z = 2 was developed in [23, 24], where it was shown that this model
could be embedded in a higher-dimensional model with conventional AdS geometry. By considering
perturbations around a z = 0 Schrodinger geometry (which has AdS boundary conditions) in the
higher-dimensional theory, it was shown that a Scherk-Schwarz reduction produced a corresponding
z = 2 Lifshitz geometry with associated perturbations, and this mapping allowed for a complete
identification of the holographic dictionary for z = 2 Lifshitz holography. A crucial observation was
the realization that the boundary is described by a novel extension of Newton-Cartan (NC) geometry
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(originally developed by Cartan in [30, 31]) called torsional Newton-Cartan (TNC) geometry. This
analysis was subsequently extended to generic values of z > 1 in [29] (see also [32, 33]). The sources
and VEVs of Lifshitz holography possess a Schrodinger symmetry, and it was shown in [34] that TNC
geometry as it appears in Lifshitz holography can be obtained by gauging the Schrodinger algebra
for suitable values of z.

Concretely, it was recently shown in [35, 36] (see also [37, 38]) that TNC provides a framework for
field theory analyses of the (fractional) quantum Hall effect. It has also been used in connection with
other problems involving strongly correlated electrons [39, 40]. In these approaches, the symmetry of
the problem is used as a guiding principle, and various quantities such as the Hall viscosity and the
Hall conductance can be computed as responses to the geometric data.

1.1 OUTLINE & SUMMARY

Below, we provide an outline of the contents of each chapter. Note that chapters 3, and 6 in particular,
contain mainly new material—these results will be the subject of [41], to appear. We also remark that
each chapter has its own outlook section, where we comment on interesting extensions of the analyses
provided in the chapter.

In chapter 2—along with the companion appendix D, where a string theoretic derivation is presented—
we provide a review of the AdS/CFT correspondence. This includes an investigation of the holo-
graphic principle in section 2.1 and a motivation of the correspondence based on the interpretation of
the radial AdS direction as a renormalization group scale in section 2.2. We then formulate a precise
version of the correspondence in section 2.3 and explore the holographic dictionary in sections 2.4
and 2.5. These sections review material found mainly in [11, 12, 42—46], and provides a foothold in
holography.

We conclude in section 2.6 with a brief discussion of Witten diagrams and provide a concrete
computation of a three-point function, following the approach of [47].

In chapter 3, we provide a detailed survey of holographic renormalization for AdS space-times. In
the supplementary appendix F, we—following mainly the review [48]—review the original Fefferman-
Graham (FG) approach, which, although conceptually straightforward, is computationally forbidding.
We also provide a survey of the de Boer-Verlinde-Verlinde (dBVV) method following [49], which re-
lies on an ansatz and a bilinear operation that we have named the deWitt bracket’. We then show
in section 3.1 how holographic renormalization can be understood in terms of Hamilton-Jacobi (HJ)
theory, and discuss how the solution of the HJ equation conveniently involves the introduction of a
suitably chosen operator in terms of which the (bare) on-shell action and other relevant quantities
can be expanded in eigen-modes. The discussion is based on [50, 51]. In section 3.2, we discuss the
renormalization of the free Einstein-Maxwell-Dilaton model (EMD)—which we will call the electro-
magnetic uplift in chapter 6—and derive a set of counterterms, which has not previously appeared in
the literature. We also construct novel FG expansions and determine the new Ward identities satisfied
by the VEVs. Finally, in section 3.3, we discuss renormalization of p-form fields based on our results
for the Maxwell field and provide a conjecture. These results do not exist in the literature, but are
under investigation by other people, and will be the subject of an upcoming paper” [52]. We conclude
with the observation that for d = 2, we can renormalize an EMD model by hodge dualization, and we
generalize this observation to an easy way of obtaining the counterterm action for free p-form fields
in AdS,». To our knowledge, this has not appeared in the literature previously.

In chapter 4, we tell the tale of Newton-Cartan geometry from the perspective of gauging algebras.
We start in section 4.1 with an introductory calculation that shows how Riemannian geometry—the
arena of general relativity—is obtained by gauging the Poincaré group in a process analogous how
one obtains gauge theories from a quantum field theory perspective. This section is based on appendix
A in [53] and [54, 55], but is significantly more detailed. In section 4.2, we then discuss generalities
of non-relativistic space-times and their relation Newton-Cartan geometry, before showing in section
4.2.2 that the gauging procedure applied to the Galilei and Bargmann algebras precisely gives TNC
geometry. These sections are based on [34, 53, 56] and summarize the results therein. In section 4.3,
we showcase how TNC geometry can be obtained from Lorentzian geometry via null reduction, and
in the following section 4.4, we explore how non-relativistic field theories couple to TNC geometry
from the perspective of null reduction. Both the preceding sections are based mainly on [57].

1 This object, seemingly, did not have a name. Since it involves the deWitt metric with parameter d — 1, we have named this
operation the deWitt bracket.
2 I thank Kostas Skenderis for telling me about this.



1.1 OUTLINE & SUMMARY

In chapter 5, we investigate Lifshitz holography as developed by Hartong, Kiritsis and Obers in [29,
32] for generic values of the critical exponent z. We begin by a lighting review of Lifshitz field theory in
section 5.1, before we turning to the actual holographic analysis in section 5.2. The bulk consists of an
Einstein-Proca-Dilaton (EPD) model, which is shown to support Lifshitz solutions for generic values
of z. We then identify the sources as the leading parts of the bulk fields in a vielbein formalism and
see that they transform under the Schrodinger algebra, and we discuss how the boundary geometry
becomes TNC in section 5.2.4. We identify the general properties of the VEVs by assuming holographic
renormalizabiltiy in section 5.3, which also allows us to determine the TNC covariant Ward identities.
The analysis of this chapter is a much more detailed version of [29].

We end the thesis in chapter 6, where we develop charged Lifshitz holography for z = 2 by general-
izing the results of [23, 24, 57]. In section 6.1, we begin with a discussion of Galilean Electrodynamics
(GED) coupled to TNC geometries, which was recently developed in [58]. We then provide a review
of pure z = 2 Lifshitz holography and relate it to the uplift (see also appendix H), after which we
Scherk-Schwarz reduce the electromagnetic uplift that we renormalized in chapter 3, which gives rise
to a new reduced EPD-Maxwell-scalar model acting as the bulk theory for charged Lifshitz hologra-
phy. In section 6.3, we show that this allows for a complete identification of the sources of charged
Lifshitz holography, and we show that the new sources transform as the fields of GED under local
transformations. This novel result is one the main contributions of this thesis. We then demonstrate
explicitly that the reduction employed becomes null on the boundary, which is also discussed in [23,
24, 57]. This means that the results of chapter 4 directly leads us to conclude that the boundary geom-
etry becomes TNC. In section 6.4.2, we, following [34], explore how the boundary geometry emerges
from from gauging the z = 2 Schrodinger algebra. In section 6.5, we show that the integrated dimen-
sionally reduced Weyl anomaly takes the form of an action for Hofava-Lifshitz (HL) gravity coupled
to GED on TNC geometry, which is also a new result. We then consider in section 6.6 how the higher-
dimensional FG expansions that we generated in chapter 3 lead to expansions for the Lifshitz bulk
fields, which will allow us to see the source structure of section 6.3 appear explicitly, which is a
new analysis. We then work out all the new VEVs corresponding to the sources and determine novel
Ward identities. Finally, we provide a conjecture for general-z charged Lifshitz holography based on
a dimensional analysis of GED coupled to anisotropic backgrounds.
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ASPECTS OF THE ADS/CFT CORRESPONDENCE

In this chapter, we provide background in the AdS/CFT correspondence which will be useful for the
understanding of Lifshitz holography. This material contained here is based on a motley collection of
sources, chiefly [11, 42—45].

We begin by reviewing the holographic principle in section 2.1, which, in its most general sense,
roughly states that a volume of spacetime is equivalently described by the codimension one boundary
of the volume, as argued by 't Hooft and Susskind, and we briefly mention a generalization known
as the covariant entropy bound. This section is a review of the discussions in [2, 3, 46].

Based on [12], we then motivate the AdS/CFT correspondence in section 2.2 by interpreting the
radial AdS direction as a renormalization scale, which naturally leads to AdS geometry.

Next, in section 2.3, we provide an overview of the AdS/CFT correspondence and discuss the rela-
tion to string theory and various supersymmetric field theories. This analysis follows mainly [42—44].
In the companion appendix D, we present a fairly detailed “stringy” derivation of the correspondence
from D3 branes, which are considered from the point of view of both open and closed strings, which,
when unified, give the correspondence.

We then proceed to consider the holographic dictionary in its various manifestations, starting with
the field-operator correspondence in section 2.4 and culminating with the GKPW rule in section 2.5
as well as a somewhat detailed summary of the dictionary in table 2.3. These analyses are based
primarily on [11, 43]

We end the chapter in section 2.6 with a small discussion of Witten diagrams and showcase the
computation of a concrete three-point diagram. The calculation follows [47].

2.1 THE HOLOGRAPHIC PRINCIPLE

The idea of holography originates with 't Hooft’s exposition in [2]: given some quantum theory, we
can—invoking an analogue of the third law of thermodynamics—relate the entropy S to the total
number of degrees of freedom; in particular, if' N is the dimension of the Hilbert space (i.e. the
number of states), the following relation holds

S =N. (2.1.1)

By the the covariant entropy bound, or simply the Bekenstein bound?, the entropy of some system
cannot exceed that of a black hole which is given by the Bekenstein-Hawking relation [60]
A
< = — 1.
S < Spn ic (2.1.2)
where A is the area of the black hole and G is Newton’s constant. Combining the spherical entropy
bound with the relation between entropy and degrees of freedom (2.1.1) leads us to conclude that

the number of states is bounded by N < ¢t The ideas put forward by "t Hooft inspired Susskind to
write the iconic article The World as a Hologram [3], where he proffers the following bit of reasoning:
supposing that the world—which we can take to be d-dimensional—is a lattice of binary quantum
degrees of freedom (i.e. “spin-like”) and assume that the lattice spacing is the Planck length, £,
since smaller distances cannot be resolved in quantum gravity. Thus, the number of quantum states

in a volume V is N(V) = 2", where n = g% denotes the number of lattice sites in V, which—in
14

contradistinction to what we found above—implies the following entropy bound:
Vv
S <logN (V)= @ log 2. (2.1.3)
Rather than being bounded by the area A, the largest possible entropy scales as the volume V! As

long as the system is larger than the Planck scale, it holds that V > A—and so this “field-theoretic”
derivation predicts a larger entropy bound.

Although standard in this context, it is unfortunate that the dimensionality of the Hilbert space is denoted by A'—a symbol
usually reserved to denote to the number of supercharges in a given theory. We hope this does not cause confusion.

This bound relies on certain assumptions [59]: the system must be of constant, finite size and have limited self-gravity—that is,
gravity must be weak compared to the other forces acting in the system.



2.2 MOTIVATION OF THE CORRESPONDENCE: GEOMETRIZATION OF RENORMALIZATION GROUP FLOW

To see this, we invoke a basic principle of quantum mechanics: unitarity. Suppose that the field-
theoretic entropy estimate holds. Then by the bound (2.1.1), the dimensionality of the Hilbert space
describing the region is N ~ e" for V the volume. But, supposing that the region was converted into
a black hole, the Bekenstein-Hawking entropy relation implies that the region is now described by a
Hilbert space of dimension e”/4C: the number of states has decreased and the Hilbert spaces are no
longer isomorphic, violating unitarity. Insisting on unitary quantum mechanical evolution, we are let
to conclude that the Hilbert space must have had dimensionality ¢4/4C to start with. This observation

leads to a preliminary version of the holographic principle:

Susskind-"t Hooft Holographic Principle: A region of spacetime with boundary of area A is fully de-
scribed by at most A /4G degrees of freedom.

The spherical entropy bound, however, turns out to be violated in some instances—the simplest of
which is the following: consider a system in the midst of a gravitational collapse. Before the system is
destroyed on the black hole singularity, its surface area becomes arbitrarily small, and since entropy
cannot decrease, the bound is violated. This spurred the discovery of a more universal® entropy bound:
the covariant entropy bound, put forward by Bousso in [59]. It is worth noting, however, that no known
fundamental derivation of the covariant entropy bound exists; if it holds true it must eventually be
explained by a theory unifying gravity and quantum mechanics.

Since its proposal, several circumstances under which the bound holds has been uncovered by
Flanagan et al. in [62], and further proof of its validity for free matter fields in the limit of weak
gravitational back-reaction was given in [63]. Also, the covariant entropy bound has been shown [64]
to reduce to other entropy bounds, which were observed to hold in some settings—in particular the
spherical entropy bound. For more details, we refer the reader to [46, 63, 64].

Taking the holographic principle at face value, then, we are lead to conclude that if we have a
theory of quantum gravity on some manifold M, the theory will be entirely determined by some
other theory living on the boundary d M, and the theories are said to be dual.

2.2 MOTIVATION OF THE CORRESPONDENCE: GEOMETRIZATION OF RENORMALIZATION GROUP
FLOW

Although the AdS/CFT has its origins in string theory—as we demonstrate in appendix D—it is pos-
sible to motivate the correspondence without explicit reference to string theory. The following line of
reasoning was put forth by Horowitz and Polchinski in [65] (see also [11, 12, 66]): since any quantum
theory of gravity contains a massless spin-two graviton?, one could theorize that the graviton some-
how arises as a composite of two spin-one gauge bosons®. A priori, this seems to be excluded by the
Weinberg-Witten theorem [68], which states that

Theorem (Weinberg-Witten) A quantum field theory with a Poincaré covariant and conserved energy-
momentum tensor TV forbids massless particles of spin j > 1 which carry momentum®.

General relativity circumvents this theorem by having either a vanishing energy-momentum tensor”
or by having a reparametrization non-invariant matter stress tensor when additional fields are present.

However, the crucial assumption made in the Weinberg-Witten theorem is that the graviton moves
in the same spacetime as the gauge boson, so by making the graviton live in a higher dimensional
space, for example, we can again circumvent the theorem. As we saw above, the holographic principle
constrains the entropy of any system to be at most that of a black hole occupying the space of the
system, implying that the theory of quantum gravity lives in one dimension higher than the gauge
theory. The extra dimension in the quantum gravity, as we now demonstrate, has a nice interpretation

3 Although a recent paper [61] suggests speculative scenarios in which this new bound might be broken.

4 The usual way of realizing this is by linearizing Einsteins equations, gauge fixing and then noting that the resulting polarization
tensor for the perturbation (which we think of as the graviton) is a spin-two representation.

5 Interestingly, in perturbative quantum gravity, this composite behavior is actually observed at the amplitude-level: so-called
KLT (Kawai, Lewellen, Tye) relations relate gravity amplitudes to products of Yang-Mills amplitudes; this double-copy structure
has led to the paradigm (Gravity) = (Yang-Mills)?; see e.g. [67] for details.

6 This momentum would then be given by P¥ = [ d?x TO,

s

7 By the metric equation of motion, 0 = Promiad THY.
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in terms of the Wilsonian renormalization energy scale u of the gauge theory. In particular, the RG
equations for a generic coupling constant A are local,

udy, A(u) = B(A(u)), (2.2.1)

where 9, = % and f is the beta-function which encodes the energy-scale dependency of the coupling
(see e.g. [69, 70]). Furthermore, if we want gravity from pure Yang-Mills, we must require that it
be strongly coupled so that quantum effects are dominant which are not well understood—classical
Yang-Mills and general relativity are certainly not the same thing. To simplify our considerations,
we take the simplest possible RG flow of vanishing B-function, leading to a conformal field theory.
This implies that—in a Lorentz-invariant theory, which we tacitly assume to be dealing with—the
scale transformation x# — Ax¥, with y = 1,...,d and A € R, is a symmetry, and, if u is an energy
scale, it must behave under scale transformations as # — u/A by dimensional analysis, giving rise
to a SO(1,1) symmetry. Writing down a (d + 1)-dimensional metric with u as the extra direction,
which is Poincaré invariant and respects SO(1,1) symmetry, we are invariably led to the result ds*> =

z—iiywdxﬂdxv + %du% which, on making the change of coordinates z := L2 /u takes the form

ds2—£2( dxtda + dz?
=2 Nudx"dx” 4+ dz* ), (2.2.2)

for L the AdS radius, which we recognize as the metric (of the Poincaré patch) of AdS;;; (see Ap-
pendix A). This beautiful relation between the renormalization group (RG) equations and geometry
(i.e. general relativity (GR)) is occasionally stylized as

RG = GR. (2.2.3)

Figure 2.1: The left figure is an illustration of how the extra “radial” direction of the bulk acts as the resolution
scale of the field theory. This course-graining naturally leads to AdS space in the Poincaré patch, as
shown on the right, which has boundary R*~11.

The metric (2.2.2) is a solution to a large class of dynamical theories fulfilling the “Landau crite-
rion” of being invariant under diffeomorphisms while at the same time having a minimal number of
derivatives; these have the schematic Einstein-Hilbert form

1
S:ﬁ/dd+1x~/fg[R72A+...], (2.2.4)

where 2A = —d(d — 1)/L? in order for the AdS metric (2.2.2) to be a solution. The AdS length scale
L represents the radius of curvature, i.e. R ~ L2, implying that the gravity theory is classical (and in
particular “weakly coupled”) in the regime L > ;. As we shall see, the dual CFT is precisely strongly
coupled in this limit. We now turn to a more formal discussion of the AdS/CFT correspondence.

2.3 THE ADS5/CFT4 CORRESPONDENCE

While there are in fact various incarnations of the AdS/CFT correspondence®, we focus our exposi-

tion on the vanilla version: AdSs/CFT4, which relates the dynamics of (3 + 1)-dimensional N' = 4

For example, AdS;/CFTs, which involves a horizon limit of M5 branes, where the CFT is a 6d (2,0)-superconformal field
theory; see [42] for a review. This field theory has extremely interesting ties to the geometric Langlands duality, see [71].
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super Yang-Mills theory (SYM)—see appendix C for a short review—to type IIB superstring theory
on AdSs x S°. The derivation for this correspondence—which is, admittedly, somewhat heuristico—is
considered in appendix D and involves two perspectives of D3 branes. We state the correspondence
below:

The AdSs/CFT4 Conjecture: N' = 4 SYM with gauge group SU(N) and coupling gy is dynamically
equivalent to type IIB superstring theory with string length ls = /&’ and string coupling gs on AdSs x S°
with AdS radius L and N units of Fs) flux on S°. The parameters of each side of the correspondence are mapped
to each other via
2 2 Lt

gYM - 47Tg5, and 2gYMN - W (2.3.1)
In particular, the results of appendix D allow us identify three versions of the conjecture (see also e.g.
[43]):

Table 2.1: Incarnations of the AdSs/CFT, Correspondence. Here, A = g%{MN is the t'Hooft coupling (cf. appen-
dices C and D).

N =4SYM IIB on AdSs x S°
Strongest form | any N and A Quantum string theory, g5 # 0,a'/L? # 0

Strong form N — oo, A fixed but arbitrary | Classical string theory, g5 — 0,&’/L? # 0

Weak form N — oo, A large Classical supergravity, gs — 0,a’/L? — 0

The derivation found in appendix D presents a heuristic derivation of the weakest form of the
conjecture as described above.

2.3.1  Counting Degrees of Freedom and the UV/IR Connection

To furnish a realization of the holographic principle, the Bekenstein-Hawking relation (2.1.2) should
be satisfied, that is; the area of the boundary A should equal the number of degrees of freedom Nj,
or, in other words, the maximum entropy, which we schematically write as

A

ico Ny. (2.3.2)
Naively, both sides of the above equality are infinite: on the boundary N' = 4 SYM, the entropy
is infinite since the theory is conformal, which means that it has degrees of freedom at arbitrarily
small scales, while the boundary area of AdS has infinite area. To verify (2.3.2), we therefore require
regularization, which, following [12, 73], is achieved for the boundary by replacing it with a sphere
just inside the boundary at z = ¢, the resulting area of which is given by A ~ L3/4%. The total number
of cells making up the sphere is ~ =3, while the number of field degrees of freedom for SU(N)
N =4SYM is ~ N?, implying that (up to numerical factors)

N2 AN?  AL®

& " e M (2:33)

Ny ~
where we have used (D.1.26) and identified the five-dimensional Newton constant G5 = («/)?g2L 5.
This is precisely the desired result.

Now, from the discussion in section 2.2, we immediately infer what has become known as the
UV/IR connection: when the energy scale u is small—corresponding to the IR of the field theory—the
corresponding AdS space has a large value of z, i.e. we are in the deep interior; the UV—and vice versa.
This is precisely the UV/IR connection of [73] (see also [72, 74]), where they argue for it by using the
behaviours of certain correlators in supergravity and Yang-Mills theory.

2.4 THE HOLOGRAPHIC DICTIONARY FOR ADS/CFT I: THE FIELD/OPERATOR MAP

The AdS/CFT correspondence provides a map between operators of N' = 4 SYM in certain repre-
sentations of PSU(2,2|4) and supergravity fields showing up in the Kaluza-Klein tower of type IIB

9 But the correspondence has so far passed all tests; many of which have been very non-trivial [43, 72].
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SUGRA on AdSs reduced on S°. The principal'® field theory operators involved in the mapping are
gauge invariant'' 1/2 BPS primary operators Oy, of conformal weight A;, i.e. the operators satisfy
[D, O, (0)] = —iA;O,(0), [Ky, Oa,(0)] =0, as well as [Sgu, Op} = 0 = [S5,Op} foralla =1,...,. N
and all o,& = 1,2, as well as [Q%, O} = 0 for at least one of the Poincaré supercharges (see also
appendix B). The 1/2 BPS operators of conformal weight A = k all have the form™ [43]

Oa(x) = Str {4){1‘1 i -(pik}} , (2.4.1)

where the ¢/ are the scalar fields of ' = 4. Operators of this form are dual to the single particle
(elementary) fields of type IIB SUGRA on AdSs x S°, while higher trace operators are dual to bound
states of one-particle states. A concrete mapping can be found in [45]. In particular, to actually derive
the mapping, type IIB SUGRA is Kalaza-Klein compactified on S°, leading to an expansion of the
SUGRA fields in spherical harmonics Y, on the sphere, which are labelled by the rank A of the totally
symmetric traceless representations of s0(6) =~ su(4). Taking y to be the coordinates on S°, we get

[e9)

p(x,y) = AX_jO Pa(z)Ya(y)- (2.4.2)

The reduced fields may acquire mass from the compactification process, and an involved calculation
shows that the conformal dimension of the field theory operator O, is mapped to the mass as depicted
in the table below (generalized to the AdS;1/CFT; correspondence) [43].

Table 2.2: Relation between mass and conformal dimension for various fields.

Type of field Relation between m and A
Scalars, massive spin-2 fields m?L? = A(A —d)

Massless spin-2 fields A=d,

p-form fields m?L? = (A —p)(A+p—d)
Spin-1/2, spin-3/2 im|L=A—d/2

Rank s symmetric traceless tensor | m?L? = (A +s5—2)(A —s+2—d)

Unprotected non-BPS operators, such as the Konishi operator [75], are believed to be dual to massive
type IIB string modes not present in the low energy SUGRA description.

2.4.1 Boundary Asymptotics

Our considerations above were motivated by symmetry arguments alone. We can, however, be more
explicit by examining the boundary behaviour of the SUGRA fields [12, 76]. For simplicity, we consider
a toy model consisting of a massive scalar ¢ in the bulk

1
S = -5 /AdS dzd?x \/—g [g’””amqoamgo+m2q02 . (2.4.3)

The scalar equation of motion becomes the usual Klein-Gordon equation,

(Dg - mz) =0, (2.4.4)
where the Laplacian reads

1

Ogp = — gam (v/—88""0n9), (2.4.5)

ﬁ

The single trace 1/2 BPS operators are the principal fields in the sense that higher trace operators may be constructed in terms
of them using the OPE [45].

There is no gauge group on the SUGRA side of the correspondence, so the operators on the field theory side must be gauge
invariant.

Gauge invariance and the requirement of superconformal primarity constrains the single trace 1/2 BPS operators to involve
only scalars, see [45] for details.
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with g, the AdS;,1 metric in Poincaré coordinates, ds? = gmndx"dx" = 2—; (d22 + W,,dx”dxv), SO

that
d+1 d+1 d+1 d—1 d—1
z L z L L 5
O, = Wam <Zd+18mnan) = i 0z (Zdl d; + AT d > (2.4.6)

2
z _
=7 (ag —(d—1)z"to, +az) , (2.4.7)

where 8% = 17,,,0"9". Employing a plane wave ansatz ¢(z, x) = ¢/P#*" ¢,,(z), the Klein-Gordon equation
becomes a Bessel-like ODE,

222 9p(z) — (d — 1)2029p(2) — (m?L? + p*2%)gp(2) =0, (2.4.8)

which can be solved with e.g. Mathematica—the solution is a superposition of two Bessel functions
(each of which corresponds to a solution itself), which gives rise to the z — 0 boundary expansion (to
lowest order in z)

9(z,x) ~ @0) (V)2 + (1) (x)z, (2.4.9)

where Ay = 9+ 1\/d2 + 4m212, and where the fields ®(0) and ¢y live on the boundary—i.e. they
are a function only of the boundary coordinates. The solution that goes as ~ z*+ is known as the nor-
malizable solution, while the solution that behaves as ~ z%- is called the non-normalizable solution’3.
Requiring the quantity in the square root to be positive in order to avoid imaginary fields, we get the
Breitenholmer-Freedman bound [77],

d2
m?L? > —I (2.4.10)

which implies that AdS is stable in the presence of negative mass-squared scalars as long as the bound
above is not violated*. Note further that AL > A_ as well as A_ = d — A, which implies that under
boundary conformal rescalings x — x' = Ax, the boundary field ¢ (x) transforms as (defining
z' = Az)

o) (Ax) = lim (z’)fA* @' (2, %) = A2 limz 72 ¢(z,x) = Ad*A+¢(O)(x), (2.4.11)
z/'—0 z—0

where we have used invariance of the bulk field ¢(z,x) under the AdS isometry (z,x) — (z/,x/) =

(Az,Ax), ie. ¢'(Z/,x") = @(z,x). From this we infer that ¢y transforms as a source for a conformal

primary operator with dimension A4, leading us to identify the boundary field ¢ o) as a source for

a dual field theory operator Oy, ; and a similar analysis reveals that ¢ is the vacuum expectation

value (VEV) of Oy, .

A careful analysis reveals, however, that this identification of source and VEV is only true for the
mass range —d?/4 < m?2L?2 < 0 with A < d. For (d—2)/2 < A < d/2, it turns out that we have to
identify the conformal dimension of the field with A_, so on the overlap —d%/4 < mPL? < —d%/4+1,
the identification of VEV and source of the field theory operator can be interchanged (see [43] for
details.)

For completeness, we bring a version of the AdS/CFT dictionary:

13 This nomenclature comes from the fact that the action evaluated on the normalizable solution is finite, while the action evalu-
ated on the other is not.

14 In fact, violating this bound will give rise to tachyons, just as m* < 0 in ordinary field theory. Such violations allow us to
encode spontaneous symmetry breaking in the boundary field theory from a bulk perspective [11].

2
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Table 2.3: The basic dictionary for the AdS/CFT correspondence. Adapted from [11].

Boundary: Bulk:
Field theory Supergravity
Scalar operator/order parameter O Scalar field

Boundary value of field
(leading coefficient of non-normalizable solution)
Boundary value of radial momentum of the field
(leading coefficient of the normalizable solution;

Source of operator

VEV of operator

sub-leading to the non-normalizable solution)

Conformal dimension of operator

Mass of field (see table 2.2)

spin/charge of operator

Spin/charge of field

Energy momentum tensor T#"

Metric field gmn

Global internal symmetry current J#

Maxwell field A,

Fermionic operator Oy

Dirac field ¢

RG flow

Evolution in the radial AdS direction

No. of degrees of freedom

Radius L of AdS space

Global spacetime symmetry

Local isometry

Global internal symmetry

local gauge symmetry

Finite temperature

Black hole Hawking temperature
(or radius of compact Euclidean time circle)

Chemical potential/charge density

Boundary values of electrostatic potential A;
(time component)

Free energy

On-shell value of action

Phase transition

Instability of black holes

Wilson line along C

String worldsheet with endpoints on C

Entanglement entropy of area A

Minimal surface ¥ with boundary 0% = A

Chern-Simons terms

Quantum anomalies

2.5 THE HOLOGRAPHIC DICTIONARY FOR ADS/CFT II: THE GKPW RULE

The GKPW rule—named after Gubser, Klebanov, Polyakov and Witten, who discovered it in 1998 [78,
79]—Tlinks the partition functions of the two sides of the AdS/CFT correspondence. On the field theory
side, the ¢(g) acts as a source for the operator Op—as we argued above—so the partition function (in
Euclidean signature) for the CFT takes the form

Zcrrlg)) = e eo) = <9XP </ d’x (P(o)(x)OA)>

On the AdS side—for the weak form of the conjecture'>—the partition function is given in terms
of SIehell[p], where ¢ are fields (with possible indices suppressed) on AdSs reduced on S°. The Ad-
S/CFT correspondence, then, translates into the following statement relating the generating functional
W@ (o] of connected diagrams to the SUGRA action

. (2.5.1)
CFT

W(p ()] = kA @] (2.5.3)

lim zA=4¢(z,x)=¢ g (¥) ’

z—0

However, the on-shell value of the SUGRA action is fraught with IR divergences due to the infinite
volume of AdS, while the field theory action will contain UV divergences. The method of holographic

For the strongest form of the conjecture, the correspondence relates the partition function of the CFT to the partition function
of the full (type IIB) string theory. Letting the generalized quantities (i.e. not necessarily scalars) Op and ¢ be dual to each
other in the usual sense, the strongest form can be expressed as

d
<9XP </d x (P(O)(x)OA> >CFT = Zip String|li§})ZAqu)(Z,X):‘P(O)(x) .

The string partition function is not known. The weak form of the correspondence, which we expound on presently, amounts to
a saddle point approximation of the string partition function.

(2.5.2)



2.5 THE HOLOGRAPHIC DICTIONARY FOR ADS/CFT II: THE GKPW RULE

renormalization (see chapter 3) can then be applied to subtract divergences from the bulk action,
which, by the AdS/CFT correspondence, simultaneously renormalizes the field theory. When this
process has been carried out, we can compute n-point correlation functions as follows,

on-shell,ren
9S3UGRA [(PAi]|1iH(1)ZA7d(PAi(er):(P(O)Av(x)
z—

99(0)a, (x1) - 0P (0)A, (xn)

<OA1 (xl) e OAn (x”)>Connected = (_1)”

?(0)a; =0
(2.5.4)
Remarkably, holographic renormalization is not required for the two-point function for a massless
scalar’® [44]; so without having to deal with the hassle that is holographic renormalization just yet,
we may apply the formalism above to compute the two-point function for a massless scalar in the CFT.
Using Euclidean AdS,, ; (Lobachevski space) with metric ds? = é—; (dz2 + Oy dxt dx”) , it is now conve-
nient to introduce the bulk-to-boundary propagator, K5, which relates the bulk field ¢ (z, x)—subject
to the boundary condition ¢(z, x) ~ (p(o),A(x)zd_A for z — 0—to the boundary field ¢ A(x),

Pa(z2) = ¢

d .
aAde ¥ Ka(z,%9)90),a (1) (2.5.5)

In order to actually determine the bulk-to-boundary propagator, we first identify the bulk-to-bulk
propagator Ga(z, x;w,y). Now, the Klein-Gordon equation for a massless scalar with a source reads
Oe¢@a(z,x) = J(z,x), the solution to which can be written as

pa(zx) = [ dwdly 36s(z xw,9)(w,y), (2.5.6)

implying that the bulk-to-bulk propagator satisfies,
8(z = w)o(x —y)
VG .

The solution to this differential equation is given by a hypergeometric function in the chordal distance
¢ of the geodesic connecting the points (z,x) and (w, y) [45]. From Ga(z, x; w,y), we can get the bulk-
to-boundary propagator by taking the limit w — 0 in an appropriate way'7; the result is*®

O;Ga(z, x;w,y) =

(2.5.7)

L T(d) z d
KA(Z/x/y) - rcd/Zl"(d/Z) <22 ¥ (x—y)2) . (2'5-9)
_::Cd

On the boundary, z — 0, the Lorentzian form of the propagator implies that
General case for massive scalar
—_—~
lirré Ka(z, x;y) = 227950 (x — y) =8(x—y) (2.5.10)
Z—r

Equipped with the bulk-to-boundary propagator, and its boundary behavior, we’re ready to calculate
the massless two-point function. The on-shell (Euclidean) action reads

1
Sonshell = ~ 5 /A N dzd?x \/g8"" Dy PO (2.5.11)
_ 1 d 1 d A
=5 /Ads dzd"x \/geUeq +2 quAdsd x Vhede (2.5.12)
=0
_1 déx Vhedg (2.5.13)
2 Joads ’

16 By table 2.2, masslessness implies that A = d.
17 An illuminating way of deriving the precise relation between K, and G, involves Green’s second identity,

[ 8 =g (eO-m— 9 o p)) = [ dlxv=rign-ap— (4 o p),

where 7 is the normal to 0 M and then setting ¢ = G and i = K,; see e.g. [43] for details.
18 For a massive scalar with conformal dimension A, the result reads

A
Ka(z,x;y) = [(A) <22 . (Z y)2> . (2.5.8)

/2T (A —d/2) x—
—————
=:Cp
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where hy,, is the induced metric on the boundary, z — 0, which gives h,, = g—jn},ydx?* dxV, and where

d = n™d,, is the normal derivative outward directed from the boundary, which thus clearly points in
the z direction, n™ = (n,0,...,0) while normality dictates that 1 = g,n"n" = n? L2 ,s0n = 7. Hence,

since the leading behavior as z — 0 of the field is ¢(z, x) ~ zd_Ago(O) (x) = @(0) (%),

N L d—1 L d—1 p
Vigle)dplen) = (£)  oGnoeen = () plaxd: f, dly Kalzxvow )
(2.5.14)
_ d L -t d((x—y)? -2z
= PV Ca <Z> ¢(z,x) (g2t 2)™ ?(0) () (2.5.15)
250 i1 i P (X)) ()
20 c,dlL éAde P (2.5.16)

which means that the on-shell action takes the form,

cdde 1 dfy ?(0)(X) @0y (v)

Se ot = ]{ TOWYO ) .
on-shell = 9AdS JIAdS (x — ]/)Zd (2 5 17)

With this, the two-point function for scalar conformal operators O; of dimension A = d can be
determined using the GKPW rule (2.5.4):

d—1
= L (2.5.18)

(SSOH-S e
(O4(x1)04(x2)) = bl o —xa)2

59 (0)(¥1)09 () (x2)

?(0)=0

in agreement with the conformal result (B.1.16). For a massive scalar dual to operators of weight A
(the operators need to have the same conformal dimension, otherwise the two-point function vanishes
identically, see appendix B), the result is [43]

a iy dZA’ (2.5.19)
2)

<OA(X1)(9A(JC2)> = Ld71C (x1 ~

which reduces to our result for A = d. Naively, the procedure for the massless scalar should work
for the massive scalar case as well, but it does not give the correct prefactor: in that case, we have to
regulate the bulk-to-boundary propagator using holographic renormalization, which will be the topic
of chapter 3.

2.6 WITTEN DIAGRAMS

Introduced by Witten in [79], Witten diagrams are pictorial representations of the GKPW relation
(2.5.1) and (2.5.4)—i.e. a way to obtain CFT correlation functions from diagrams in AdS. In the super-
gravity approximation, (2.5.3)—corresponding to the large-N limit of the CFT—only tree diagrams
contribute, with loop diagrams inducing 1/N corrections to the boundary correlators. Pictorially, we
may represent AdS as a sphere and draw the supergravity fields in a manner similar to the one em-
ployed when drawing Feynman diagrams (see e.g. [69, 70] for standard references), but with external
lines connecting to the boundary. For concreteness, consider a scalar operator of dimension A, which
is dual to the bulk field ¢ with interaction

Sint = /ddﬂx v —8 (—?/’\14)3) . (2.6.1)

The Feynman rules for Witten diagrams are summarized in table 2.4 below.

Table 2.4: Feynman rules for Witten Diagrams.

Internal line Bulk-to-bulk propagator Ga(z, x;w,y) (see (2.5.7))
Vertex I dzd?x,/—gA, ie. we integrate over all of AdS
External line (i.e. connected to b’dary) || A bulk-to-boundary propagator Kx(z, x;y) (see (2.5.8))
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2.7 OUTLOOK

Since their introduction, many exciting developments involving Witten diagrams have taken place.

For example, in [80] (see also [81]), it is proposed that the holographic dual of conformal blocks are
so-called geodesic Witten diagrams, that is, Witten diagrams where vertices are integrated—not over
all of AdS—but rather over geodesics connecting each pair of boundary points. Other interesting
developments (see e.g. [82, 83]) include the use of the Mellin transform to deduce a more useful
set of Feynman rules in “Mellin space”—leading to the concept of Mellin amplitudes—as well as an
implementation of BCFW-like (see fig. C.1) recursive techniques applicable for Witten diagrams [84].

2.6.0.1 Holographic Computation of the CFT Three-Point Correlator

My

Figure 2.2: Witten diagram for (OxOpO,) due to the interaction (2.6.1).

To showcase the power of the formalism, we now proceed to calculate the three-point function using
Witten diagrams (see also [47, 85]). We already know the result: it is given by (B.1.17). Taking the
interaction for simplicity to be (2.6.1), where ¢ is dual to an operator O, of dimension A, the leading

order contribution to the correlation function (OAOxO,) is given by the single diagram of figure 2.2.

By use of the Feynman rules of table 2.4, the value of this diagram is readily obtained':

(O(x1)A0A(x2)Op(x3)) / dzd?x /= AHKA Z,%; X;). (2.6.2)

To tackle this integral, we—following [47]—use Feynman parametrization, allowing us to perform the
integral over AdS to obtain®°

() = C3A7Td/21" (3A/2—4d/2)T (3A/2) / <Hd‘xz> 5 (Z"‘j_1> {HklxkAll (2.6.3)
- 2
j

2r (A) Yi<q D‘qugq}

where we have defined x;; = x; — x;. Changing integration variables to §; defined via ay = B and
a; = P1B; for i € {2,3}, the integral over the B; takes the form

4/21 (37 /2 — d/2) (3A/2) ( T B
(-y=c” dB; (26.4)
2r (A) / 1]1 {):£>1 Be (X%g + Zq>é :qu%q)}
_AT((BA-d)/2) [ T(A/2) 1 1
- 27 (F (A — d/Z)) (x12%13223)2" (265)

in agreement with the result obtained from conformal field theory, cf. (B.1.17).

2.7 OUTLOOK

The AdS/CFT correspondence remains a veritable cornucopia for new, interesting physics and is an
extremely active area of research. Although still not fully understood, significant progress has been
achieved in the years following Maldacena’s foundational work, and many formal aspects are now
quite well understood.

Note in particular that there is no contribution from the kinetic term, see e.g. [72] for details.
The standard method to compute the three-point function exploits inversion symmetry to constrain the spatial dependence,

see e.g. [43, 45].
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It has been successfully applied to explain the low viscosity of the quark gluon plasma (see [9]),
and a whole program exploring the application of holography in strongly coupled QCD—known as
AdS/QCD—has since flourished.

It has also been applied to strongly coupled field theories that arise in condensed matter theories
(this endeavour is known as AdS/CMT, see [11] for a recent review), notably holographic supercon-
ductors [5, 6] (these are the subject of appendix E).

The AdS/CFT correspondence has been likened to the “hydrogen atom of holography”: as a spe-
cific realization of the holographic principle, it may well serve as a stepping stone to a much grander
array of holographic correspondences, and, in particular, as the most promising route towards an un-
derstanding of quantum gravity. Already many other holographic dualities have been proposed, and
many of these are independent of string theory. The main topic of this thesis is one such realization
of the holographic principle: Lifshitz holography.



HOLOGRAPHIC RENORMALIZATION

This chapter—along with the supplementary appendix F—explores many facets of holographic renor-
malization. This procedure is required to remove the divergences due to the infinite volume of AdS
space—corresponding to UV divergences in the dual field theory (recall our interpretation of the
radial direction as an energy scale in section 2.3.1).

There are many approaches to this endeavour, and in section F.1 of the the supplementary appendix
F, we review the original approach: the Fefferman-Graham (FG) approach, developed by de Haro et al.
in [86], which relies on the FG theorem of differential geometry [87]. This theorem roughly states
that the metric for certain classes of geometries has a certain universal expansion in an appropriate
radial coordinate. We introduce the method and provide a detailed exposition of the renormalization
of pure gravity in five-dimensional asymptotically locally AdS in section F.1.1. Since the FG approach
is computationally involved, we will occasionally make use of the symbolic differential geometry
package xAct for Mathematica [88].

In section F.2 in the same appendix, we review the de Boer-Verline-Verlinde (dBVV) ansatz method,
where one writes down an ansatz for the counterterm. This approach involves a bilinear and symmet-
ric operation that we have named the deWitt bracket, which allows for a recursive determination of
the unknown coefficients in the counterterm ansatz. This analysis is based on [49, 89].

We start this chapter with a brief review (following [90—92]) of Hamilton-Jacobi (HJ) theory in sec-
tion 3.1.1, serving as an appetizer to the HJ approach to holographic renormalization presented in
section 3.1.2, which is based on [50, 51, 93]. This method requires us to determine the Hamiltonian
of the model we consider, and to this end we employ a radial ADM formalism and illustrate the
principles using a generic model consisting of a scalar ¢ with some potential V(¢) coupled to gravity.
The HJ equation implies a set of constraints, which can be solved recursively which allows the identi-
fication of the divergent parts of the action. In order to solve the constraints order by order, we need
a good way to define what we mean by “order”: to that end, we introduce an operator —which is
conveniently (for our purposes) chosen to be the dilatation operator ép—that we use to sort various
quantities such as the action and the Hamiltonian in eigenmodes.

In section 3.2, we present the main new result of this chapter: using the HJ approach, we calculate
a novel counterterm for a five-dimensional free Einstein-Maxwell-Dilaton (EMD) model—which we
call the electromagnetic uplift due to its role as an upliftable model for charged Lifshitz holography
in chapter 6. We also work out the novel Ward identities satisfied by the VEVs and construct the
new FG expansions, which is achieved via the so-called flow equations; a natural ingredient in the HJ
approach.

We also comment on a new subtlety regarding the renormalization of p-form fields. This has gone
unnoticed in the literature, and will be the topic of an upcoming article by Skenderis and Papadim-
itriou [52]. Based on insights from our renormalization of the electromagnetic uplift, which contains
a one-form, we provide a conjecture for the general p-form case: in particular we present four new
regions of parameter space, where holographic renormalization works differently depending on the
values of d and p.

Finally, in section 3.3, we illustrate a manifestation of this subtlety by considering hodge dualization
of a biscalar theory to an EMD model in d = 2 and generalize the approach to a simple way of
determining the counterterm action for a massless p-form in AdS; . This has, to our knowledge, not
appeared in the literature previously.

3.1 HOLOGRAPHIC RENORMALIZATION AS HAMILTON-JACOBI THEORY

In this section, we describe a method originally devised by Papadimitriou and Skenderis in [94, 95]
and further refined in [50, 51]. This method was used by Ross in [27] (see also [96]) to renormalize a
particular Einstein-Proca model which supports Lifshitz solutions; this we review in appendix G. For
expositional reasons, we consider free scalars coupled to gravity, while our final application of the
procedure concerns the electromagnetic uplift, the renormalization of which is new.

15
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3.1.1  Hamilton-Jacobi Theory in a Nutshell

We begin with a review of Hamilton-Jacobi theory as it appears in classical mechanics. Our presenta-
tion is based on [9o—92].
Consider a mechanical system described by the action functional,

5=/dt'L(q,67;t’), (3.1.1)
Y

where §' = 9;4' and v is a curve connecting the initial and final positions, (qo,tp) and (g1,t;), in
the configuration space V, which is an n-dimensional manifold. The coordinates on V are the gen-
eralized coordinates g, and to each generalized coordinate g; corresponds a canonical momentum,
given by p; = g—q.Li. The p; and the g are independent variables and are the natural coordinates of

the Hamiltonian formalism, where we trade the Lagrangian for the Hamiltonian via the Legendre
transformation,

H(q,p;t) = pid'(q,p) — L(p, ;1) (3.1.2)

which dictates the time evolution through Hamilton’s equations,

i _ OH , — _oH (3.1.3)

7 = api’ pi= o 313
Note that these 1mplg an add1t10nal “Hamilton equation” for explicitly time dependent systems: since
H= g—gpi e Hgi 1 5 = t , we infer that —H is the canonical momentum conjugate to t.

When H(p, q) does not explicitly depend on time, the set {p;, g} combine to form the 2n-dimensional
phase space of our system, which is isomorphic to the cotangent bundle of the configuration space, T*V.

If the Hamiltonian does depend explicitly on time, we must include time as a generalized coordinate,
and our extended configuration space V =V x R becomes (1 + 1)-dimensional, with a corresponding
extended phase space T*V. Note that the Hamiltonian is a mapping giving some real number for each
point (p;, ¢') in phase space, i.e. H : T*V — R. The (extended) cotangent bundle is naturally endowed
with a symplectic structure (see [97] for a review on symplectic geometry), i.e. a closed two-form w?
given by

w? =dp; Adg' —dH A dt, (3.1.4)

which, due to closure, is locally expressible as

w? =dA, (3.1.5)
where A = p;dg’ — Hdt is the presymplectic one-form'. We remark that the presymplectic form is
equal to the exterior derivative of the action (3.1.1) considered as a function of final position (i.e, with
the initial position fixed) [92]. Consider now a diffeomorphism on T*V defining a set of new coor-
dinates {P;(q, pi;t), Qr(q', pi;t)} (leaving t untouched). By demanding that the Lagrangian changes
only up to a total derivative?,

. d
pid —H(p,q;t) = P,Q' — H(P,Q;t) + af @), (3.1.6)

we can ensure that the principle of stationary action again produces Hamilton’s equations (3.1.3) in
the new coordinates,

.  oH . oH
P ;= ——
Q= 3D p; IOl (3.1.7)

A diffeomorphism satisfying the above is called canonical. Now, observe that %F (9, Qt) = g—;qi +

an EQi42 at , which we can plug into the requirement (3.1.6) to obtain

(Pz ap) g —H(p,q;t) = (P + aQ ) Q' —H(P,Q;t) + aF (3.1.8)

The presymplectic form is also known as the Liouville form, and, occasionally, as the tautological form [97].
Note that we have a lot of freedom in choosing the variables occurring in F. In [91], the functions are numbered according to
their dependence; for example our F here is called F;.
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Now, the old and the new coordinates are independent, implying that the identity above is true
identically only if the coefficients of 4' and Q' each vanish, leaving us with

0 )
pl aql (q/ Q/ t)/ 1 an

In particular, we see that any such F generates some canonical function—consequently it is referred
to as the generating function. Now, write

Fg.Qn),  HPQH=Hpe)+ SFGQ1. 619

F(q,Q;t) = —PQ'+S. (3.1.10)

By taking the exterior derivative of F, which is a section of T*V, it is easy to show that § =
S(gq, P;t)—that is, the rewriting (3.1.10) is nothing but a Legendre transformation from the set of
coordinates (g, Q;t) to (g, P; t)— and that

._§ Qi_ﬁ ﬁ_aj (3.1.11)
Pi= aqi” “op’ ot ot 3L
As before, any S generates some canonical transformation, and we choose S such that H is identically
zero, which means thatNQl =0=D, ie. they are constants of motion, and we write P; = a; and
Q' = B'. The condition H = 0 is can now be recast in the form
EN) oS
H{ =, gt — = .1
<8q'q' )—i— o 0, (3.1.12)

where we have used the third relation of (3.1.9) as well as the expression for p; in (3.1.11). This is the
Hamilton-Jacobi equation. It is a first-order partial differential equation for &, known as Hamilton's
principal function. Now, note that we can write S = 8(g,a) as well inverting F to obtain g’ = ¢'(a, ;1),
which is solution to the mechanical problem in the original coordinates and thus leads to a trajectory
7 along which the action is stationary. Along <y, where P; = «;, we can compute the time derivative of

d§ a8, oS y
=4+ = = pig —H=1L, (3.1.13)

dt — og
where we have used the relation for p; in (3.1.11) and the Hamilton-Jacobi equation (3.1.12), implying
that

SU%:SQQJJ%:L dt’ L(t') + S (k), (3.1.14)

(tO/t)

where y(to, t) is the part of the trajectory v starting at ty and ending at t. Thus, we conclude that
Hamilton’s principal function is the on-shell action. This insight is the crucial ingredient in the Hamilton-
Jacobi approach to holographic renormalization.

3.1.2  Hamiltonian Gravity and the Hamilton-Jacobi Equation

In this section, we set up a HJ description of holographic renormalization, where r plays the role
of time. Consider gravity coupled to (possibly massive) free scalars in a (d + 1)-dimensional non-
compact manifold M, which is described by the action’

[ gt ©_ 1y d
S /M d"x /g (R zaya o+ V(gb)) +/8M dx /7 2K. (3.1.15)

The next ingredient is the identification of a radial coordinate » such that r — oo corresponds to
the boundary 0 M of M, which we require only to cover an open chart M. in the vicinity of dM.
There are additional subtleties involved if the boundary 0. M consists of several disconnected pieces;
in that case, a different radial coordinate will have to be used for each component [50]. When such
complications have been dealt with, we apply a radial ADM formalism (for a review of the ADM

3 Note that we’ll work in Euclidean signature, but it is straightforward to generalize this to Lorentzian signature [48]; in particular,
we can interchange the two with no complications, so we will not be particularly careful about this.
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formalism, see [98]), where the metric is parametrized in terms of the lapse N, the shift N; and the
induced metric +y;; on radial leaves %, (i.e. hypersurfaces of constant r),

ds? = (N? 4+ N;N')dr? + 2N;drdx’ 4 v;dx'dx/, (3.1.16)

implying that the metric g, is equivalently described by the triplet {N, Nj, 7;;}. The curvatures per-
taining to gyv are then expressible in terms of the curvatures on %, and the extrinsic curvature Kj;,
which is given by
1 1
Kij = Efngij = N
where 7;; = 0y7ij, £x is the Lie derivative in the direction of the normal vector 1, and D; is the
covariant derivative with respect to the induced metric ;;. The unit normal vector n* to X, is given
by

(7ij — DiN; — DjN;) (3.1.17)

nh = (1/N,—Ni/N) . (3.1.18)

Following [50], we now consider some useful identities in the radial ADM formalism that we are
employing. Note first that

N2+ N;Ni N; 1 1/N2 —Ni/N?
g= ,  § = s S (3.1.19)
N; Yij —N!'/N ’yl]—i-NlN]/N

which means that

V8 =NV, (3.1.20)
which follows from the useful identity
det (12 g) = det (D) det (A — BD_1C> . (3.1.21)
From the metric (3.1.19), we get the following Christoffel symbols,
I, = N7 (N + NN - N'NTKy; ), (3.1.22)
" =N (aiN - NfKij) , (3.1.23)
Ff]- = NflKij, (3.1.24)
I, = —-N"'N'N— ND'N — N"'N'N/9;N + N + N'D;N' + 2NNJ'I<;3 + N7IN'N*N'Ky,,
(3.1.25)
T}, = —N"'N'9;N + D;N’ + N"'N'N*K; + NK,, (3.1.26)
rf =7+ NTINFKG,. (3.1.27)

In terms of the ADM variables, the Ricci scalar of g is decomposed in the following manner,
R®) = R 4 K2 — KK + V,,¢*, (3.1.28)

where (¥ = —2Kn# + 2nfV yn#, which implies that

(" = —2Kn" +2nV,n" = —2K/N + 2n (apn’ + F;An/\> (3.1.29)
=0

= —2K/N + 20" (9" + Tyn") + 21 (ain’ F T+ r{jnf') (3.1.30)

= —2K/N, (3.1.31)

which means that the Gibbons-Hawking term precisely cancels the total derivative of the Ricci scalar
(3.1.28); see also [99]. The total action is then expressible as

S = / drL, (3-1.32)



3.1 HOLOGRAPHIC RENORMALIZATION AS HAMILTON-JACOBI THEORY

where

where we have used the metric (3.1.19) to write
2

1 1 v 1 ii 1 H i
5%4’3“4’ = 58” 0oy = 57131'473]‘4’ +tonz <¢ - N 8147) (3-1.34)

From the Lagrangian (3.1.33), we can read off—using the extrinsic curvature (3.1.17)—the conjugate
momenta to the induced metric and the scalar,

il = \%;’YL = K — Ky, (3.1.35)
g
1 0L 1/ ,
Ty = =g =N (¢ Nog), (3.1.36)

so we can apply the Legendre transform to our Lagrangian (3.1.33) to obtain the Hamiltonian on the
radial hypersurface %;,

H= /Z d'x 7 (2l + ) — L= /Z dx 7 (NH+NH'), (3.1.37)

where
H= - 2 L2y r Lo eaip v 8
H' = —2D;7" + mpd' g, (3.1.39)

where we have used the extrinsic curvature (3.1.17) and the momenta (3.1.35)-(3.1.36) to get H,
whereas we have integrated (covariantly) by parts to get H#'. From the Hamiltonian (3.1.37), the equa-
tions of motion for the Lagrange multiplier fields N and N* immediately give the constraints

H=0, H =0, (3.1.40)

known as the Hamiltonian and momentum constraint, respectively. The constraints (3.1.40) imply that
the Hamiltonian (3.1.37) vanishes on the constraint surface; this is a consequence of diffeomorphism
invariance and is, as we shall see, closely related to the Hamilton-Jacobi equation. The constraints
of (3.1.40) are so-called first-class constraints* [100], which generate diffeomorphisms along the radial
direction and along X,, respectively, via the Poisson bracket. Locally, we can use diffeomorphism
invariance to gauge fix the shift and lapse in the following manner [89],

N=1 N =0. (3.1.41)

Henceforth, we will adopt the gauge choice of (3.1.41). Now, from the Hamiltonian densities (3.1.38)
and (3.1.39), it is clear the Hamiltonian (3.1.37) has no explicit radial dependence, so the radial
Hamilton-Jacobi equation assumes the form

H=0, (3.1.42)

which is the same as the constraints (3.1.40); crucially, however, the canonical momenta are here
determined in terms of Hamilton’s principal function 8 (compare with the expressions in (3.1.11)),

. 1 68 1 68
= — ;o Ty = =
VY 67ij V7Y 09

The prescription (3.1.43) then implies that the constraints (3.1.40) become functional differential equa-
tions for 8, and the Hamiltonian constraint thus reads

(3-1.43)

158 68 1 (58’ 1.
- - = [ == R(’Y) _ ,ai i —V —0, 1
Y 07ij Ovki * 2y <(5gb) + 50ifd¢ (¢) (3.1.44)

4 In the sense that their Poisson brackets with the constraints (3.1.40) vanishes weakly, for details see [100].

1
YikYil — m%‘j'}’kl
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which is the starting point of the dBVV-DeWitt> approach to holographic renormalization, which we
review in appendix F. As we saw in section (3.1.1), a solution S to the HJ equation provides a solution
to Hamilton’s equations—in fact, it is be to identified with the on-shell action—and thus it also solves
the second order equations of motion (i.e. the Euler-Lagrange equations); in particular, Hamilton’s
first equation q = % leads to the first order flow equations

Yii =2\ vikvil — 1 VijVki = —58 , (3-1.45)
! Pod=1"") Ay dvu
. 1 68
= 1.46
¢ Ve’ (3-1.46)

Equivalently, the equations above may be obtained by inserting the momenta (3.1.43) into their repre-
sentations (3.1.35) and (3.1.36) with the gauge choice (3.1.41); this is straightforward for ¢, but Yij is

related to the extrinsic curvature as detailed in (3.1.17), which implies that %"y,'j = Kjj, and thus the
relation for 777/ (3.1.35) leads to Yij = 275 — ﬁrf, which is the same as (3.1.45).

In asymptotically locally AdS (AIAdS) geometries (see appendix A) in particular®, these flow equa-
tions allow one to reconstruct the Fefferman—Graham expansions of the fields under scrutiny, which
we pursue in section 3.2.3.

The application of Hamilton-Jacobi theory in holographic renormalization hinges on the fact that
Hamilton’s principal function on %, is equivalent to the on-shell action S on X,, as we showed in
section 3.1.1. More explicitly, the regularized action, i.e. the on-shell action evaluated on %,, which is
given by

Sreglv(r,x),¢(r,x)] = /' dr' Los, (3.1.47)

satisfies the HJ equation and may thus be identified with . So, if we can determine the principal
function, we can identify the divergences of the on-shell action and thus construct the appropriate
counterterm; denoting the divergent part of the principal function 8y,., which is a local functional of
the data on X,, the counterterm takes the form

Sct = _SIOC' (3.1.48)

It is worth noting that it is possible to add finite local terms to the bulk action’, corresponding to
choosing a specific renormalization scheme, i.e.

St = — (Sloc + Sscheme) . (3~1'49)

In the present work, we exclusively use minimal subtraction, i.e. we subtract only the divergences of
the bare action. Once the counterterm has been obtained, the renormalized action on-shell on X, is
given by

Sten = Sreg + Sct = /ddx ﬂ (’)’UHIJ + (PH¢) ’ (3.1.50)

where the renormalized canonical momenta IT/ and I1y are closely related to the renormalized one-
point functions of the operators dual to the fields.

3.1.3 Recursive Solution of the H] Equation

In order to provide a general algorithm for determining the principal function S, we write § as an
expansion of some functional operator |, i.e.

S = S(ag) +S(ay) + Sy (3.1.51)

The quantity in square brackets in (3.1.44) bears a striking resemblance to the standard Wheeler-DeWitt metric [101]; in fact, it
is the deWitt metric with parameter d — 1 (see [102]).

It is also possible for more general backgrounds to generate analogues of the FG expansions using this method, but then one
has to solve the differential equations. For AIAdS boundary conditions, the FG theorem provides a highly useful ansatz.

7 This corresponds to a special choice of integration constants in the complete integral of the HJ equation.
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with
S(ag) = MS(ay) (3.1.52)

that is, every term in the expansion (3.1.51) is an eigenfunction of with eigenvalue Ay, where all the
A¢’s are distinct. It is now convenient to introduce a density &£ such that the principal function reads

S = />: d'x 2, (3-1.53)

where we require that /7 be an eigenfunction of our operator ~with eigenvalue A,; this is a constraint
on the possible form of . This implies that we have an expansion of the form

L = g(ao) + g(“l) + 3(“2) +on, (3.1.54)

where
S(ﬂck) = ,/2, ddx ﬁg(lxk), (3155)

implying that the ﬁg(ak) are only defined up to a total divergence, which is not generically an
eigenfunction of . To remedy this, we note first that for arbitrary variations of the on-shell action, the
momentum relations (3.1.43) imply that

. 1 1 )
18y + mpdp = —=6 (Vr L) + —’yaivl(éy, 5¢), (3.1.56)

V7 VI

for some vector field v’ (7, d¢). Applying this for , we find that

ij 1 1.
n(]ak) Yij + Tp(ay) = 7 (ﬁgf(“k)) + ﬁaiv (v ¢) (3.1.57)
1 .

ﬁ

where we have used the Leibniz property of , and where ﬁ’@) is in general different from U’@), since

acting on /7L may involve a total derivative. However, since we are ultimately interested in the
action, these total derivatives are mere “artefacts”, and we may choose—without loss of generality—
the total derivative such that the following extremely useful relation holds:

nz(']""k) Vij  Tpay) = (Ay = /\k)g(“k)’ (3.1.59)

which is crucial since it allows us to relate the Hamiltonian constraint (3.1.44) directly to the on-shell
action via the & (a;)- We now proceed to discuss two concrete realizations of the operator .

3.1.4 The Induced Metric Expansion

Used in [51] to renormalize general dilaton-axion gravity, this approach relies on choosing to be
5 —/dde o (3.1.60)
v s, Yij 57171 3.1.

which satisfies both the Leibniz property and has /% as an eigenfunction, since

o1 = ’Yij’Yij\ﬁ =d\/v, (3.1.61)

i.e. A, = d. The expansion in eigenmodes of J, treats the scalar field non-perturbatively, so we do
not need to specify the potential explicitly, which makes this method quite general—in particular, this
method applies also to asymptotically non-AdS backgrounds, e.g. non—conformal branes [103]. For
the gravity-scalar system we consider, the resulting expansion is a derivative expansion®, and each
factor of the metric is associated with two derivatives, i.e. in terms of the form 9;d'¢, and therefore

8 This is no longer the case if we include a Maxwell field A;, since then we have terms of the schematic form 5l AjAj—we will
explore this scenario in section 3.2.1.
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we choose the label a; = 2k to count derivatives. The statement corresponding to (3.1.58) with given
by (3.1.60) thus takes the form

Now, the zeroth order contribution contains no derivatives and is therefore solely expressed in terms
of ¢. We define the superpotential U(¢p) := 3(0), so that

:/Z dix yU(g). (3.1.63)

Plugging the above into the functional Hamiltonian constraint of (3.1.44) and collecting terms with no
derivatives, we get

AU (9) =~ gy (@) ~4v(9) =0, (31.64)

where we have used that 57 \f YiU(¢). Tt is important to note that we need only solve this

equation near the boundary, wh1ch simplifies the analysis substantially. Given U(¢), we can insert
the é,—eigenmode expansion of the principal function into (3.1.44) to obtain the following first order
linear inhomogeneous recursive functional differential equations

d—2n
W) =g [ Vi - G U F ) =Ry, 10 (3169
where
R(2) = %84])8’4) - R(’Y), (3166)
n=1 ij 1 1
Riny == L (ﬂ(zm”(z(nmw — g1 em T @n-m) T 2”¢<zm>”¢<z<nm)>> - (3167)
m=1

Solving these equations is, however, tricky, and it is often advantageous to choose to be the dilatation
operator (which, as we shall see, occasionally coincides with J,), which, in this context, is written as
dp, since in many cases it reduces the functional differential equations to algebraic equations which
are much easier to solve. We explore the consequences of this choice in the section below.

3.2 THE 5D EXPANSION & HOLOGRAPHIC RENORMALIZATION OF THE ELECTROMAGNETIC UP-
LIFT

In this section, we perform a novel renormalization of an EMD model where the dilaton does not
couple to the electromagnetic field nor the cosmological constant: we refer to this model as the elec-
tromagnetic uplift. We need the renormalized action of this model when considering charged Lifshitz
holography via Sherk-Schwarz reduction, which will be the topic of chapter 6. As remarked above,
choosing  to be the dilatation operator Jp is often a good choice, and one we will make in this sec-
tion. The addition of a free Maxwell field leads to an extra constraint encoding gauge invariance of
the action in addition to those encountered in (3.1.40). This constraint is not trivially satisfied even
after fixing the gauge to an axial gauge A, = 0 (which supplements the ADM gauge (3.1.41)), since
this choice leaves residual gauge transformations, under which we must also require invariance.

Some aspects of holographic renormalization for EMD models has been explored in previous liter-
ature: it was considered in a restricted setting in [104], while the general principles were laid down in
[93]-

Holography including renormalization for a different class of EMD models from the perspective of
dimensional reduction was considered [105]; this approach somewhat reminiscent of the structure we
will discuss in chapter 6.

3.2.1  Holographic Renormalization of the Electromagnetic Uplift

The model we consider is

1 1 1
=53 /M di+ly \/jg (R(g) +dd—1)— an(l,ay(l, _ 41:#1/1_711/) + Sch, (3.2.1)
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where Sgy is the Gibbons-Hawking boundary term, and where the field strength is defined in the
usual manner F;; = 20(;A;). Since we will eventually set d = 4, we will assume that d is even. The
equations of motion for this action read

1 1 5 dd—-1) 1 1,
G = 5 (awav(p — E(8(])) gw> + — + 5 FyoFf — Z1—“ Suv ) (3.2.2)
1 1
0= —=0, (/—g9"¢), ——3d, (/—¢F") =0, (3-2.3)
\/jg M ( 8 (P) \/jg M ( 8 )
where Gy, is the Einstein tensor. Performing an ADM-decomposition of the metric,
ds? = guvdxtdx” = N2dr? + Vij <dxi + Nidr) (dxj + der) , (3.2.4)
and using the results of section 3.1.2, the total action may be written as
S = /dr L, (3.2.5)
where [28]
L= [ dley=aN (K2 — KK — — (¢ — N'9)" — — (£, — N*E) (F./ — N'E;f
T2 Je, TV T i~ oz (#-N#) — o (Fi—N'Fa) (R - N'R)
(3.2.6)
(M _ L3 p9ip — Lp ij
+ R ) — Ealgba ([) — EFijP] + d(d — 1) , (327)

where we note that A, is not dynamical, i.e. it acts as a Lagrange multiplier. From the Lagrangian
(3.2.7), we may immediately determine the canonical momenta

g 1 6L 1 3 3
) — - "= — y_ KY
T V7 57 72 (K’y K ), (3.2.8)
; 1 4L 1 ; i
i_ — -1 i wjkr i
e Ty (Fr N ) (3.2.9)
1 . 47/, :
Ty = ﬁN 1 (4) - Nlai(p) . (3.2.10)

These can be inverted to obtain expressions for the generalized velocities in terms of the momenta;
this produces the flow equations that we encountered in (3.1.45)—(3.1.46),

1
Tij = —4x°N <7T1] ] 7T’Yz]> + DiN;j + D;N;, (3.2.11)
A; = —2k*Nm; + 9;Ar + N¥F, (3.2.12)
$= —2K2N7T¢ + N9, (3.2.13)

which allow us to determine the Hamiltonian via the Legendre transform,

H= /Z d'x = (7 + At + g ) — L = /Z d'x =y (NH+NH + 4, F),
(3.2.14)

with the densities in front of the Lagrange multipliers {N , N, Ar} are given by

H = —2i? <7rij7rij S S 17‘[(% + 1711'711-) + % <—R<"Y) + %a,-qaa"(p + iFi]-Fif —d(d - 1)) ,

d—1 2 2
(3.2.15)
H' = —2D;n)" + Fmj + 140", (3.2.16)
F = —Djr'. (3.2.17)

The equations of motion for the Lagrange multipliers {N, N;, A;} impose the following first-class
constraints,

H=0, H =0 F=0. (3.2.18)
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These are equivalent to the Hamilton-Jacobi equation H = 0, where the canonical momenta in H
are expressed in the usual way as functional derivatives of Hamilton’s principal function S[v, A, ¢],
leading to a functional differential equation. However, the momentum constraint %' = 0 simply
requires S to be diffeomorphism invariant on constant-r leaves %,, whereas F = 0 amounts to the
statement that § is gauge invariant—something we will explicitly see later. In order to proceed, we
adopt the gauge choice

N=1 N =0, A =0, (3.2.19)

which simplifies the analysis substantially. On AIAdS backgrounds, the equations of motion (3.2.2)—(3.2.3)
imply that the fields involved in our model have the following asymptotic behaviour?

Vi~ g0y (%), P~ P)(x), A~ Apy(x), (3-2.20)
where we use domain-wall coordinates (cf. (A.1.9)). The radial derivative, given by
) .0 )
0 :/ di% | 4;i— + p— + A;— , 2.21

asymptotes—since by (3.2.20) ;j =~ 27;j, ¢ ~ 0 and A; =~ 0—the dilatation operator,

1)
1) z/ d%x 27— = 5p. .2.22
r s, Yij é%j D € )

Note that for this model, the dilatation operator in fact coincides with the induced metric operator 4,
of (3.1.60) to lowest order. The next step is to express the principal function as

S :/ dix V=1L, (3.2.23)
Zy

where & is expanded in eigenmodes of ép in the following manner, where, due to the fact that d is
even, we have anticipated logarithmic terms in accordance with the general FG scheme applicable for
AlAdS boundary conditions,

L=+ g(,l) + g(o) + 55(1) + 3(2) + -+ g(d) 10g(372r + g(d) + -, (3.2.24)

where
(5Di/’(w) = —wg(w), w<d, (3.2.25)
5D§£(d) = —dg(d), (3.2.26)
5Dg(d) = —dg(d) - 2§(d). (3.2.27)

The transformation (3.2.27) is not entirely obvious, so let us derive it. Due to diffeomorphism invari-
ance, the on-shell action does not—as we have seen—depend explicitly on the cut-off , so the only
dependence enters via the fields. This implies that the radial derivative of the bare on-shell action
is given by J,, as given in (3.2.21), which to leading order is equivalent to the dilatation operator as
demonstrated in (3.2.22). Thus, we find that

Oy (Sf(d) 1Og€72r + g(d)) =4 (Sf(d)) log e — ng(d) + 573(,1), (3.2.28)

which, when set equal to log e’zrépg(d) + (SDg(d), produces the transformation property (3.2.27). The
expansion of & in (3.2.24) leads to the following expansions of the momenta,

1 6

il = Ntz dix /=9L =+ n’(fl) - ”2]2) - n’(g) - nl(]4) +o T loge n’({m) +--,
(3.2.29)
1 6 N _or
= =6 /2 Al V=YL = )+ ) F gy o Ty log e g o
(32.30)
' 1 4 ' ‘ ~ 2
i ﬁffn/x A VZYL = gy gy e g loge ¥ gy - (231)

This statement is only valid for d > 2, which has interesting consequences that we will explore in sections 3.2.2 and 3.2.3 and
in particular in section 3.3. We will also briefly comment on the generalization for p-forms.
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Applying the dilatation operator (3.2.22) to the principal function (3.2.23), we get the following useful
relation for w < d:

2'yi]-7r"f =(d— w)g(w), w<d (3.2.32)
(w)

= 271] ( = 27T(y) = (d— w)g(w)/ w<d, (3.2.33)

w+2)

where [XY],,) means the piece in the Jp expansion of XY with dilatation weight w, i.e. 6p[XY](,) =

—w[XY](y), and where 77, = 7;; nl(Jw +2) is the trace of the momentum, which, due to the asymptotic

behaviour of the fields (3.2.20), has scaling weight w. For w = d, we find, by use of the scaling relations
for the eigenmodes (3.2.26) and (3.2.27), the following relation,

5D/ ddx\/7< d>loge +S£(d)) (3.2.34)

= 2%y, (3-235)

27T(d)

which is closely related to the conformal anomaly. Note in particular, we don’t need to care about
w > d, since these terms will vanish as r — co. Now let’s rewrite the Hamiltonian

H = -2 (;ﬂ'fn,»j diln + ;n§+;n m) +21? ( R + a¢a‘¢+ F Fil d(dl))
(3-2.36)
= Kyl — 2x? (1712 + 17ti7r<> + = <—R(7) + 18<q>8i¢> + lP-Fij —d(d— 1)) (3.2.37)
gl 279 27 T T g2 27! 4 ’

where we have used our expression for 717/ (3.2.8) to rewrite the gravitational kinetic term. We can
also expand this in dilatation weights,

H= ;H(w)/ oM (w) = —wH(y), (32:38)

and we then impose the Hamiltonian constraint H = 0, which, due to unitarity of ép implies that
each H ) vanishes individually,

Hw)y =0, Vw. (3.2.39)

The next step is to introduce vielbeine™®

S Yij = e?e;?mlb. This is advantageous since quantities with
flat indices retain their scaling weight when indices are raised and lowered—in contrast to quantities
carrying curved indices. This does, however, change the scaling weights of quantities with indices (but
does so once and for all). Clearly, ef has scaling weight —1, while efl has scaling weight 1, so A, = Al-efl
also has scaling weight 1. The expansions of the momenta (3.2.29) and (3.2.31) in flat indices become

(the expansion for 7y carries no indices and is unchanged)

]

b b__ij b -2 h

a ;l 1:...+7[’(1_2)+7[(_1)+... (d_1>logef +7-[(d_1)_|_ (3241)
The asymptotic behaviours of the fields (3.2.20) determine—via the momentum relations (3.2.8)—(3.2.10)—the
scaling weight at which the asymptotic expansions (3.2.29)—(3.2.31) begin, which in turn, through the
useful relation (3.2.33), determines the scaling weight at which the expansion (3.2.24) of & begins.
Similarly, they determine where the expansion (3.2.38) of H begins. We find that the asymptotic iden-
tification 9, ~ dp implies

ii 1 i . 1 /1 | o
j_— _— i iy — 2 La Adkadf L ik
T %2 (KW K ) 22 (271k7 TRy ) (3.2.42)
9r=~6p d—1
= a2 (3-2.43)

so the expansion of 7t/ starts at scaling weight two, which in turn means that 7% starts at scaling
weight zero. Similarly, we find for 77, that the lowest term has the same scaling weight as ¢ itself

10 This is not necessary and is mainly an “aesthetic choice” in the sense that we find it to make the analysis conceptually cleaner;
in the approaches taken in [28, 50, 51, 106] this is not done.
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and is proportional to that scaling weight, which means that 7,5, = 0, and the eigenmode expansion
consequently begins at scaling weight one. Similarly, for the gauge field momentum, we find that
. 1 .. 1 . .. a,:zSD
= _@Frﬂﬂ = —@A]-'yﬂ ~"0, (3.2.44)
i.e. the expansion for 7' starts at scaling weight one, implying that the expansion for 7* starts at
scaling weight zero. Combining our results, we find that the expansions (3.2.30), (3.2.40) and (3.2.41)
take the form

Ty = Ty(1) + Ag(a) log e ™ + My(a) + -, (3-2.45)
7t = 7-[?0) + e ﬁ?dfl) loge*ZV + n'[(ldfl) + -, (3247)

where, explicitly (compare (3.2.43))

ab d—1 ab

Moy = 52 T - (3.2.48)

whereas 7% and 71, were determined to be zero by the same analysis. Since the trace of 71‘(15] ) is
related to the principal function density Sf(w) via (3.2.33), this in turn means that the expansion for £
(3.2.24) starts at scaling weight zero: using (3.2.48) the expression for & (0) can be read off immediately,

dd—1)

d—1
2 ’

12

AL o) = a7y = =) = (3-2.49)

In general, we find the Sf(w)’s by relating the expressions for these in terms of the momenta traces
T(w) (3.2.33) to the constraints H ) = 0. This is achieved by noting that the Hamiltonian constraint
(3.2.39) can be recast in the form

1 1 1 1 ; 1

b 2 2 b

H(w) = |:Kab7'[u — 2K (27T¢ + 27T”7Ta> + @ (—R(,Y) + Eal(l)al(l) + 1ngpu — d(d — 1)>:| - =0,
(3.2.50)

for all w, which, using the flat index momenta (3.2.45)—(3.2.47), means that'’

did—1
Ho) = K(O)ﬂb”‘(lg) - KZ”?O) TT(0)a — %/ (3.2.51)

H1) = 2K0)a{) — 2703 (o) (3.2.52)

a a 1 1 i
H(2) = 2Ky 7(a) + Kyan T3y = ¥ 7g0) = K270 Tya = 2700 T0)a + 5,7 <2az¢a ¢ - Rm) ,

(3-2.53)
: 2
He) = ZOK< >ab”(3 n) = 263 Ty () — 2K TT(2) T (1)ar (3-2.54)
n=
: 1 2 1 a a a 1 ab
(3-2.55)
- ab 211 - 1,
Hiw) = ), Km)ab (oo —n) — 2 [Zﬂ(p 57 7Ta:|( X d<w<d (3.2.56)
n=0 w

Note that 71? ) is the flat version of 7! implying that 71(0) for example, comes from S (1)- We also

(w+1)”
remark that due to the fact that both ¢ and A; have scaling weight zero (cf. the asymptotic behaviour
(3.2.20)), the scaling weight of various quantities such as # ) will vanish for odd values of w, i.e.

H(2n41) = 0 for n € Z, something we will also find below.

Note that R(?) has scaling weight two, since the variation with respect to the metric 7;; reads 6R(") = —R(Mii§;;, implying
that pR("M = —2R(), i.e. R(") has scaling weight two.
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In order to simplify the constraints (3.2.51)=(3.2.56), we have made use of the fact that K, n?b) =

Knyab 77( Y which follows from the expression for 77/ in (3.2.8), since

1
b _
K(n)abn?m) = @k(y[)ab (K(m)ﬂ K[(Z )) (3.2.57)
1
T 22 (K(”)K(’”) K(ﬂ)abK(m)> (3.2.58)

which is clearly symmetric under the interchange 1 <+ m. We then observe that the leading behaviour
K,p is determined by the asymptotic identification d, ~ dp, which gives us

Kij ~ vij = K(0yap = Nab- (3.2.59)

This allows us to express the relation (3.2.33) in the following manner
ZK( )abn( ) (d w)g( w)’ (3.2.60)
2K (o )ab” = —28 (3.2.61)

We note that the combination 2K ), ”?3,) is ubiquitous in the constraints (3.2.51)—(3.2.56). The way
we obtain Sf(w) is then by imposing H ) = 0 and recognizing the expression for g(w) as given in
(3.2.60); i.e. the constraint H ) translates into the following expression by use of (3.2.60):

d(d—1)
2x2

d—1 2
= g(o) = 7 + EKZTC{(ZO) 7'[(0)“. (3262)

d
0="H) = 5Z0) — 7o) (o) —
However, since 3(0) is given by (3.2.49), it follows that
"?0) =0, (3.2.63)

ie. 8(1) does not depend on A;. The level one constraint % ;) = 0 simplifies by use of (3.2.63) to
271(7) = 0, that is, by the relation (3.2.33), (d— 1)8(1) =0, so that

Ly =0 7p0) = 0= 7). (3.2.64)

Combining the results (3.2.63) and (3.2.64) implies that the level two constraint # ;) = 0 now reads

1
0="Hp) =27 —Kzn’(ll)n( et 73 ( 0ipd'p — RO ) (3.2.65)
1
=(d —2)3(2) - KZT[‘(IUTE( Da T 22 < 0,03’ — R 7)> (3.2.66)
Now, since 71‘(11) = e?néz) = \/%—76?5587}5), the above turns, in principle, into a functional differential

equation for Sf(z). However, we can use the U(1) constraint 7 = 0 (cf. (3.2.18)) to determine 772

This constraint can be recast in the form

58(10)
SA;

=0, Yw. (3.2.67)

Now, the most general expression involving A that can appear in the action at scaling weight two has
the form

= Zfl’"l% P A; + pr’”cnz)A A+ Zq;”s% Aldip + Z<p“4cn4 D; Al (3.2.68)

but, crucially, none of these terms—by themselves or in any combination—are in compliance with
the requirement (3.2.67), i.e. all the c(")’s above vanish. Equivalently, we note that the gauge choice'*
Ay = 0 does not completely fix the gauge, as we now show: under a general gauge transformation,
the gauge field transforms as

Ay — Ay = Ay +9,, (3.2.69)

12 This is an example of an axial gauge, i.e. a gauge of the form n* A, = 0 for some normal vector n/; for details see e.g. [69].

2)"
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for some function A. The condition A, = 0 is easily realised by choosing A to be of the form

— /dr A+ f(x,ty), (3.2.70)

where f represents the residual gauge symmetry. Requiring our on-shell action to be invariant under
residual gauge transformations, we recover the same result as from the 7 = 0 constraint that 8(2)
cannot involve A;, that is

7122> =0, or in flat indices Ty = 0, (3.2.71)

leading us to conclude that

1 1.
Loy = T (R(“Y) ~ 50i9 4>> . (3.2.72)

The level three constraint vanishes—using n’(’ ) = =0= 7'( cf. (3.2.64), (3.2.71), as well as the useful

(1)”
relation for the i/’(w)’s (3.2.33)—identically

L =0. (32.73)
We now specialize to d = 4. We have already computed the first two £’s; in d = 4, they take the form
3

L) = 2 (3-2.74)
Py = — (R0 — La,p9
2) = 32 ) PP | . (3.2.75)
At level four, the constraint reads—after taking into account all our findings:
1
0 = Hg) = 2K(0) 775, + K(Z)abngg) o 2) + gz FaF’ ab (3.2.76)
5 1
= —23(4) + K(z)abn‘(‘% — Kzﬂé(z) + 8?Fabl-"”b, (3.2.77)
implying that
cp 1 b KZ 1 b
3(4) = 2K( )abnl(l 2) ?7775)(2) + @Fubl:ﬂ . (3278)
This involves only quantities that can be determined from g (cf (3.2.72)). First note that the level
two constraint H ;) = 0 implies that for d = 4, we get 7'( = Sf (2), and so
- -1 R(“r)fla o
M) = Q) = 1,2 70ipd¢ ). (3-2.79)
Then, observe that
1 2k
'l = 72 (KU”Z’ - K”b) oK) = 5 Ty (3.2.80)
implying that K ;) becomes
RM 1 :

Now we can determine 71(),, from our knowledge of 3(2) ; since 8(2) = er d*x \/—73(2), we see
that

; 682
W =ee ! (3.2.82)
(2) b 571]
5 1 RO 1 ;
= eir 5y 22 Jy, SV <2 ~ 1990 ¢> (3-2.83)

1 ; 1
=532 (8’7ab3i4’a’¢ - ZR(V)M — 1990 + ZRE,Z)) (3.2.8)



3.2 THE (SD EXPANSION & HOLOGRAPHIC RENORMALIZATION OF THE ELECTROMAGNETIC UPLIFT

Our expression for the momentum above allows us to find the scaling weight two extrinsic curvature,

1
T@)ab = 5,2 (K(z)’?ab - K(Z)ab) / (3.2.85)

and so, using the trace of K(3) (3.2.81) and our expression for 71(3),;, (3.2.84), we get
1 .
Koy = ﬂ’?abai‘l’al‘l’ 12’7abR( a(Pab(P - zszZ) (3.2.86)

We are now in a position to work out the combination K ), 71(2> appearing in the anomaly (3.2.78):

1
Kol = —53 ( (2 4>a'¢) + 12R 10,999 — ER< % fR(V 99+ LRORO )
(3.2.87)
The final piece is a Laplacian term, coming from
1 55( 2 1

where we have used that ("¢ = \/%78,' (\/f’yalkp). Combining everything, the anomaly (3.2.78)
takes the form

1

Ly = s FiF’ (3-2.89)
1 i i i i 1 ij
-2 (24 (ai<pa qb) + R )9,9ip — R(’Y 4R§]7)a Pl + EREJWRW 1)
(3-2.90)
1 2
e (D('V)(p) . (3.2.91)

Note that we have loge™?, so when rewriting to Poincaré coordinates (for details, see appendix

A), there will be an additional factor of two. Combining all our findings, the counterterm becomes
(including a minus, since we need to subtract the divergences)

1 4 1 1 ; 1 D)
Set = =2 /Zr d*x /—v (—4 (R(V) +12— zai(pa’(p) - Z.Aloge r) , (3.2.92)
where the anomaly can be rewritten as
Yool Yz apFig L (Omg)’
=7 (@iQ7 - 3@~ 2mF+ 3 (079)7), (299
where
Qz} —Rij T3 iP0j. (3-2.94)
In order to obtain the actually renormalized action on the boundary, we take the limit r — oo, i.e.
Sren i= rlgglo Sten = rli_)rgo /):r d?x \/—'yg(d) (3.2.95)
1 5 1 1 A 5
=53 /M d’x \/—g (R(g) +12— 590" — 4FWFW> + SGH + Set, (3.2.96)

where we have used that g(d) is the first term that does not produce a divergence, while all higher
order terms will simply vanish, and where quantities with hats have had the limit » — co applied to
them.

Removing the field strength from the counterterm (3.2.92), our result agrees with previous results
for Einstein-Dilaton theory, which was considered in [51, 57, 107]. While at a first glance it may seem
surprising that for d = 4, the only modification to the counterterm action due to the addition of a
Maxwell field occurs in the anomaly, this is in hindsight obvious: there is simply no gauge invariant
combination with scaling weight 2. If we take d = 6, the situation changes, and, roughly speaking,

what was 55(4) in d = 4 becomes 3(4) in d = 6 (with some coefficients changed).
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3.2.2 Renormalized Ward Identities & One-Point Functions
In this section, we derive the Ward identities of the EMD model of (3.2.1), which are essentially the

boundary versions of the first-class constraints (3.2.18). Varying the renormalized on-shell action on
M with oM = %, we get

1
(5Sren :ﬁ /M de V _g (5}41/53}“/ + 547547 + SF(SAV) (3-2-97)
1 1 . .. )
+ @ /Z d4x —7 (2 <Tl]>1‘€n 571] + <O‘P>ren 547 + <]1>ren 5Ai + A57’> ’ (3’2'98)
where &y, £ and & are the equations of motion for the respective fields (3.2.2)~(3.2.3), and where

the renormalized responses are given in terms of dilatation operator expansion eigenmodes via the
form of the on-shell renormalized action (3.2.95)

4x2 5Sren

<Tij>ren = N =4« 7-[1(]6)’ (3.2.99)
ij
2% 58S
<O(P>ren = \/_7,)/ 5:1‘;“ = 2K27T¢(4)/ (3.2.100)
; 2x% 58S ;
(I')ren = W= (SXH = 2K27T1(4)- (3.2.101)
1

These expressions are all evaluated at the regularized hypersurface X,. Using the asymptotic be-
haviours

Vi~ 0 PP, A~ Ay V=1 e /=10, (32.102)

it follows that, since Sren approaches the finite quantity Sren aS ¥ — 00, we must multiply the responses
with a suitably chosen factor in order to obtain finite values—i.e. the actual VEVs—in the limit r — oo,
i.e.

s . 4x> S i
T) o = lim & (TY) . = N = 4R 2.
< >ren rggloe < >ren \/T(O) 57(0)1] K 7'[(6) (3 2 103)
R 2k2 6S
15 4 _ A2
<O‘P>ren = rlg]goe d <O‘P>ren = \/%54;;;1 = 2K Tp(4)s (3.2.104)
A ; 2k% 68S i
i = 1i 4r /1i _ ren:22,\, . .
Peen = Jim e (Fhren = =57 0= 2 M) (3.2.105)
Now, consider the momentum constraint 4! = 0,
—ZD]‘T[{: + F,']'T[j + 7T¢ai4) =0, (3.2.106)
the weight four part of which reads">
—2D]'7I](4)i + Fi]-n](4) + 7r¢(4)8i(p =0, (3.2.107)
which, using the explicit VEVs (3.2.99)—(3.2.101), becomes
7D] <Tji>ren + Fl] <]j>ren + <O¢>ren al¢ =0, (3-2.108)

which we can multiply with ¢*" and take the limit » — co to obtain the diffeomorphism Ward identity,

~D(0); (T))yen + F0)ii (N ren + (O en 2i6P(0) = O- (3.2.109)

We now proceed to derive the trace Ward identity. Using the relation (3.2.61), which states that

27724)1’ = —23(4), (3.2.110)

ii

13 Note that when lowering the i-index on 7'[<]4), we get 7'[{ i due to the fact that the metric has weight —2; also note that F;; has

weight zero.
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we immediately obtain the trace Ward identity—again after multiplying by ¢* and taking the limit
r — oo

<Til->ren = A, (3.2.111)
where
A= —ZVli_)nolo e4’§(4), (3.2.112)

is the conformal anomaly on the boundary. Finally, the constraint F with
F = —D;r, (3.2.113)
turns into the U(1) gauge transformation Ward identity, since at weight 4, it reads
0 = D;7() = Di {J')ren~ (3-2.114)
which, when multiplied with ¥ and the limit r — oo is taken produces the result
D0)i (') ren = 0, (3-2.115)
which is the U(1) Ward identity.
3.2.3 Generating the d = 4 Fefferman-Graham Expansions

In order to construct the FG expansions of the fields, we are going to apply the gauge-fixed first-order
flow equations (3.2.11)—(3.2.13), which for our purposes read

: 1 ~
Yij = — 42 (%’k%‘l _ 3%.].7,{,) (n’(‘é) + n’(‘fl) + n’(‘é) loge " + n’(‘l ) (3.2.116)
) 1 1 o [ 1 1
= 4" T2 — 37(0)Yii T T0)ij — 37T@) i Hlog e Ry — 3@y Yij | + @) — 3Tyt
(3.2.117)
¢ = —2k2 (714,(2) + T4 loge_zr + g+ ) , (3.2.118)
Aj = =212 (ﬁ@)iloge*zr + oyt ) . (3.2.119)
In section 3.2.1, we found the following expressions
i 3 i
(12) — 272711 (3.2.120)
1 i i i 9] 1 ij
1(14) =52 ( ak¢a’<¢w (7)7] a $d P + ER(V) ]> , (3.2.121)
A / /7 ) 2.122
(6) \/7 5’71] 4) (3 )
Tp(2) = _@D( ¢, (3.2.123)
Tp(a) = iF@ / V=12, (3.2.124)
N 1
(o) = ﬁD Fi. (3.2.125)

We now introduce very general formal expansions for the fields involved,
0 1 0 1
7ij:7§j)+7§j)+"'r ¢=¢@+oM+..., Ai=A§)+AE)+~', (3.2.126)
where each order is assumed to be subleading in r to the previous, i.e. these raised labels are not

scaling weights. When inserting these into the flow equations above, we obtain a series of differential
equations which can be solved order-by-order. However, we can do better: making explicit FG ansitze
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for (3.2.126) (in these expressions, the labels in the subscripts are not scaling weights, rather they label the
respective terms in the FG expansions just as in (F.1.12)),

Yij = e’ (h(O)ij + e_zrh(z)i]‘ +e ¥ (log e_zrh(4/1)i/’ + h(4)i]’) +- - ) P (3.2.127)
¢ =) +e P +e (10ge*2’4><4,1> + 4>(4)) +-- (3.2.128)
Ai = Ag)i + e (10g€72rA(2,1)i + A(z)f) +eey (3.2.129)

the differential equations become algebraic. Using the momentum (3.2.120), we find the differential

(0) (0)

equation for the lowest order of the metric Ti = 2 which is solved by 70 = leh(O) where

ijs
h(o)ij plays the role of an integration constant, which is in agreement with the ansatz (3.2.127). The
same happens for the scalar and the Maxwell field, i.e. we get $(0) = ¢(0) and AEO) = A(g);- At second

order, we get the differential equation for the metric

(M _ 5, gl

JD — 00 L g0 155 5 6 — R0 Lo (3¢0)
Ty =20 TRy = 5990990 ~ 6 i T 13 (O)ij< 4’(@)) :

(3.2.130)

where we have kept only the lowest order terms in the expansion. Using the FG ansatz (3.2.127), the
left-hand side above vanishes and provides us with the relation

_ L) 1 1 1 2
h(z)ij =73 (Rij — Eaigb(o)aﬁ)(()) — gR( (0))h(0)ij + ﬁh(o)ij (84)(0)) . (3.2.131)
The second order equation for the scalar reads
s =g s L1 o =aia,
(P ZD(W)(P 2 \/_7,)/81 ( Yy a](l)) 4 (3'2'132)

which, when using the FG ansatz becomes
e2r 1 .
2e7p) = 2 i (\/T(O)hl(]maf‘f’m)) +O(@), (3-2.133)
(0)

so that

1
¢@ = 1500 (3-2.134)
Moving to the next order, we find it useful to consider the the flow equation (3.2.117) in the form

(*) (1) ¥ (%)

o 1 1 w2 7 1. 1
Vij = A\ T—2)i7 = 3700)Yij T 0y ~ 370 i T8 e { A2y — 37y Vij | T )i — 3y Yi T

(3-2.135)
The differential equation at the next order consequently takes the form
from ()
r'yl(jz) = 271(/.2) +e " loge %" [lowest order terms from ()] + e " [terms from expansion of (1)]
(3.2.136)
+ e~ %" [lowest order terms from (*x)] . (3.2.137)

1(12) = e*2r <log efzrh(4,1)i]' + h(4)i]')/ which means

(in red) on both sides, we obtain

Now, the Fefferman-Graham ansatz implies that y

(2)

that after subtracting 2, j

—d4e™ logefzrh(M)i]- —e (4h(4)ij + 2h(4,1)1-]-) = appropriate terms from (x), (1), (), (x*),
(3.2.138)
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where “appropriate terms” means terms that have the correct radial dependence when all fields are
FG expanded. In particular, we can read off the value of iy 1);; by computing the term involving the
logarithm on the right-hand side; this gives'+

Tk 1 .
h(4,1)ij :gD(O) (D(O)lh(z) ik + D(O) ‘h(Z)ik — D(O)kh(Z)Z]) — 7D(O)ZD(O)]h( 2)k (32139)
1 1
+ 5@ ) — 3(147 0)D0)j)P2) — ( iy 2y + <P(2 > (3.2.140)
1 1
T 61:( )kF(O) - h( 0)i F(O)le( 0) (3.2.141)

where F(g);; = 20(;A g);) and where we have used that v = e’zrhl&)) + O(e * loge ") (see appendix
F). Now, note that the terms contributing from (xx) are

_ . 1 . .
(k%) = e~ 2" (Tij) ron — gh(o)ij <Tli>ren:| + higher orders, (3.2.142)

where we have used the relation for the VEV (3.2.103). Combining this with with our result for /(4 1)
we now find [86]

ijs

1 .
hiayij = Xij = 7 (Tij) o~ (3.2.143)

where

1 P 1 . 3

Xij = Eh@)ikh(z)f - 1h<2)kh<2)ij + gh(owA - 5’1(4,1)17/ (3.2.144)

with the boundary anomaly A defined in (3.2.112). We could now repeat the analysis above for the
scalar, but nothing is changed from the case with no Maxwell field, so we refer to the standard
treatments [51, 86], where the full FG expansion for the scalar can be found. The result is:

Py = — % [D(O)(P( + 29 (o)l + a (o) O)Zhéz)]. - h 0idj(0) — ' )D]( i
(3.2.145)
(Op) ren = 44y + 4’(2)}’22)1' +6¢41)- (3.2.146)
Now, we turn our attention to the Maxwell field. This expansion has not appeared in the literature
before to our knowledge. Looking at the FG expansion for the Maxwell field, we see that AEZ) =

e (log e’Z’A(M)i + A(z)i), so the flow equation (3.2.119) takes the form

AEZ) = —2¢ % (A(Z,l)i + A(Q)i) —2¢ ¥ log e*Z’A(M)i (3-2.147)
= —D(O)jP(O)kihlzé)e_zr loge " — e 2 (f;) o, + higher order terms, (3.2.148)

from which we may immediately read off the component A, q);:

1
Aeni = ;D) P(O)z (3-2.149)
and
1 ..
A(Z)i = 2 <]i>ren - A(Z,l)i' (3.2.150)

3.3 HOLOGRAPHIC RENORMALIZATION OF p-FORMS & THE SCALAR-VECTOR DUALITY
3.3.1 From the Maxwell One-Form to p-Forms: A Conjecture

Note that the FG expansion for the Maxwell field (3.2.129) for d = 4 has its logarithmic term appear
at order O(e~?"), which follows from the flow equation (3.2.119). This is a consequence of the fact

We have employed xAct [88] and xTras [108] to obtain these results as well as used known results for the case without the
Maxwell field, see e.g. [51, 57, 86]. Note also the extra factor of two that comes from our convention of writing log e, which
in Poincaré coordinates reads 21ogrpyin; When we’ll use these results in chapter 6, we will multiply all logarithmic terms by
two, since we will change conventions. We hope this does not cause any confusion.

33



34

15
16

17
18

HOLOGRAPHIC RENORMALIZATION

that the Maxwell field is a one-form, since in a general (even) dimension, the associated momentum
7r' admits a dp-expansion of the form'>

7-[i = ...+10ge_2rﬁéd) —|—7Tl(d)+ , (331)

which means that ; = ’yi]-nj = ---+log e_zrﬁ(d,z)i + 7(4-2);- Now, A; is roughly related to ; via
the flow equations, and so we see that something peculiar happens when d = 2: the VEV part of
the expansion occurs at scaling weight zero. More explicitly, the equation of motion for A, (3.2.3)
on a AdS3 background in domain wall coordinates with the ansatz A, ~ ¢ A ), for, say, the time
component reads

0=e¢29, (ezrefzrl—}t> = e(‘:*z)rczA(O), (3.3.2)

implying a double root at ¢ = 0, in agreement with our somewhat heuristic argument above. So, both
the source and the VEV carry the same scaling weight, which is at first sight a little puzzling. It turns
out, however, that the case d = 2 can be dealt with using Hodge dualization, which we will consider
in section 3.3.2. More generally, for a Maxwell field in an AdS;,; background, we see that the scaling
weight of the VEV—that is to say the power of e™" multiplying it—is given by

wypy =d — 2. (3-3:3)

Repeating the calculation for 4 = 1, it is now no longer true that A; has scaling weight zero, i.e. that
Aj = A(g); as in (3.2.20); instead we find that it has scaling weight 1 which changes the entire analysis
of section 3.2.1.

We now conjecture a generalization this to p-forms: assuming that the equations of motion for a
p-form C(P) exhibit the same structure, it is clear that the scaling weight of the VEV gets modified to

wygy = d —2p, (3-3-4)

which leads us to conjecture’® that, for general p, holographic renormalization works differently de-
pending on whether

(i):d—2p>0 or (ii):d—2p <0 or (iii) : d —2p = 0. (3-3-5)
3.3.2 The d = 2 Scalar-Vector Duality & Its Generalization
When d = 2—i.e. when we are in case (iii) of (3.3.5) for p = 1—we saw above that both the source

and the VEV carry the same scaling weight. We now show how this situation can be taken care of by
Hodge dualization: in three dimensions, the electromagnetic part of the Wick-rotated'” action is

The field strength two-form F is related to a dual scalar ¢ via'®
FF' = e'"9,¢/ /3, (3-3-7)
so that
Sa= i/M d3x geywe”"pap(pagq) (3-3-8)
=2 /., & Vaaeare, (339

where we have used the identity €,,0€""" = 245 In two spatial dimensions renormalizing our EMD
model is thus equivalent to renormalizing gravity coupled to two massless scalars. The action describ-
ing such a theory is given by

1 1 1
S= 72 /d3x V-8 (R(g) +2— anqba”gb — 28}4(;)87‘([)) : (3-3.10)

in dimensions above two.

The first term is 77! 4

I thank Kostas Skenderis for telling me about this condition. Whether the mechanism in the case of p-forms is really as simple
as the one I have described remains to be seen. The general analysis of holographic renormalization of p-forms will be the topic
of an upcoming paper by Skenderis and Papadimitriou [52].

We Wick rotate so that the Hodge dual is simpler.

With the convention €/ = 1.
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The ADM parametrized momenta are given by

il = 212 (K'y’] K"f), Ty = ;?N” (4> - Niai([)), Ty = z%N*1 ((p — Niai(P) . (3:3.11)

The Hamiltonian is given by

H :/Z d2x /=7 (N?—[+Nl-7-["), (3.3.12)

where

H = —2«? (nifrcl] m + ;7'(4, + ; q,> + 21? (—R(V) + %aiq)ai(p + %ai(paigo — 2) , (3.3.13)
H = —2D; + pd' + 7T00' . (3.3.14)
As usual, the equations of motion for the Lagrange multiplier fields impose the first class constraints,
H=0, H =0 (3.3.15)
Gauge-fixing to N = 1 and N; = 0, we impose AIAdS boundary conditions, which read

Vi~ €80 (x), @~ do)(x) 9= pp)(x), (33.16)

where x represents the coordinates on ¥,. Carrying out the same procedure as in section 3.2, we find
that

1
Loy = 22 (3:3-17)

Ly = —R(V) - (a 9'p+0,09'p) . (3.3.18)

Hodge dualizing back to the vector theory, we obtain

1
ai(P = Eeyvipﬂvfr (3:3.19)
1 1 1 - 1 ; 1 .
“ o2 0i¢d fP EMZeP’“PWF =82 [ZerjierkZFr]Frk} =82 [4F”Fri} = @Fmpri/ (3-3-20)
implying that the anomaly takes the form
1 ‘ 1 .
§£(2) = ER(W) - @aiﬁbal‘/’ - @Frlpri- (3:3-21)

To generalize this to p-forms, we note that the field strength (p 4 1)-form F (P+1) = dCP) of the p-form
C(P) in d = 2p, corresponding to case (iii) of (3.3.5), is dual to a p-form, which is not immediately
useful. A more fruitful observation is that in d = p + 1, the field strength F(P*1) is again dual to a
scalar in the sense of (3.3.7), which means that the methods of this section generalize to a way of easily
performing holographic renormalization of free massless p-form fields in AdS, ., since in this case it
is equivalent to renormalizing a free massless scalar.

3.4 OUTLOOK

The results of this chapter will be important when we consider charged Lifshitz holography in chapter
6, since the renormalized electromagnetic uplift can be Scherk-Schwarz reduced to an Einstein-Proca-
dilaton-Maxwell-scalar model, which admits Lifshitz solutions that correspond to z = 0 Schrodinger
spactimes™ in the higher dimensional theory.

More generally, there are many unsolved problems in holographic renormalization. As we demon-
strated, even in the case of AIAdS spacetimes, there are subtleties regarding the renormalization of
p-form fields that are not widely known. Holographic renormalization has also been undertaken for
other geometries of holographic interest: Schrodinger space-times were considered in e.g. [109-111],
while Lifshitz spacetimes were dealt with in e.g. [25, 27, 28, 106], but there are still several outstanding

19 And these are AIAdS.
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problems. In Appendix G we provide a review of the renormalization of Lifshitz geometries using the
H]J approach developed in this chapter.

An interesting generalization of the procedure described in this chapter was introduced in [28, 106]
in the context of renormalization of EPD models with Lifshitz boundary conditions, and involves the
identification of yet another operator ' that commutes with, say, ép (generally, whatever we choose
for ). One then performs a dual expansion in (common) eigenmodes of the two operators, which
simplifies the analysis. It would be interesting to explore if such methods are also advantageous in
the context of the models discussed in this chapter.



NEWTON-CARTAN GEOMETRY

Newton-Cartan (NC) geometry was originally developed by Cartan to provide a geometric framework
for Newtonian gravity [30, 31], and in the context of non-relativistic holography, NC geometry plays
a prominent role as the boundary geometry.

Specifically, it was shown in [23, 24] that the boundary geometry of asymptotically locally z =
2 Lifshitz space-times is described by an extension of NC geometry known as twistless torsional
Newton-Cartan geometry (TTNC), while for for generic values of the dynamical exponent, 1 <z <2,
the boundary geometry is described by torsional Newton-Cartan geometry (TNC) [29, 32]—this we
explore in chapters 5 and 6.

Since TNC geometry plays a vital role in Lifshitz holography, we devote this chapter to its descrip-
tion. However, TNC geometry is both interesting and useful to study in its own right—independent
of holography, it has, for example, recently been shown that TNC geometry provides an effective
description of the quantum Hall effect [35, 36]. Interestingly, it was shown in [53] that making TNC
dynamical corresponds to Hofava-Lifshitz (HL) gravity.

We begin the chapter in section (4.1) with a survey of how Riemannian geometry emerges from
gauging the Poincaré algebra, which will be useful when replicating the procedure in order to obtain
TNC geometry. This section is a significantly expanded analysis of appendix A of [53] and [54].

We then turn to a general description of non-relativistic space-times in section 4.2, which are the non-
relativistic analogues of the familiar Lorentzian spacetimes from general relativity. Our exposition
is based on [24, 33, 53] and involves elements of [112], although we do not use their terminology.
Geometrically, non-relativistic space-times are described with TNC geometry, and we provide a clas-
sification of these non-relativistic structures depending on the properties of the so-called clock form,
7, which, as we will see in section 4.2.4, is intimately connected with the torsion.

In section 4.2.2, we begin with a discussion of how to obtain the Bargmann and Galilei algebras via
Inonii-Wigner contraction of a centrally extended Poincaré algebra. We then proceed to gauge both
the Galilei and the Bargmann algebras in sections 4.2.3 and 4.2.4, which will give us TNC geometry
in the same way as Riemannian geometry appears from the gauging of the Poincaré algebra. This
analysis is based mainly on [34, 53, 54, 56].

We then turn our attention to how TNC geometry can be obtained via null reduction of Lorentzian
spacetimes in section 4.3, which will be of great use in chapter 6.

Finally, in section 4.4, we explore how field theories couple to Newton-Cartan geometries from the
perspective of null reduction, which again will be a great aid to our considerations in chapter 6. These
last two sections both follow [57].

4.1 WARM-UP: GAUGING THE POINCARE ALGEBRA TO OBTAIN GENERAL RELATIVITY

Following [54, 55] and Appendix A of [53], we proceed to derive the framework of general relativity
from properties of the Poincaré algebra (see e.g. [113] for a nice review). The d-dimensional Poincaré
algebra iso(d —1,1) is generated by P, and ],;, with the following non-zero commutators,

Uub/ Pc] = Wacpb - chpur (4.1.1)
Uabs Jeal = Naclvd — NadJoe — MocJad + Mo ac- (4.1.2)

Note that the tangent space indices 4, b,c,... in this section include time, in contradistinction to the
rest of this chapter. The first step of the gauging procedure is to introduce the Lie algebra valued
connection by

1
Ay = Pl + EMabwy ab, (4.1.3)

where antisymmetry of M means that we take w,, ab — —w, ba Mimicking the approach taken for Yang-
Mills theory”, we fist observe that the connection behaves under local ISO(d —1,1) transformations

as

Ay — L(x) AL (x) — L(x)9, L (x), L(x) € ISO(d — 1,1). (4.1.4)

1 For a nice review, see e.g. the book [114].
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Infinitesimally, we may write L(x) = 1 + A(x) for A(x) € iso(d —1,d), and so, under infinitesimal
transformations?, the connection transforms as

5-/4y = ay/\ + [-Ay/ A}/ (4.1.5)

where, since A € iso(d —1,1), we may write

1
A = Pl (2) + 5 Jap0™ (x). (4.1.6)
Since
1
0 Ay = Pade) + 5 Japow, ab, (4.1.7)

the transformation (4.1.5) with A given by (4.1.6) implies that

()
S = 9,07 — ab b a b\ 8
ey = 0u" —w, T + 0% ey, (4.1.8)

be b

bw, b = ayaab +ofw, " — o Tw, (4.1.9)

I3

To get a feel for how these are obtained, we show how to find the term (x). This term comes from the
a ybe
e

commutator [Ay, A] = 25—[Py, Jp] + ..., where we can use the commutator relation (4.1.1) to rewrite
e;’,crbc elﬁabc " b
] [Pa, Jnc| = Tﬂa[cpb] =euo a P (4.1.10)

where we have used antisymmetry of ¢?. In order to make connection to local space-time diffeomor-
phisms, we introduce a new set of local (infinitesimal) transformations, denoted &, where we replace
the local translation parameter ” in A with a space-time vector ¢# via {* = CF’eft, which makes the
emergence of diffeomorphisms manifest?, as we demonstrate. Writing

=:\ab
——
M 1 ab ., ab
A=¢lA,+ X, where ¥ = 3 ((7 —d'w, ) Jabs (4.1.11)
we are now ready to define 5.4,
5./4’,{ - 5;/4}1 - gvfluy, (4.1.12)

where F,, is the curvature of A;, defined in the usual manner,

fyv = a],z-Av - avAy + [./4;4, Av] (4.1.13)
Writing out &, we find
SAy =0y A+ [Au, Al =" Fuu (4.1.14)
= Ay0,,¢" 4 SVop AT + 0, X + V[ A A 4 [Ay, Z] — SogAy + Moy Ay — 8V [ A A
(4.1.15)
= £e Ay + 02+ [Ay, X, (4.1.16)

where, as claimed, the transformation of Ay under diffeomorphisms generated by {—that is to say, the
term £z A, —appears explicitly. We also note that the parameters A% now correspond to infinitesimal
local Lorentz transformations generated by .

Now, going back to the curvature J,,, we may conveniently express it in terms of curvatures
pertaining to the generators P and J,

1
Fuv = Ry (P)Pa+ 5 Ry () Jav- (4.1.17)

2 That is, ignoring terms of order O(AZ, AJA).
3 This approach first appeared in [53] and was not used in e.g. [34, 54]. We shall refer to this trick as the 5-method.
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The explicit expressions of the curvatures are determined by plugging the connection (4.1.3) into the
curvature (4.1.13) and using the Poincaré algebra:

.F],”/ == a[‘uAl/] + [A‘u, Au] (4118)

==21ap Py :_477[a[c]d]b] 214 P

. 1 /_/H 1 N 1 C,—/H

= 2P0)ef) + Japdpuo, " + 26;1(“) “ [Par Jpe] + g 2w, o, Jeal +5e0@u " [Joe, Pl
(4.1.19)

— a ab ab ca b
= 2P, (a[yev] —wy, ev]b) + Jab (a[y%} —wp, Wy C) , (4.1.20)
leading us to conclude that

R, (P) = ZB[Hef,] - Zw[’f‘bev]b, Rwab(]) = ZB[FwV]”b - Zw[;"wv]bc, (4.1.21)

where the factor of two in the expression for Rw,”b (J) comes from its definition in (4.1.17). Under 4-

transformations, the quantities e,

i and wy“b transform respectively as a vielbein and a spin connection:
writing out (4.1.16), we find

- 1 1 1 1
5"414 = Pﬂ‘{@e?l + E]ubﬁéwyab + E]abaﬂ/\ub + E)LCd ( [Pﬂ/ ]cd} Uab/ ]cd]) (4.1.22)
a 1 ab 1 ab a b b,, ca
= PﬂECey + E]abﬁgwy + E]abay/\ + Pl by + A Wy Jab, (4.1.23)
and o, using §A;, = Pyd¢f, + 3 ]»6w, ", we immediately get:
dej, = £gef + /\”be’;l, (4.1.24)
5w, = £z, + 3, A" +2A19 0w, 1Y), (4.1.25)

Thus, e; does indeed transforms as a vielbein under é—transformations, with A?? an infinitesimal local
Lorentz transformation. Next, we introduce a space-time covariant derivative via

Dyej = 9] — fwe w/beﬁ, (4.1.26)
which transforms (by requirement) covariantly under é—transformations. By this, we mean that

5 (Due?) = £z ((Due®)) + A" (Dyeb). (4-1.27)

This allows us determine the é—transformation of the affine connection F,pw, since

=(x) =(1) =)
5 a 5,0 ,‘_P a\ T a b
5 (Dyel) = 0u(dey) — o (Fwep) -6 (a)y bev) : (4.1.28)

Considering each term in isolation and applying the transformation properties of the vielbein and
spin connection, (4.1.24) and (4.1.25), we find

(%) = (9u8P) (3pel) + &P (3,u0p€}) + €50, 0uEP + €)0, A", + A%p0yef, (4.1.29)
whereas
(1) =T%, (c:f"agez + 620,87 + A“bez> + 51“,’1&5, (4.1.30)
and, finally,
(1) = eun (0w, + 0,0, + 00" + A%, P — Vo) +w,y (§P0pel + ebd, 2P + Abee)
(4.1.31)

Colour-coded terms are equal, and will cancel out when taking the combination (%) — (1) — (%),
leaving us with

5 (Duet) = (3,8°) (9peh) + & (3y9p€%) + €4 (3,9,8") + A"ydyel — Thy (87Doeh + ehdpl” + A"yeh ) — SThueh

(4.1.32)
— ey (gpapwy“b + w, 0,8 + A%ew, ) —w,"p (épapeﬁ +eba, & ) : (4.1.33)
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Now, compare this with the expression for & (Dye?) of (4.1.27) written out in all its glory,

5 (Dyet) = £ ((Dyet)) + A" (Dye) (4150
=¢7(ds0pe]) — g"egagrﬁv - C"l"p doey — C”wyﬂhaaeﬁ - §‘Tefﬁagwy”b (4-1.35)

+ 0,87 [del — Thueh — w,"seb] + 387 [dyel — Thoeh —w, el (41.36)

+ A% (aye Fyve ybcef,> : (4.1.37)

Demanding that these be equal, we see that, first off, everything to do with the spin connection
already matches, whereas a single term from the Lie derivative is amiss. The constraint that the two
b-variations be equal then reduces to

€8(2,3,8") — Thy (57088 + 19,87 + /(ﬁ) — Then Y (4.1.38)

- CU ?)aar;w — 7 Th0ge 0~ Favegayég - yaezavgg _A/ub;% (4.1.39)
leading us to conclude that
0Ty = 0,0,8° + E70,Thy + 150,87 + T50,87 — T%,048°. (4.1.40)

The next step is to relate the curvatures to the affine connection, which we do by imposing the
following vielbein postulate

Dyej, =0, (4.1.41)
which allows for an identification of the affine connection I fw in terms of the spin connection wy”’b.
Taking the antisymmetric part of the vielbein postulate, we find

0 b
O = a[y 1/} r[’/“/] ‘Z w[yﬂbe ] (4142)
Rwa(P) = Zawev] ZW[ “bev] 2F[W] Z, (4-1.43)

where we used the curvatures (4.1.21). Thus, we see that R,,,"(P) is really the torsion. The unique

Lorentz invariant tensor we can build out of the vielbeine is the metric, g,y = qabeﬁeﬁ, implying that
the connection may be written as

Ff,v = eaaye ef{wy“bef}. (4-1.44)

To see what the other curvature represents, we define the “usual” covariant derivative VX, :=
9, Xy — l"wap, the commutator of which is related to the Riemann tensor (ix)

[V],L, VU} XP = R;{U‘DUXU' — FI[THV]VUXP, (4145)

where, explicitly,

— 0
Ry" =20, o T 2r[pwrm (4.1.46)

which, using the curvatures (4.1.21) and imposing the vielbein postulate (4.1.41), can be rewritten as
R‘uvpa = _epaeg yvub(])/ (4.1.47)

implying that Ryv”h( J) is the Riemann curvature two-form. Further, the vielbein postulate implies—
due to antisymmetry of the spin connection in the flat indices—that the metric is covariantly conserved
with respect to V, i.e.

Voguv = 98w — Tpugav — Tpuap = 2wpab€‘(lyeﬁ) =0, (4.1.48)

where we have used the affine connection (4.1.44). This fixes the symmetric part of the connection and
makes it equal to the Levi-Civita connection, while leaving the torsion unfixed. However, imposing the
curvature constraint R,,,"(P) = 0 then corresponds to setting the torsion equal to zero, and, in turn,
makes the spin connection entirely determined by the vielbeine in the usual manner. By imposing
Einstein’s equations, the theory can be put on-shell.
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4.2 NON-RELATIVISTIC SPACE-TIMES & NEWTON-CARTAN GEOMETRY

In this section, we introduce the appropriate geometric framework for the description of non-relativistic
physics. Our exposition begins with a discussion of non-relativistic space-times and their geometric
descriptions—see also [112, 115, 116] for similar work, where a slightly different terminology is used.

We then turn to a more detailed discussion of Newton-Cartan geometry as obtained from gauging
appropriate algebras in the spirit of section 4.1. For a complementary analysis of Newton-Cartan
geometry using frame bundles, we refer the reader to [117].

4.2.1  Non-Relativistic Space-Times

A (d +1)-dimensional non-relativistic space-time consists of a triad (M, T,h~!), where M isa (d +1)-
dimensional manifold, T is a nowhere-vanishing one-form on M known as the clock form, and K1
is a rank-two contravariant symmetric tensor whose kernel is spanned by 7, i.e. K1 (t,-) =0, or, in
components*,

1, =0. (4-2.1)

The doublet (t,h~!) may be thought of as a degenerate metric structure, and thus is not invertible.
We may, however, define the projective inverse dyad (v, h) satisfying

o'y = =1, hyuh =6, + 7o' (4.2.2)

These are not unique [117] and can be boosted to take a different form. The fields (7, v, h1, h) (with a
proper choice of connection) realize a torsional Newton-Cartan (TNC) geometry, and it is often advan-
tageous to trade the h’s for vielbeine, defined through h,, = abel‘ﬁefi and h" = §%el; e,—something
we will make extensive use of.

Now, consider two points A,B € M connected by a path -y. Parametrizing the path v by some
parameter A, we interpret the integral

- dxt
T. :/T: / T, ——dA, (4.2.3)
! v Jy 1 da

as the proper time that passes when going from A to B along 7.

Since there is no restriction on the clock form t, we will refer to this type of space-time as a TNC
space-time. It is so far purely “metric” in nature (i.e. we have not introduced any connections, so no
notion of parallelism is involved). Depending on the properties of the clock form T, we now proceed
to introduce two special cases of the TNC space-time, which, when introducing a connection, will be
in a one-to-one correspondence with the various forms of TNC geometry classified by the torsion of
the connection (see section 4.2.3), starting with

Definition: A TTNC space-time is a non-relativistic space-time, whose clock form satisfies the Frobenius
integrability condition, T Ndt = 0, which in component form reads 7(,0,T,) = 0. This is equivalent to the
statement that T be hypersurface orthogonal (HSO).

By Frobenius’ theorem [118], the one-form thus defines a foliation of M by a family of codimen-
sion one hypersurfaces, or leaves. Each leaf corresponds to an absolute space, in the following sense:
by Frobenius’ theorem, we may locally write the clock form as T = fdt for some f,t € C®(M), where
f is the time unit and ¢ is the absolute time. This absolute time is fixed on each leaf, and it is in this
sense that they are absolute spaces. Furthermore, the metric /1 (or rather, the pullback of & to the
appropriate leaf) is non-degenerate on these hypersurfaces since T = df = 0, so the completeness
relation (4.2.2) implies that &, defines a (torsion free) Riemannian geometry on each absolute space.
Finally, the most restrictive case is characterized by a closed clock form:

Definition: An NC space-time is a non-relativistic space-time, whose clock form is exact, i.e. T = dt, where t
is the absolute time.

This means—by Stokes theorem—that the proper time (4.2.3) between two points A,B € M is in-
dependent of the path one follows, which leads to a concept of absolute time not present in the more

4 Note that 1= h?"9, ® dy, so h*" are the components of hl.
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Figure 4.1: Foliation of a TTNC space-time by absolute spaces.

general TNC and TTNC space-times. In order to fully realize a NC geometry, we require a connection.
A convenient and illuminating way of obtaining NC geometry in its various incarnations is to gauge
an appropriate algebra, which we describe in the next section.

4.2.2  Newton-Cartan Geometry from Local Algebras

The most general version of Newton-Cartan geometry, known as torsional Newton-Cartan geometry
(TNC), can be obtained in several ways. The route we take involves adding torsion to the analysis of
[54], which concerns the gauging of the Bargmann algebra. TNC can also be obtained by gauging the
Schrodinger algebra which is locally scale invariant; an endeavour undertaken in [34] (see also chapter
6, where we gauge the Schrodinger algebra for z = 2). The latter approach is more computationally
involved, but reveals a richer structure which is the same as the one encounters in general-z Lifshitz
holography.

4.2.2.1  The Bargmann Algebra from Inonii-Wigner Contraction

It is possible [54] to obtain the Bargmann algebra by extending the (d + 1)-dimensional Poincaré alge-
braiso(d, 1) of (4.1.1) via a direct sum with a commutative subalgebra gy generated by N (occasionally
referred as the mass for reasons we will explain shortly),

iso(d,1) — iso(d,1) @ gn. (4-2.4)

To get to the Bargmann algebra, we perform the following fnoénii-Wigner contraction (see [119])

e—0

1 1 1
Py — €—2N+H, P, — EPH' Joa — gGa, (4.2.5)

where the contraction parameter € corresponds to the reciprocal speed of light. This choice is inspired
by the non-relativistic approximation of Py for a free particle of mass® m:

P,P?
Py = /2P, P? + m2c* ~ mc* + —2—. (4.2.6)

2m

The algebra thus obtained is the Bargmann algebra barg(d,1), and is generated by H (time transla-
tions), P, (spatial rotations), G, (Galilean boosts), |, (spatial rotations) and, finally, N (mass/particle
number). The contraction produces the following non-vanishing commutators

[H/ Ga] =P, Uab/ GC] = 25c[uGb}r Uab/PC] = 25c[apb]/ Uab/]cd] = 45[a[d]c]b]/ [Pﬂ/ Gb] = Nogp-
(4.2.7)
These are obtained from the commutation relations of the Poincaré algebra (4.1.1); for example, we
have that

=0
~ = 1
1Pa, Go) = [eParelos] = &(Tow Py — 0 <52N n H) ) = duN. (4:28)

5 Corresponding to N.
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Setting N = 0, we obtain the (d + 1)-dimensional Galilean algebra, gal(d, 1). It is interesting to note
that N is required to obtain massive representations of the Galilean algebra, for which there is a nice
argument: following [54], we can understand this by considering the action for a non-relativistic free
particle of mass m,

5= / At L= % / dt m#2, (4.2.9)

which is invariant under Gal(d, 1). However, the Lagrangian L is not invariant; rather, it transforms as
a total derivative under infinitesimal Galilean boosts, x% = vt, since

0L = mx,6%° = % (mx,v%), (4.2.10)

which implies that the naive Nother charge Onaive = padx® = mx,0"t gets an additional boundary
term, so that the correct boost Nother charge takes the form

Qg = pav"t — mxav". (4.2.11)

The translation Noether charge is straightforward, i.e. Qp = p,¢*® for infinitesimal translations éx” =
¢“, which means that their Poisson bracket reads

00p9Qc _ 9Qp9Qc _

{Qr Qe = ax® dp, dpa Ox*

mo&,, (4.2.12)

which is in accord with the commutator (4.2.8).
4.2.3  Gauging Galilei

Mimicking the approach in section 4.1, we start by defining the following Lie algebra valued connec-
tion,

1
Ay = Hty + Paef, + Gaw),” + E]ubwy“b. (4.2.13)

For L(x) € gal(d, 1), the connection transforms as A, — L(x)A,L"'(x) — L(x)d,L'(x), and so,
taking L(x) to be infinitesimal, L(x) = 1 4+ A(x) for A(x) € galy(d, 1), we get

A, = oA+ [Ay, A, (4.2.14)

i.e. A, transforms in the adjoint. Now, since A(x) € gal(d, 1), we may write

A(x) = HE(x) + P () + GaA*(x) + 5 ™ (). (4.2.15)

43

Next, we make contact with local space-time diffeomorphisms via the introduction of the -transformation,

where we replace the local translation parameters {? in A with a space-time vector ¢¥# defined via
{" = gley, allowing us to write

A=C7'A,+Z, (4.2.16)

which implies that
1
T =G\ + 5 Jap A, (4.2.17)

where the un-tilded parameters of (4.2.17) are related to their tilded cousins of (4.2.15) in a manner
similar to the way local Lorentz transformations emerged in the case of the Poincaré algebra in (4.1.11).
The J-transformation—compare egs. (4.1.12) and (4.1.16)—then becomes

5-/4]4 = 5~Ay - éwfyv = £§‘AP‘ + BHZ + [AV’ Z], (4.2.18)
where F, is the Yang-Mills curvature,
Fuv = Za[yAv] + [Au, A (4.2.19)

1
= HRHV(H) + PﬂRyva(P) + GaRyvu(G) + EjabR],n/ub(])- (4.2.20)
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We summarise this construction in the table below:

Table 4.1: Generators of gal(d, 1) with their associated gauge fields, local parameters and covariant curvatures.

Symmetry Generators | Gauge Field | Parameters | Curvatures
Time translations H Ty Z(x) Ry (H)
Spatial translations | P, ey % (x) R,,"(P)
Boosts Ga w," A(x) R,,"(G)
Spatial rotations Tab Wy ab A% (x) Rw,”b (J)

Writing out the expression for .4, in (4.2.19) with the help of our expressions for A, and X—as
we did for Poincaré in (4.1.18)—(4.1.20)—we find the following curvatures:

RW(H) = 28[ T, ], (4.2.21)
w' (P) =20y, Zw[ ”bev]b — 2wy, 1), (4.2.22)
S = 20}, V] — 2wy, dagy ]b]c, (4.2.23)
w' (G) =20p, W, 4+ Zw[ y “ (4.2.24)

Similarly, by writing out A, and X in (4.2.18) and identifying coefficients in front of the generators,
we find the following transformations of the gauge fields:

01y = £:Ty, (4.2.25)
b, = £zey + A"y + /\”beb (4.2.26)
bw,™ = £z, + 3, A" + 21w, Y, (4.2.27)
8w, " = £ew," + A" = A'w, "y + A%yw),” (4.2.28)

The gauge fields 7, and ¢;, transform under spatial rotations and Galilean boosts as the Newton-
Cartan clock form and vielbeine, respectively [54], and we identify them as such. Since they are of
rank 1 and rank d, respectively, they are not invertible in a (d + 1)-dimensional spacetime, but we can
define projective inverses v# and e}, satisfying the relations

ol = -1, ofe, =0, THEZ =0, eyeb =07, ele? =4l + ok, (4.2.29)

The projective inverses transform under J-transformations in the following manner,
§ult = £z0t + A%, (4.2.30)
dell = Egea + A eb, (4.2.31)

which are derived by considering® the relations 0 = & (v¥7,) and & (vVeZ) and using the identities

(4.2.29). The curvatures (4.2.21)-(4.2.24) are subject to the usual Bianchi identity dpF = 0 for dp the
exterior covariant derivative, which in local coordinates reads

0= Dy Fup) = OpuFop) + [A[w}—wo]} ’

where D is the gauge covariant derivative in the adjoint representation. In order to identify the struc-
ture of the covariant derivative acting on the gauge fields, we use the standard relation Dy A, =
Ay + [.AP,, Ay], which allows us to identify additional terms in the covariant derivatives that ensure
that they transform covariantly under é-transformations, (4.2.25)—(4.2.28). By taking into account all
the commutators of gal(d, 1) that are proportional to H and P,, we find the following expressions for
the covariant derivatives,

(4.2.32)

Dyt =0y — an,rp, (4.2.33)
Dyl = dyel — Fﬁveg - wy“beb —w, T, (4.2.34)
Dyv" = 9,v" +F v —wye (4.2.35)
Dye, = duey + FMea +wy ueb. (4.2.36)

6 And, for simplicity, ignoring diffeomorphisms.
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We can explicitly check that they transform covariantly; for example, as we had for the Poincaré
algebra, D, T, should transform only under diffeomorphisms, i.e. we require that

5 (D) = £: (Duy) (4.2.37)
= {9, (Dyty) + 048° (Do) + 948° (Dyty) (4.2.38)

= & (9pm) — " (3T, ) T — ET 2T (42:39)

+0,¢° (BPTV — F:)\VT/\) +9,¢° (ayrp — F;))pTA) . (4.2.40)

By using (4.2.25)—(4.2.28), the é-variation of the covariant derivative may equivalently be expressed in
the following manner,

5 (Dyt) = 9,7, — 8T, 1, — T, 07, (4.2.41)
which, when equated with (4.2.40), produces the same transformation property (4.1.40) for FZ ), that
we found in section 4.1. We now impose the vielbein postulates,

Dyt =0, (4-2.42)
Dyej, = 0. (4-2.43)
“ and w," by using the

identities (4.2.29). In particular, multiplying the first postulate (4.2.42) with v} produces the relation
(*)

—~
ooyt = -T ;}V +e) I’fwez, while the second postulate (4.2.43) can be rearranged to give an expression
for (). This produces the result

These postulates allow us to express the affine connection in terms of wy,

F;)L/ = 7&3}@ +e) (ayef, — wy“beﬁ — wy”ﬂ,) . (4.2.44)

The vielbein postulates also allow for a identification of the curvatures (4.2.21) and (4.2.22) in terms
of the affine connection: the postulates (4.2.42) and (4.2.43) imply that

Ry(H) = ZF'FW] T, (4-2.45)
R, (P) = 2rfm e, (4.2.46)

so they are related to the torsion tensor in the following manner; contracting the curvature (6.4.63)
with e/ and using the geometric identities (4.2.29), we get

RW”eQ = 2F‘[OW] eZeé (4-2.47)
—orf (53 + v%p) (4.2.48)
= Zl“f;w] + o 2rf ) T (4-2.49)
N —
=Ry, (H)
2T} = "Ry (H) +€lR,, " (P) (4.2
S22, = v a Ry . 4.2.50)

We now introduce a new covariant derivative V,, involving only the affine connection F;ﬁw which
means that writing out the first vielbein postulate (4.2.42) using the definition (4.2.33) gives us the
relation

v]/lTV - 0, (4.251)
while antisymmetry of wy”b means that, by the second vielbein postulate (4.2.43), the object i =
5l ey, satisfies

Vuh'* =0,, (4.2.52)

where egs. (4.2.51) and (4.2.52) are the TNC version of metric compatibility. With this new derivative
at hand, we now turn to the identification of the other curvatures. To that end, we begin by computing
the Riemann tensor,

[V, Vol Xp = Ry Xp — 217

(4] V,Xo, (4-2.53)

45
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for an arbitrary one-form Xp, where

Ryo®Xp = =0Ty +0uTly — T, oo + 10,10, (4.2.54)

which, upon using our expression for Fﬁv (4.2.44) as well as the curvatures (4.2.23)—(4.2.24), produces
the result

Ryvo® = efToR " (G) — eoaty Ry ™ (])- (4-2.55)
4.2.4 Extension to Bargmann and the Affine Connection

We now extend the analysis above to the Bargmann algebra (4.2.7) and include the central element N.
We denote the associated gauge connection by m,,, so that

Ay = Hty + Paej, + Gowy," + %Iabwyab + Nmy, (4.2.56)
T = GoA" + % JaA™ + No, (4.2.57)
Fuv =20, A, + [Ay, Ay (4.2.58)
= HRy(H) + PaRy,"(P) + GaR,y*(G) + 5 JusRyo™ (1) + NRw(N).  (4.2:59)

where ¢ is the parameter associated with the N transformation. As N is central, all the results of the
previous section are unchanged; in particular the transformations (4.2.25)—(4.2.28) are the same with
the augmentation

omy, = £gmmy + 0,0 + eyra. (4.2.60)

To make contact with TNC geometry arising in Lifshitz holography as it appears in [23, 24, 29, 33], it
is convenient to introduce a background Stiickelberg field x transforming as

ox =£ex+o, (4.2.61)
and to define
My =my —dux, (4.2.62)

which is invariant under local N transformations. It was shown in [34] that this has the effect of
replacing m, with M, everywhere. It is convenient to define a series of Galilean boost invariant
objects,

. 1
ot = ot — h'YM,, é’;, = ef, - Mye"'t, & =—-v'M,+ Eth”MV' (4.2.63)
W = 6%eley, Ty = Spefel — TuMy — T M. (4-2.64)

These objects are invariant under local Galilean boosts (we will discuss their properties in a holo-
graphic context in section 5.2.4). The quantity ® is closely related to the Newtonian potential when
the space-time is flat [33, 34]; for this reason we shall refer to it as the Newtonian potential. We note
that it represents the component of M, that cannot be boosted away. Now, the next crucial observa-

tion is that the objects (&}, 9", 7, el) form an orthonormal set, i.e. they satisfy the same orthogonality
relations as in (4.2.29); for example we have that

=0
PN
o', =o't — 50 eyt ey =o', = —1. (4.2.65)
The invariant objects further satisfy the following useful relations:
hPhyy, = oy + 0", Mhyy = 21,9, &,6va = hy +297,1, —0'1,+ ey =0, (4.2.606)

The first of these, for example, is derived in the following manner

=0
B ~~
hhpy = eze;, — e egrp M, — 1, Mpefey (4.2.67)
=0y, + (0" — Mph™") T, (4.2.68)

=06, +0"1, (4.2.69)
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where we have used (4.2.29). From the invariant objects we have considered so far, the most general
affine and metric compatible (in the sense of (4.2.51) and (4.2.52)) connection was constructed in [33,
53] and has the form

1

Iy = —vP0,T, + Eh‘” (Bultn + dultyp — dphy) + W, (4.2.70)
1

Wiw = EW (TuKw + Ky + Laww) (4.2.71)

Kpn/ = _Kv‘u/ L/\‘uu = —va\, (4.2.72)

where Ky and L), transform as tensors under diffeomorphisms. The object Wﬁv is known as the
pseudo-contortion tensor in analogy with the object that arises in Riemannian geometry [56]. We now
see that TNC connections (4.2.70) in general have non-vanishing torsion, since for any choice of
pseudo-contortion, we have

ZF?W] T, = 0Ty — Ty,

(4.2.73)
which makes the connection between the clock form and torsion manifest. In summary: for Newton-
Cartan (NC) geometry, the torsion vanishes since 7 is closed, dt = 0, while in twistless torsional
Newton-Cartan (TTNC) geometry, T obeys the Frobenius condition T A dT = 0 implying that the twist
vanishes (see also chapter 5), h?‘phw(ayn — BVT;‘) = 0, and, finally, torsional Newton-Cartan (TNC)

geometry, where no restrictions are imposed on 7. This result is worthy of tabulation:

Table 4.2: The three Newton-Cartan geometries.

Geometry | Constr. on T | Abs. time | Abs. space | Torsion
TNC None NO NO YES
TTNC TtAdt=0 | NO YES YES
NC dr =0 YES YES NO

There exists a unique TNC connection linear in M, given by [34, 120]

_ 1 _ _ _
T = = 0Py Ty + 5 (Ol + Bl — O, (4-2.74)

which, from the perspective of the Noether procedure, is the minimal TNC connection [56]. This
connection is obtained by setting

Kop = 20, M,

0] Lg}w = ZMUa[HTv] — ZMHa[VTa] + ZMVE)[UT”]. (4.2.75)

4.3 TNC GEOMETRY FROM NULL REDUCTION

An alternative route to TNC geometry is through null reduction of a Lorentzian (d + 1)-dimensional
manifold [23, 24, 57, 121, 122]. Consider to this end the following null reduction ansatz for the metric

ds*> = yppdx?dx® = 27, dx" (du — mydx") 4 hydxpdx” (4.3-1)
= 27, dxdu + hy,dxtdx?, (4.3.2)

where A = (u, ) and
hyw = (5abeﬁe€, hyw = hyy — 27(,m,, (4.3.3)

wherea =1,--- ,d. The reduction ansatz (4.3.1) is the most general metric with v,, = 0, and we take
9y to be a Killing vector for this metric, which thus becomes a null Killing vector of y4p. The fields
are T, and ¢}, are the vielbeine of the d-dimensional TNC geometry. The inverse metric is taken to be

AUt =2, M = —pH, MV = (4-3-4)
where
~ 1
® = —omy + SHmym, (4-35)
ot = ol — h"m,, (4-3.6)
W = §%eliel, (43-7)
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where the inverse vielbeine v* and e} are defined via the usual relations (4.2.29). The following
diffeomorphisms preserve the form of the null Killing vector,

u =u—o(x), (4.3.8)
= (). (4.3-9)
Under these, the metric transforms as
;o ax'C ax'P
YAB = %A 9xB YcD, (4.3.10)
SO requiring
Vv = My = 27(,m,, (4.3.11)

the transformation (4.3.10) implies that under the diffeomorphisms (4.3.8)—(4.3.9)
Yuv = ayx/pavx,a’)/po + za( u'o )xm%w (4.3.12)
= Iy, — 20, Pa,x' T( o) +20(,u'9,)x’ "1, (4.3.13)
which, by (4.3.11), implies the transformation properties

ox"" ox""
T, = = "y, = i~ 0,0 (4.3.14)

In this sense, the m, vector transforms as a U(1) connection under shifts of u. As we have seen,
the ansatz (4.3.1) preserves the following (infinitesimal) local tangent space transformations for the
vielbeine

o0t =0, (4.3.15)
ey = TuA" + A”he”i, (4.3.16)
omy = 0,0 + Agey,. (4.3.17)

Similarly, the inverse vielbeine transform according to
Solt = A%, (4.3.18)
dely = A,"el, (4.3-19)

It is occasionally useful to work with the boost invariant vielbeine (see also table 5.2) T, &), and their
inverses o, ¢!/, where

&y = e, —mye’'Ty, (4.3.20)

which does not change the orthogonality relations, i.e.

ote, =0, o', = -1, EZTH =0, ef;éz =P (4.3.21)
Further, the following spatial metric will prove useful
fw = Sanlily 2 = hyy + 207,73 (4.3.22)

Note in particular that this analysis does not impose any constraints on 7. In order to complete this
realization of TNC geometry, we need only introduce the (minimal) connection FZV of (4.2.74). We
will encounter null reduction again in chapter 6 in the context of charged Lifshitz holography.

4.4 THE ENERGY-MOMENTUM TENSOR AND FIELD THEORIES ON TNC BACKGROUNDS

In this section, we consider how non-relativistic field theories couple to TNC geometry. There are
multiple viable approaches, see e.g. [33, 56]; in what follows we will summarize these results and
derive them from null reduction [24, 57]. In this section, we keep the spatial dimension d of the TNC
background general. Given some action S describing a field theory coupled to TNC geometry, the
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energy-momentum tensor is defined as the response to variations with respect to the TNC fields of
(4.2.63)—(4.2.64) and (4.3.22)
. LA Lrr o %
SogS = / d*lx e {—TVTVH(SU” + (o8 TV ) 00h® + 2 (pufiop VT, ) 017 + rﬂﬂécp] :
(4-4.1)

Alternatively, the variation with respect to the unhatted TNC complex can be expressed as
1
SpgS = /d‘”lx e {—7},(50” + ETHV‘SWV + T”(Smy} . (4-4-2)

Using the definitions of the TNC fields (4.2.63)—(4.2.64), the relation between the two sets of responses
reads

T — 0" Ty = Ty + T'my,. (4-43)

It can be shown [24, 57] (see also chapter 6) that the null reduction relates the energy-momentum
tensor TV, and the mass current T}, to the higher dimensional energy-momentum tensor t5 in the
following manner

H = 2OTH — 7T, " = T + KT, (4-4-4)

Note that t**—i.e. the response to varying v,,—is arbitrary since y,;, = 0, so we need not worry about
it. We now proceed to exploit the properties of the higher-dimensional energy-momentum tensor in
order to extract information about the reduced objects. First off, symmetry of #*” implies that t**| =0,
or

—o*TY + h”pTVp +oVTH — hVPTVp =0. (4-4-5)
From this, we obtain what turns out to be the boost and rotation Ward identities,
0= _f’ﬂvw + Tﬂhpgfleﬂpf 0= f’upf’mhMTPv — (o), (4-4.6)

where the first identity is obtained by contracting (4.4.5) with Tl,l%gy and renaming o <+ v, while the
second is obtained by contracting (4.4.5) with /i, / Ax and renaming (o, A) <> (p,v) as well as dummy
indices in the resulting expression. Continuing in this manner, we now consider the implications of
diffeomorphism invariance and tracelessness, i.e. the relations V,T45 = 0 = T4 4. Lowering the
indices of the energy momentum tensor of (4.4.4), one finds the expressions [57]

=200, TH — o', TV, 1Y) =200, T, — 07l TPy + T 0P 0 tpy, =TV, Y, =TW,

(4-4.7)
as well as,
Vathy =3, (eT"), (4-48)
VAtAV — e_lay (eTV],l) + pr (ﬁVaHTp - eZayég) + TUTVa]/lél (449)
thy = —20", TV, + &l TV, + 207, TH. (4-4.10)

These become the U(1), diffeomorphism and z = 2 dilatation Ward identities respectively, something
we will be explicit about in chapter 6, where we will put this analysis to good use in the context of
charged Lifshitz holography.

We briefly remark that it is possible to write the diffeomorphism Ward identity (4.4.9) in a more
TNC covariant form by introducing the Riemann-Cartan connection instead of the minimal connection
(4.2.74) [57, 121]. This connection is given by

~

v . 1 n R
Py = =00ty + 51" (a;,hpv + dphyy — avhyp) + hMK (4.4.11)

where K, = %;Ez;flw, is the extrinsic curvature. The Riemann-Cartan connection obeys a variant of
metric compatibility, namely

Vit =0,  Vuhy,=0,  V,0'=0  V,h"* =0, (4-4.12)
and thus the diffeomorphism Ward identity of (4.4.9) takes the form
Vath, =V, T, + ZIvﬂfyp] ", — ZIV"[JVP] Tf, + 7, T'9,®. (4.4.13)
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4.5 OUTLOOK

In this chapter, we have described TNC geometry and observed how it arises by gauging local algebras.
There are many possible generalizations of this, and many of these have been pursued.

One possible extension involves adding supersymmetry: indeed, in [123] the ' = 2 super-Poincaré
algebra is contracted to obtain the three-dimensional N’ = 2 super-Bargmann algebra which is then
subsequently gauged to construct supersymmetric Newton-Cartan geometry, while in [124], this anal-
ysis was extended to the super-Schrodinger algebra.

Another interesting development would be to gauge the Schrodinger-Virasoro algebra (see [125])
and see what kind of structure would emerge. There has also been some work on non-relativistic
twistor theory using TNC geometry [126-128], and it would be interesting to make a connection to
that.

Recently, TNC gravity was discussed in [129] from the perspective of Schrodinger field theories, and
it would be interesting to work out the relation to HL gravity, since, as mentioned in the introduction,
HL gravity and dynamical TNC geometry are equivalent.

In another direction, TNC geometry provides a natural geometric arena for the study of non-
relativistic phenomena in general: as mentioned in the introduction, (T)TNC geometry has been used
to model the (fractional) quantum Hall effect in [35-37].
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In this chapter, we provide a review of Lifshitz holography for d = 3 as developed in [29, 32].

To whet the reader’s appetite, we begin in section 5.1 with a brief exposition of Lifshitz field theory,
which is of relevance to condensed matter systems. The analysis follows [130].

The rest of the chapter mainly provides a detailed exposition of the results of [29], incorporating
elements from [32, 33, 57]: In section 5.2, we then proceed to develop Lifshitz holography for values of
the dynamical exponent 1 < z < 2. The bulk theory consists of a class of Einstein-Proca-Dilaton (EPD)
models, described in section 5.2.1, which admit pure Lifshitz vacuum solutions, around which we then
consider perturbations and develop the notion of asymptotically locally Lifshitz (AlLif) geometries in
section 5.2.2.

This allows us to identify the sources as the leading components of the bulk fields in a near-
boundary expansion. There is a caveat to this identification; in particular, it turns out that the the
boundary gauge field M, which, roughly speaking, is the source from the Proca field B, appears as
a subleading term in the near-boundary expansion of the time-like bulk vielbein E°. We also demon-
strate how the Lorentz group contracts to the Galilei group under imposition of the AlLif boundary
conditions and show how the sources transform under the contracted Lorentz group.

Having identified the sources of Lifshitz holography, we further investigate their transformation
properties in section 5.2.3 under Stiickelberg gauge transformations and diffeomorphisms preserving
the radial gauge choice of section 5.2.2 (the so called Penrose-Brown-Henneaux (PBH) transforma-
tions), which will give rise to boundary diffeomorphisms and dilatations.

In section 5.2.4, we show how TNC geometry as described in chapter 4 emerges in the context of
Lifshitz holography, and discuss the relation to the Schrodinger algebra.

We then consider the VEVs and Ward identities of Lifshitz holography in section 5.3, and see
how explicit renormalization of the EPD model can be circumvented by assuming the existence of a
counterterm. This allows us to determine general properties of the VEVs and is the topic of section
5.3.1.

We remark that for z = 2, it is possible to obtain Lifshitz geometries by means of a Scherk-Schwarz
reduction of a five-dimensional z = 0 Schrédinger spacetime (which is an example of an AIAdS
spacetime), which makes it possible to study Lifshitz holography by using properties of the more
familiar AdS/CFT correspondence. This analysis is performed in [23, 24] (building on previous work
[107]), and we will have more to say about this approach in chapter 6. In particular, via the reduction
procedure, it is possible to obtain an explicit counterterm action from knowledge of the appropriate
AdS counterterm, which is hugely advantageous.

More generally, renormalization of the EPD model AlLif boundary conditions was considered in
[28]. Note that it is possible to consider Lifshitz holography starting from an Einstein-Proca model
in the bulk [27, 131], and we consider the explicit renormalization of such a model in appendix G
following [27, 96].

Note also that not much is known about the boundary theory; even in the case z = 2, where the
boundary theory is a null reduction of ' = 4 SYM with a 6-term [24], explicit results are lacking.

In section 5.3.2, we define the Hollands-Ishibashi-Marolf (HIM) boundary stress tensor for our
holographic theory. In particular, since energy and mass are no longer equivalent, the analogue of the
familiar energy-momentum tensor in general relativity now consists of two distinct objects: the HIM
stress tensor and the mass current.

Finally, in section 5.3.3, we derive the Ward identities for Lifshitz holography and covariantize them.

5.1 THE QUANTUM LIFSHITZ MODEL

Introduced in [130], the simplest Lifshitz invariant scalar field theory in 2 + 1 dimensions is known
as the quantum Lifshitz model and is governed by the action

S= % / dtd2x ((atgo)2 - KZ(aiaiq))Z) ) (5.1.1)
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which is invariant under global Lifshitz rescalings with z = 2. The corresponding Hamiltonian is
given by
=H
1
H= 5 /dzx {Hz —O—Kz}, (5.1.2)

where IT = ¢. The Hamiltonian (5.1.2) furnishes a field theoretic description of Lifshitz points, arising
in e.g. the description smectic liquid crystals [132]. This model has an intriguing relation to regular
two-dimensional conformal field theory due to detailed balance [130, 133]. This is essentially due to the
fact that the Hamiltonian (5.1.2) can be written in the form

1 ,
H =00, Q= 7 (Kalai(p — iH) , (5.1.3)

where I1is the momentum operator conjugate to ¢, which in the Schrédinger picture is the functional
derivative Il = —i %. Hamiltonians® satisfying detailed balance (i.e. a condition of the form (5.1.3))

have eigenvalues satisfying E > 0, implying that if we can find a state |0) annihilated by Q(x) for all
x, then it is necessarily a ground state; that is to say, the corresponding ground state wave functional
¥olp] = ([9]|0) satisfies Q¥ = O for all x, which is nothing but a first-order functional differential

equation, (ﬁ + Kaiaiq)) ¥o[¢] = 0, which is solved by

Yolg] = \}EQXP [—; /dzx Bi(pBi(p} , Z = /92)[g0] exp [—K/dzx ai(paiq)} . (5.1.4)

The probability of finding the ground state in the field configuration |[¢]) is given by the absolute
square of the overlap,

1 - ,
¥olel|* = Z exXp {_K./ dx ai(/’alq’] , (5.1.5)

from which it follows that VEVs of local operators O[¢(x)] are given by

©10lp()]... Olp(xn)l0) = 5 [ DlglOlg(xu)l--Ololexp | —x [ xdigify),
(5.1.6)

and so we infer that the quantum Lifshitz model is in fact equivalent to a two-dimensional theory of
a free scalar, which is a CFT. This intriguing connection has been used in [135] to compute the ground
state entanglement entropy of the quantum Lifshitz model (see also [136] for more recent results in
that direction). Interestingly, supersymmetric Lifshitz field theories have also been studied, see [137].

5.2 LIFSHITZ HOLOGRAPHY

In this section, we describe general-z Lifshitz holography as developed in [29, 32, 33, 57].

5.2.1 The EPD Model

The bulk theory of our holographic setup is comprised by the Einstein-Proca-dilaton (EPD) model*,
which is a fully relativistic theory. The class of four-dimensional EPD theories are described by the
following family of actions,

S = / dx \/jg (R — [11Z(CI))F2 — %W(CD)BZ _ g(a©)2 . V(@)) ) (5.2.1)

where k is a convenient parameter (it has value three for the model we consider in chapter 6, for
example), and F = dB for the Proca field By, where capital Roman indices M = (r, ) are used
for four-dimensional bulk, and Greek indices p for the boundary. The functions Z(®) and W(®) are

An example of another Hamiltonian of this form is the Rokshar-Kivelson Hamiltonian for the quantum dimer model, see [134].
For the Einstein-Proca models that we consider in appendix G, black brane solutions are not known analytically—these were
instead studied numerically in [138, 139].
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arbitrary positive functions, while the dilatonic potential is negative close to a Lifshitz solution. The
equations of motion take the form:

k 1 1
GuN = 5 [ IMPIND — 5 (0P)*gmn | — 5 V(P)gmn (52.2)

2 2 2

1 p_ln 1 1p2
+52(®)  FupEy" — 7F7gmn | +5W(®) | BuBN — 5B7gmN |,
(5.2.3)
k Moy 1dZ ., 1dW_, dV
=M (V=s9"®) = 1367 * 3065 * 4 (5-2.4)
k MN\ _ N

== (V=8Z(®)F"N) = w(@)BN. (52.5)

To determine the first equation of motion, it is most convenient to vary the action using §,/—g =
—%w/—ggMN(SgMN and & (y/—gR) = GpnogMN, while the other two equations of motion are conve-
niently obtained by using the Euler-Lagrange equations , e.g. for the scalar,

0L _ ,—(1dZ 5 1dW, dV oL M
3~V g<4d<I>F+2d<I>B d<1>> IMF31,D) =kou (V=ga"®), 26

which, upon division by /—g gives the postulated equation of motion. The model (5.2.1) has a broken
U(1) symmetry due to the mass term—this, however, can be remedied by making the following
Stiickelberg decomposition (see [140] for a review of the formalism) of the massive vector,

BM = AM — aME (5.2.7)

Note that B has dimensions of length, while all other fields are dimensionless. The EPD model admits
Lifshitz solutions for z > 1; these take the form

1 1
ds? = ——d + (ar? +dx?+ dy?), (5.2.8)
A
B= T—Zdt, (5.2.9)
O =9, (P, const.), (5.2.10)
as long as
2(z—1 W,
A3 = (z ), =27, Vy=—(P+2z+4), Vi=(za+2b)(z—1), (5.2.11)
ZZO ZO
where
4 W
=70 b= Wy (5.2.12)
where we have defined
Vo=V (D), Vi :=V/(D,), Vo:=V"(d,). (5.2.13)

Note that the last equation in (5.2.11) is a condition on the potential making sure that Lifshitz is a
solution to the family of actions (5.2.1). For the details of this analysis, we refer to [32].

5.2.2  AlLif Boundary Conditions & the Sources

The spatial anisotropy makes the use of vielbeine convenient [27], so we define asymptotically lo-
cally Lifshitz (AlLif) space-times by specifying boundary conditions for the vielbeine. Defining a
holographic radial coordinate » by requiring the metric to be asymptotically (conformally) radial, i.e.

dr 2
ds? = 2 E°E® + 6, E°EP, (5.2.14)
where E? = 0 = E?, and where the function R is analogous to a radial lapse, which is sometimes [27]

set to one—this is known as radial gauge. The benefit of leaving R unfixed was realized in [23]. The
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boundary is located at » = 0. The vielbeine are related to the induced metric vy, on slices of constant
r via
Yuwdxtdx? = —E°E® + 6, E°E?, (5.2.15)
and the boundary conditions for AlLif read
R=0(1), E)=0(%), E,=00""), (z>1). (5.2.16)

These boundary conditions imply that
V—g=0"73). (5.2.17)
For the Proca field, B = B,dr + Bydx/, we have that (as was the case for the pure Lifshitz solution)
B, =0(r?*), (5.2.18)

which can be obtained from an asymptotic analysis of the equations of motion. Now, due to antisym-
metry of the field strength tensor, the equation of motion for the Proca field (5.2.5) implies that

0=ay ( /—gW(cp)BN) — 3, (V=gW(®)B") + 9, (\/—gW(®)B"), (5.2.19)
which is a differential equation for B, in terms of B,—using B, = ¢'"B, = Rr2B,, it takes the form

0= 9, (\/=gW(®)RIB,) + 3, (/—gW(®)B"), (5.2.20)

which we can readily integrate to obtain (remembering our freedom to add an r-independent function

—f(x)),

0= /—gW(®)Rr*B, — f(x) + /O ' dr'o, (\/—gW(®)B") (5.2.21)
S ﬁ];\g(é)R - «fgwlmm /(f dr'dy (v/=gW(®)B). (5:2.22)

In particular, the extra term becomes important in a radial expansion at order r**!, and thus it does
not affect the leading behaviour. We may express the boundary conditions for B, and Eg—eqs. (5.2.18)
and (5.2.16), respectively—by inferring the existence of a function a(x, ) such that,

B, — ocEg =o(r %), (5.2.23)

with « = O(1) near r = 0, and where the Landau symbol o(r~*) means’ that whatever is on the
LHS grows strictly slower than r~*. The role of the function a will be made clear later. The boundary
condition on the dilaton reads

D~ rAgb, A>0, (5.2.24)

where =~ refers to the leading order term in the near-boundary expansion, and ¢(x) is the boundary
value of the dilaton. In particular, in order to find A, we need to solve the equations of motion
(specifically, by considering radial perturbations around the Lifshitz solution (5.2.8)), which requires
us to expand the dilation around ¢ = ®,, and this depends on whether A > 0 or A = 0. Without
loss of generality, we can shift ® and set ®, = 0, which we will do in what follows. In terms of the
quantities introduced above, we impose the following boundary conditions for the vielbeine,

EO ~ p—241/3

w = T Ef ~ },—1“(71/3611 R~ R, (5.2.25)

1 0 ‘w

where ag) and R g are the leading terms of a and R, respectively, which are fixed by the equations
of motion as long as we are in the range 1 < z < 2 (see [32] for details), so from now on we specialize
to this case. Note also that we do not demand (by hand) that 7, be hypersurface orthogonal (HSO)4,

More precisely, f(x) = 0(g(x)) means that for all € > 0 there exists an xg € R such that f(x) < eg(x) for all x > x(. Similarly,
if f(x) = O(g(x)) means that there exists a € > 0 for which you can find an xy € R such that f(x) < g(x) for all x > x. Since
both 0(g(x)) and O(g(x)) are more appropriately viewed as sets, we should strictly speaking write e.g. f(x) € 0(g(x)), but
we'll stick with the notation f(x) = o(g(x)).

That is, orthogonal to leaves of constant time.
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T Adt = 0; rather we let the equations of motion determine it. It turns out that for z > 2, 7, is always
HSO [29]. In particular, this the HSO condition be rewritten as the vanishing of the twist of 7, @ =0,
where

2

0% = (s”””’fyaﬂp)z. (5.2.26)

1
2
In general, one finds that the solution splits up into four branches (details will be given in [32]),
namely

(i):1<z<2and A>0, (ii):1<z<2andA=0, (5.2.27)
(iii):z=2and A >0, (iv):z=2andA=0. (5.2.28)

It turns out that case (iv) splits up into two additional branches: either 7 is HSO, in which case W =
472%/3_1f this is not satisfied, the twist (5.2.26) must instead be given by @? = —2(Z(¢))?/® + 1W(¢),
which becomes a constraint on the source ¢.

We will take « and R to depend on @, so in particular, the leading terms will depend on A. Inverting
(5.2.25), the inverse vielbeine are subject to the boundary conditions,

Eg ~ —rzac(()l)/%“, El ~ m%g)?’eg, (5.2.29)
but since
1=20) = EgEg =o', 0=705= EgE; = —rzfluc(o?/?’vﬂez, (5.2.30)
0=200= EgEg = rlfzoc%g)geyi'y, oy = Ei‘EZ = ezle‘;l, (5.2.31)
we obtain the orthogonality relations,
o't = -1, v”eﬁ =0, egry =0, ege‘; =Jj. (5.2.32)
Further, the relation
o) = EE} + E°E} = —ot'ty, +ele?, (5.2.33)
implies the important completeness relation
ehey = o) + o'z, (5-2.34)

Following the arguments given in [24], we now scrutinize the behaviour of the boundary vielbeine
under local Lorentz transformations (LLTs). Since z > 1, the boundary conditions (5.2.16) imply that
the time-like vielbein diverges faster than the space-like vielbeine, which means that the local light
cones flatten out, and so the Lorentz group contracts to the Galilei group; in other words: r — oo
corresponds to sending the speed of light to infinity, which, as we have seen, contracts the Lorentz
group to the Galilean group. To this end, we start by considering the transformation properties of
the bulk vielbeine under LLTs; specifically we consider SO(2,1) transformations leaving the radial
direction invariant. For such transformations, we may write

ES = A% EY +A°  ED, (5.2.35)

ES = A" EY + A EL. (5.2.36)

Now, for generic frame indices (g, b, ¢, d)—which includes time—the defining property for Lorentz
transformations, 77,,A* EAQ 4 = led, leads to

~AP AL AT A = 1, (5.2.37)

~AY AL A AY =0, (5.2.38)

—A° H,AO p + 0 A" a/Ah by = Oarpy- (5.2.39)

The Lorentz transformed boundary conditions take the form,

0~ ,—2z,1/31 a . .—1.,-1/3 a
E, ~r &0y Tur E, ~r ) s (5.2.40)
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since neither r nor & (g) transforms. By comparing powers of r, the above together with the transfor-
mations (5.2.35)—(5.2.36) imply that

0 .~ AO 0 1 -z 2/3
Ao =Nopr A %0 Mo

but the constraints (5.2.37)—(5.2.39) imply that, for example

» A"y ~ 7’2_1“(_(%/3/\?0)0” A, =~ A‘(lo)ﬂ,, (5.2.41)

A(()O)O’A(()O)O’ + ‘Sabrz(z_l)A‘(ZO)O/Al(JO)o/ =-1 (5.2.42)

Since z > 1, we can discard the second term altogether, which makes A‘(‘O)O, a set of two free

parameters—implying that
0 0 —
Moo oo =1 (5.2.43)
prompting us to choose
A(O) =1, (5.2.44)
so that we may recover the identity. Similar considerations lead us to conclude that
Ay =0, (5.2.45)
JahA’(lO)u,Al(’O)b, = . (5.2.46)

These findings agree with those obtained in [24] when setting z = 2. This, in conjunction with the
transformation of the time-like bulk vielbein (5.2.35), means that

T, =1, (5.2.47)
while the transformation of the spatial bulk vielbein (5.2.36) implies that
e = A?O)O,eg + A?O)a,e;‘,. (5.2.48)

The transformations Af,, and A?O)b correspond to local Galilean boosts and local rotations, respec-

tively (and will collectively be denoted as local Galilean transformations: LGTs). In order to obtain the
infinitesimal versions of these local tangent space transformations, we define

Afpyy = €A + O(?), (5-2.49)
A‘(’O)b =00 +eA, + O(?). (5.2.50)
With these, we can summarize our findings above as
oty =0, (5.2.51)
oey = ATy + A" bef,. (5.2.52)

where we have used 7, = T;, in the second line. To determine the transformation properties of the
inverse vielbeine, we use the orthogonality relations (5.2.32), i.e.

- =0
=1 s
0= 4(ve),) = €, 00" + vl'dey, = ;00" + Aol +A", Ve, (5.2.53)
i.e5 dvt = A%, since eb i = 0;—which we will now vary to get
=0 :)\ab
H H K a a s, M a ,H Hoa P
0= (e, ey,) = e,0e;, + e, 0e, = eyde, + A ey T + e ey Ay, (5.2.54)
which, by the same reasoning, means that (SEZ = —Ab aey Ap” eb , where we used antisymmetry of the
infinitesimal SO(2) rotations. To sum up our findings:
Svl = \ely, (5.2.55)
dell = Ay beg. (5.2.56)

5 Note that this is compatible with 0 = §(v/1,,) = 7,60" since 7€} = 0.
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Now, all terms in the near-boundary expansion of the metric (5.2.14) should be invariant under

Galilean transformations when expressed in terms of the boundary vielbeine; in particular, at order
-2

r—<, we get

o(r2): “(_0%/35%333]; +eey, (5.2.57)

with the dots denoting the contributions from the expansion of EEJ. Galilean invariance of the whole
expression implies Galilean invariance of each order in r, but the first term of (5.2.57) is not invariant,
since by the transformation (5.2.52)

) (el‘;eﬁ) = AaTyel, + )\aTve‘;. (5.2.58)

From this we infer the existence of a term coming from Eg EY, the role of which is to make the whole
expression invariant—we can engineer such a term by demanding

EQ = r—za%f ot TZ_ZDC(_O%XV, (5.2.59)
and so the complete term at order r~2 is
O 2): a(—(ﬁ/3 (5ab€f¢€£ — T Xy — TVXV) , (5.2.60)

where invariance implies that under local Galilean transformations, Xy transforms as
0Xy = €. (5.2.61)

Now, since such an objec’c6 cannot be constructed from the boundary vielbein sources 7, and eﬁ, there
must exist a boundary vector field M, such that

Xy =My, + 1, (5.2.62)

where [, is invariant under LGTs, and we assume without loss of generality” that I, = Ity for [ a
scalar. For the time-like bulk vielbein we may consequently write

EQ = ralfP g (My + 1) (5.263)

For the massive vector, which is Galilean boost invariant at each order of r, we may write (the choice
of coefficients harks back to the relation for the Proca field (5.2.23) and will be justified shortly)

B, = r_zzx%;ry o 4 (5.2.64)

where I is another scalar. We are now ready to make more explicit the relation (5.2.23): for a function
« of the form

&= agq) + rzz*zzx(o) (I-I)+..., (5.2.65)
we get an explicit version of (5.2.23)
By — a(P)E) ~ —r* M, (5.2.66)

Contracting with the bulk vielbeine, we find that the following leading behaviour of the frame com-
ponents of the Proca field,

By=E\B,=0(1), B,=E'B,=0(""), (5.2.67)

where we have used (5.2.66) as well as the boundary conditions (5.2.16). Combining these results, we
find for the Proca field

B' = E}B" + E B = O(r%), (5.2.68)

6 That is, an object transforming as in (5.2.61).
7 That is, without affecting the properties of the new source M.
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and thus, by the relation for B, (5.2.22), since 72\}% = O(r**!) and [; dr'9, (/—gW(P)BH) = O(r2),
we get
B, = O(r* 1), (5.2.69)

Now, returning the Stiickelberg decomposition of By, (5.2.7), the expression (5.2.66) allows us to do
the same for My,

M, = 1ty — 0uX, (5.2.70)
provided that
z—2

0,8 ~ —rzfzayx, or &~ —r* " “y. (5.2.71)

This can always be done since the Stiickelberg scalar is unphysical and thus we can impose any
boundary condition we like. For the radial component of the Proca field, (5.2.69) implies

B, = A, —0,E = O(rz—l), (5.2.72)

but the scaling of the Stiickelberg scalar Z (5.2.71) implies that 9,E ~ —(z — 2)r*~3, so the only way
the leading behaviour of B, can be O(r*1) is if

Ar = —(z—2)r" 7y, (5.2.73)

such that it cancels in (5.2.71). For the other components of A, the definition of the source M, (5.2.66)
gives us

Ay — B — a(®@)Ey ~ —r* 7% (1 — 9ef) , (5-2.74)

(
LAy — tx(d))Eg ~ —rz_zrhy (5.2.75)

where we have used the scaling of the Stiickelberg field (5.2.71).

5.2.3 More Local Transformations of the Sources

So far, we have seen how the sources behave under local Galilean boosts and rotations. Another local
transformation arises as a consequence of working with the Sttickelberg field Z: this results in a local
U(1) symmetry, which acts on Ay and E as

SAM = dpmA, SE=A, (5.2.76)
but in order to preserve the boundary conditions (5.2.73) and (5.2.71), we take
A~ —r* 2. (5.2.77)

In turn, by the definitions of x and 7, in (5.2.71) and (5.2.75), respectively, this implies that under
local U(1) transformations, the sources 1y, and x transform as

oy =duo, dx =o. (5.2.78)

There is another class of local symmetries, namely bulk diffeomorphisms preserving the conformally
radial gauge choice of (5.2.14). These are the PBH transformations, which we now describe. Requiring
that Rgyn remains in radial gauge after acting on with a diffeomorphism amounts to the statement

6 (Rgrr) =0, (5.2.79)
where
5 (Rgmn) = £7 (RgmN) , (5.2.80)
where ( is the bulk vector generating PBH transformations. The condition (5.2.79) implies that
£z (Rgmn) = TMOwmgrr + 20,0 g (5.2.81)
= —2?%3 + %argr =0, (5.2.82)
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so solving the resulting differential equation (" = r9,(" gives us {" = —rAp for some arbitrary func-
tion® Ap(x) of the boundary coordinates®. It can be shown [33] that the general behaviour of the
generator of PBH transformations ¢* is {# = &* + O(r?) by considering non-constant Ap. Summariz-
ing our results, we have found that

'=—rAp, '=72"+ (9(1’2). (5.2.83)

The PBH diffeomorphisms generated by {M act on all bulk fields, and by applying the result (5.2.83),
we are able to obtain the transformation properties of the sources. Acting on EY, for example, with
PBH diffeomorphisms gives us

£¢E) = {MOME] + E0,l" = 79,E)) + £:E), (5.2.84)
= —rApoE), + £:E, (5.2.85)
= zApEj + £:Ej, (5.2.86)

where we note how the sign and the factor of r works out nicely in the last equality and makes
explicit how Ap corresponds to dilatations. The complete behaviour of 7, under local transformations
consequently works out to be:

0ty = £¢Ty + zApTy- (5.2.87)

Repeating this exercise for all the other sources, we obtain

def, = £zef + AT, + A° el + Apel. (5.2.88)
OMy = £:My +e,Aa + (2 —2)ApMy, (5.2.89)
O0x =£ex +0+(2—z)Apx, (5.2.90)
oot = £g0l + A%ell — zApot, (5.2.91)
dely = £zel + A, Vel — Ap, (5-2.92)
OMa = £2My + Ay "My, + Aq + (1 — 2) Ap Mg, (5.2.93)
0¢ = £z¢ — AAp¢, (5.2.94)

where M, = eg My, In the above, A” corresponds to Galilean boosts (occasionally known as Milne
boosts, see e.g. [141]) (G), Al to spatial rotations (J), Ap to dilatations (D) and o, at last, corre-
sponds to Stiickelberg gauge transformations (N). The transformations (6.3.29)—(6.3.34) are similar to
(4.2.25)—(4.2.26) and (4.2.60), (4.2.61), except they have some additional structure. This is due to the fact
that G, ], D, N realize a Schrodinger algebra (see [34]), which is a conformal extension the Bargmann
algebra that we discussed in chapter 4. The transformation of i, will also be required and is found
by using the definition 71, = M, + 9, x:

ory = SMy, +9ydx (5.2.95)
= £e(y — Yek) + egra + (2= 2) Ap (1t — k) + DukEgX) + 00 + (2 — 2) [Apdsx + X9uAp)

(5.2.96)

= £ty + € Aa + (z — 2) Apiity + 0y + (2 — 2) X0 Ap. (5.2.97)

We can collect our findings regarding sources and their scaling dimensions (dilatation weights w,
which—due to the sign in (5.2.83)—is defined via ApX = —wX) in the table below:

Table 5.1: Sources and their scaling dimensions. Note that the sets (7, e},) and (0#,el) are not independent, one
must choose to work with one of them.

source ¢ | T | e | OF el | g My, X

scalingdim. | A | —z | =1 |z |1 |2z—-2|z—-1|2z-2

When counting the number of components of the sources, we must choose to work with either
(Tu €y) or (v#,el). Choosing one of these, we count a total of 14 components’®. The local transfor-
mations of the sources provide additional constraints reducing the number of free sources. The total

8 Which we will later identify to correspond to dilatations.
9 Note that the sign in the identification {* = —rAp is arbitrary. Refs. [29, 33] use—as we do—the convention of (5.2.83), while
ref. [32] uses a plus. It does of course not change anything.
10 The specific countingis ¢ : 1,7, : 3, eﬁ 16,1 1 1,11, : 2, x : 1, which adds up to 14.
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number of symmetry parameters is'" 8, resulting in a total of 14 — 8 = 6 free sources; at least as long
as we're in the range 1 < z < 2. For z = 2, there is an additional constraint (as described just below
(5.2.28)), which consequently reduces the number of free sources to 5. Before turning to the identifica-
tion of the VEVs corresponding to the sources of table 5.1, we discuss the boundary geometry of our
holographic setup.

5.2.4 Emergence of TNC Geometry & Schrodinger Symmetry

In this section, we demonstrate the emergence of TNC geometry of chapter 4 as the boundary geom-

etry, following [29, 33, 34].
From the sources we derived in section 5.2.2, we can construct a series of boost invariant objects'*,

. 1
ot = ot — h'YM,, é’;, = eZ - Mye"'t, O =—0'M,+ §hWMMMV' (5.2.98)
W = 5%l by = 5ube:,efj —TuMy — T, M, (5.2.99)

These are entirely equivalent to (4.2.63)—(4.2.64). These objects are all invariant under (G, N) and
nearly all of them are also invariant under J; for example, the (G, J, N)-transformation’> of 9* reads,

SoM = Sot — 57 (Mbée,}; + egéMb) (5.2.101)
— ATl g (Mb/\u el + el (A, M, + Ab)) (5.2.102)
= M7, %el! + el A" M, (5.2.103)
= MyA% el + e A% M, (5.2.104)
=0, (5.2.105)

where we have used that infinitesimal rotations are anti-symmetric'4,
A% = _p\be, (5.2.106)

By these invariant objects, we mean quantities of specific dilatation weight invariant under certain
symmetries.

Table 5.2: Newton-Cartan complexes and associated invariance. If a quantity is invariant under e.g. G transfor-
mations, this will be marked with a “v'” in the corresponding column, while a quantity not invariant
under a given transformation will have a “X” in the corresponding column.

Inv.Obj. | G | ] | N | Scaling Dim.
ot z

&y X -1

o 2z -2

Ty -z

LY 2

BV 2

Ty —2

11 This time, the explicit counting is ¢# : 3,A% : 2, A1, Ap i 1,0 : 1, which adds up to 8. Note that antisymmetry of rotations

implies that it only has a single free parameter.

12 Note that in contradistinction to chapter 6, the N-invariant objects in (5.2.98)—(5.2.99) will not have a subscript (x) indicating

invariance in this chapter. We hope that this inter-chapter change of notation will not confuse the reader.

13 In our calculations, we use that the (G, ], N)-transformations of the fields involved are as follows:

6vf = A%el, M, = A, "My + A, O =7, 0. (5.2.100)

14 This follows from the defining property, RTR = 1. An infinitesimal rotation R = 1 + w then satisfies 1 + w” +w = 1, implying,

as claimed, that wT = —w.
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We now explicitly verify the statements made in table 5.2.

=0

5G]Né;14 = (SG]Ne”;, — :SZ]/Z\F;M” — T dgyNnM* (5.2.107)
= Ma + A" hefl - Ty (A”be —|—)/) . (5.2.108)

Similarly,
SIN® = =M, b not — 'S nMy — Mg inMa (5.2.109)

=0
= AN — ;{‘Zi)tu + M (/'\a be +%) (5.2.110)
= A" M, M, ¢35.2:106) 0. (5.2.111)
And

dgnht" = e};/\bce? +eh A% =0, (5.2.112)

where we have used the property (5.2.106). Finally, we have

SNy = Sap (€Z5G]N€5 + e%cme’f,) — TudgINMy — TN My (5.2.113)

:W+ e,‘i)\acef, +/T,,e%+ efﬂ/\bce;, —%—;ﬁ%: 0. (5.2.114)

Further, we have already shown in the geometric relations (5.2.32) and (5.2.34) that these objects
share the properties of the TNC fields (cf. (4.2.29)). From the sources, we can again build the (minimal)
affine connection of (4.2.74), providing a full realization of TNC geometry on the boundary.

Note that for z > 2, and for many cases with z = 2 (case (iv) of (5.2.28) with 7, HSO), the boundary
is described by TTNC geometry. In this case, we can apply a local dilatation to make 7 closed, turning
TTNC into a local NC geometry. The TTNC torsion can thus be ascribed to the dilatation invariance.

Now, the sources of table 5.1 transform under sch,(2,1), i.e. the (2 + 1)-dimensional Schrédinger
algebra with critical exponent z, as we already remarked in section 5.2.3. This is entirely analogous
to the Galilean and Bargmannn structures considered in section 4.2.2; in particular, mimicking the
approach taken when gauging the Galilean group in section 4.2.3, we can write the transformations
of the sources (6.3.29)—(6.3.34) under H, P, G, J,N, D as

0Ay = £z A + 0T+ [Ay, X, (5.2.115)

where A, ¥ € sch,(2,1) with the expressions

1
Ay =Ht, + Pan + Gawy" + Efahwy”‘b + Nmy, + Dby, (5.2.116)
1
L =GaA"+ 5 JwA® + No + DAp, (5.2.117)

which differs from the Bargmann algebra only in the addition of dilatations D with corresponding
connection by,. The commutation relations of sch,(2,1) read

[D/H] = —zH, [D/Pa] =D, [D, Ga] = (Z_ 1)Gar [D,N] = (Z_Z)Nr [H/ Ga] =P,
(5.2.118)

[Pa, Gb] = 6apN,  [Jap, Ge] = 20¢(aGp), Javs Pel = 20c1aPy),  Jabs Jea) = 40(aa) o) (5.2.119)

Note that 71, = m, — (z — 2)xb,, where y is the Stiickelberg field. Thus, the boundary geometry for
arbitrary z can be obtained by gauging sch,(2,1) (with the inclusion of the Stiickelberg field yx, just
like in section 4.2.4). This is done by following the gauging procedure that we described in chapter
4, and was considered in™ [34]. Finally, we remark that when z = 2, and the boundary geometry
is TTNC, there is an additional special conformal transformation K contained in sch,(2,1) that we
need to take into account when writing down the gauge connection (5.2.116) [34]—see also chapter 6,
where we carry out this procedure explicitly.

The approach of [34] differs slightly from the approach we follow in this work. In [34], the behaviour under H, P transformations
is inferred via the imposition of curvature constraints rather than by introducing the 5-transformation.
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5.2.5 Bulk Metric AlILif Boundary Conditions Revisited

The analyses of the preceding sections allow us to recast the boundary conditions of section 5.2.2 in
terms of the metric and the Proca field. Using (5.2.14) with (5.2.25) and (5.2.63), we find that

from EVE0 from E°E,
d 2
ds? = Rijfz — 0‘%6)3}’_2ZTMTdedeV 4= 7_7-0((70%/3 |:2T(MMI/) + ITyTv} dafdx’ + ...+ r—Za(T)g/Banewdxydxy +..
(5.2.120)
dr? ~
- Rijfz - “%({)BrizzTﬂTdeydxv +- Dé(z)ﬁ/?’r*z (hyv + Ity T,) dxtdx’ + .., (5.2.121)

while for the Proca field, a similar computation reveals that

B = B,dr + a‘(lé)“o’rfzrydxy o P 2 g dat (5.2.122)

5.3 VEVS AND COVARIANT WARD IDENTITIES IN LIFSHITZ HOLOGRAPHY

In this section, we continue our investigation of Lifshitz holography focussing on the VEVs and their
Ward identities. The analysis is based on [29], but contains more details.

5.3.1 VEVs & Circumvention of Renormalization

We now want to consider the vevs associated with our sources. In principle, we really need the
renormalized on-shell action, which would require us to holographically renormalize the EPD model
with the Lifshitz solution. However, we can apply general arguments to find the leading behaviour
of the VEVs. In particular, as was our modus operandi when doing holographic renormalization in
chapter 2, we know that the on-shell action on a radial hypersurface can be written as

S :/2 d*x /=L, (5.3.1)
where
NET - oc(_oﬁmr_z_ze. (5.3.2)

and & is a function of the bulk data, which will become the sources on the boundary. This bulk data
(cf. section 5.2.3) we take to be

X - {E}‘r EZII (DI Aﬂ/ Er 90}1 (533)

where we have defined ¢ = EJ (Ay - (x(CD)Eg), which is intimately connected with the new source
11, We note that

¢ =0(r*72). (5:3.4)
Now, write
VAL =Y ey 772, (5.3.5)

where e = det (Ty, e]ﬁ) = /—7. The holographic renormalization procedure, as we have seen, removes

all divergent terms'®, that is, terms ~ r* for # < 0. On the other hand, terms with ¢ where 0>0
can be ignored, since they will play no role on the boundary. Thus, the term with scaling weight
w = z + 2 is precisely what determines the renormalized on-shell action. By the same token, varying
the on-shell action, we get

5Sren = /Z d3x e |:V5X - -’45::| ’ (5-3'6)

16 Asr — 0.
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where we have included the rx(ol)/ 31’_2_2—dependence (coming from /—7, cf. (5.3.2)) in the “VEV com-

plex” V; we will have to take this into account later when determining the near-boundary behaviour
of the VEVs. The VEV complex consists of the responses

V= {808 Te, T% T2, Ty}, (53.7)

1 55Ren

e oEl Since the variation of

which arise when varying with respect to the bulk data (5.3.3), e.g. Sy =

the action (5.3.6) is finite by construction, we must demand that, for example, the combination
S)OE} (5.3.8)

/ 3r~2-2_dependence from the metric determinant in the

does not depend on r, so including the ofol
response and using the relation for the near-boundary behaviour of the bulk fields (5.2.29), we find

that the combination

DC(_OZ)/31’_Z_2+282 (539)
should not depend on r and x(0); that is,
82 ~ rza%fsg, (5.3.10)

where 52 is the VEV corresponding to ¢,. Repeating this analysis for Ej and again using (5.2.29), we
find that

r*Z*ZHS;f (5.3.11)
should be independent of r, and so
S =~ rZHSZ, (5.3.12)

where rZ“SI‘ﬁ is the vev corresponding to e} . Continuing this process, we reproduce the results of [29]:

Ty =~ r4fza%)3TO, T~ 3T, Tg~ r4a%g)3 (Oy), To =~ r”Z*Aa%é)?’ (Op), A~ r”zoc%f’A(o).

(53.13)

This means that we can write the variation of the on-shell action as (on the boundary, i.e. on 2y = dM)
6Sren = /a » d3xe (—sgcsvﬂ + Sl + T8y + T*61g + (Oy) Sx + (Op) 5 — A(O)(S:> .
(5-3.14)

Since the responses were explicitly constructed such that all factors of r and «(g) drop out, the expres-
sion for dSren in (5.3.14) follows immediately—except for the terms involving 7. We now show how
they come about: by (5.2.75), we have

Todp =~ TOeh 11, = TS (5:3.15)

Also by (5.2.75), EgEf; = 0 implies A, ~ —72"2171,, and so

TSA, ~ T 51m,. (5.3.16)

Finally, the vev corresponding to ¢ requires additional terms when A = 0 (we indicate this by a tilde
on the VEV)

dloga g
dp

where the extra contributions for A = 0 come from factors of a()(¢) in the leading behaviour of the

sources. Also note that for 7, HSO (i.e. for TINC), it can be shown that (Oy) = 0; this is due to the
presence of an extra constraint, and in the upliftable case (see [23, 24] and chapter 6) can be traced
back to the FG expansion in the higher-dimensional theory.

. 1 N1 )
(Og) = (Ogp) + a0 {30” (52 + Tomy) + geg (5; + T“my)} (5.3.17)
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We now turn our attention to the behaviour of the VEVs under local transformations: being ten-
sors defined on the boundary, we infer that they transform under the PBH transformations that we
considered in section 5.2.3. The radial PBH transformation—corresponding to dilatations—implies a
dilatation weight of the vevs corresponding to the power of r in the near-horizon expansions of the
corresponding responses of (5.3.13). All in all, one finds'” [29, 32]

385 = =T 9,0 —2ApSY +..., 68, = A"S) + A*},Sh — T°9,0 — (z+ 1)ApSi + ...,

(5.3.18)
6T = (z—4)ApT° +..., OT" = A"T0 + A, T" —3ApT" +..., (5.3.19)
dlogu )

(5.3.20)

where dots denote Lie derivatives along ¢* and possibly derivatives of Ap. We note that the VEVs
also transform under the Schrodinger group, just like the sources.

5.3.2  Boundary Energy-Momentum Tensor and Mass Current

The HIM stress-tensor, which was introduced in [142], is relevant when additional non-scalar fields
are present in the bulk model. Following [142], we proceed to define

eT]le _ e}l 55Rer1 4t 55Ren

a dev 50} (5.3.21)
=e (Sﬁef{ - SSU") . (5.3.22)
However, under local Stiickelberg gauge transformations (N), this is not invariant, since
=0 =0
- ' /\7 0 0 —~
oNT", = ehoNS] + S) Snel —v'onS) — S) oo (5.3.23)
= T"9,0¢; — v”Toaﬂa. (5.3-24)

However, we can define an “improved” HIM tensor which is invariant under the full Schrodinger
group by noting that yx = o, implying that the gauge invariant extension of (5.3.24) is

T, = (8% + Ty x) el — (SS + TOan) ok, (5.3.25)

Being built of e.g. S% and v*, we infer that T, has scaling dimension z + 2, making it marginal
for two spatial dimensions. The vielbein projections of T*, become the energy density (T*,7,0"),
momentum flux (T#,T,ey), energy flux THyev” as well as stress (T#yeje;); the mass density is given
by T° = Tt1,, while the mass flux is T% = T#ey. These quantities appear also in e.g. [26, 27]. We
summarize our findings in table 5.3 below.

Table 5.3: Tangent space projections of T#, and T* with associated scaling weights. Quantities in parentheses
denote the corresponding symbol in [26].

VEV THyo” (E) | T'ytuey (Pa) | THoev” (E7) | THyegep (I1%) | V7 (p) | Tey (0%)

scaling dim. | z 42 3 2z+1 z+2 4—z 3

5.3.3 Ward Identities

The Ward identities are obtained by demanding invariance of (5.3.14) under the transformations
(6.3.29)-(6.3.34). The derivation of the Ward identities will, it turns out, depend on which of the four
cases of (5.2.28) we consider, but the final result will not change [29, 32].

The boost Ward identity, for example, is obtained by replacing the variations in (5.3.14) by their
corresponding transformations under Galilean boosts. The only sources transforming under boosts
are v¥,1f1, and 1i1,, where the boost transformation properties of the two last follow from (5.2.97), i.e.

=0 :Abe#b
. N M U ~ -
Oty = 0 (1yey) = 11y dgey +eq Oghity = Ag, (5.3.26)

17 Note the typo in [29] where all Jy transformations, i.e. those involving ¢, of the VEVs have the wrong sign.
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as well as
— e =0, since v¥e,;=0
//\” —~
dgiig = o (—vtmy) = —iy dgot —ol Abe},b = —A%m,, (5.3.27)
which means that
0 = 65Sren = / dx e [—sgef; — T%1, + 6, T8 A7, (5.3.28)
that is to say, the boost Ward identity is
—Sgeg — T, + (5,ZbTb =0. (5.3.29)

Now, this result can be covariantized, by which we mean a rewriting of the result above involving the
boost invariant quantities of (5.2.98)—(5.2.99). First, observe that

e T = (eft — (my — avx)e"”'ry) (—Tov” + Tbeg) (5.3.30)
= —T°(i, — dyx)e" + T°, (5-3-31)
where we have used the orthogonality property Tyey . Next, note that
—1,e" TV, = —1eM [—(sg + T09,x)0" + (S5, + T’layx)eg} (5.3.32)
= -8, —T%,x, (5:333)
and thus the boost Ward identity (5.3.29) can be expressed covariantly in the form
e T = 1" TH,. (5-3-34)

Repeating the procedure, we see that that the rotation Ward identity—appropriately antisymmetrized
(due to antisymmetry of A,,)—reads

Sﬁe"b + T — (a <> b) = 0. (5.3.35)
Multiplying with 71’ and antisymmetrizing, we get the relation
Sgey[an“fzb] = Tlombl, (5.3.36)

which means that the naive rotation Ward identity (5.3.35) can be recast in the form

SL”e”b] + Sge”[“nﬁb] =0. (5.3.37)
Now, consider the combination
e TY ), = (ef — MpeP ;) e (—(52 + T, x)0" + (S5 + Tcayx)eo (5.3-38)
= e}‘bel + e”bT”BWC - nﬁpeP“e’*bsg - mpeP“e”bToayx - ap)(ep”ef‘bTOa;,X + ap)(epae”ng,
(5.3:39)

where we immediately note that the next-to-last term (in red) is symmetric and so vanishes upon
antisymmetrization, and hence

ey, = erlbs] — gilerls) 19, x (e”bT” — elbT0 4 e”“epbsg) (5.3.40)
—ux (eV“Tb A e”bef’“sg) (5.3.41)

= e”[bS‘:,] - rh[“e}‘b]Sg +0ux (e”bT” — %0 — eﬂbeﬂﬂsg) (5.3.42)

—dux (eV”Tb — mPletiTO — e”“epb82> (5.3.43)

= e’*[bSﬁ] - nﬁ[’”e”b]sg + ay)(e“b (T“ — T — 69”52) (5.3-44)

— dyxet” (Tb —mbT0 — ePbSB) (5.3.45)

= e’*[bSZ] - nﬁ[’”e”b]sg (5.3.46)

= orltss) 1 gilberel s, (5.3-47)
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where we have used the boost Ward identity in the form (5.3.29). Combining our findings, we conclude
that the rotation Ward identity is covariantly expressed as

0 = et (5.3.48)

Repeating this procedure, we find that the rest of the Ward identities become [29]

(Oy) = eilay(eT”) (gauge transformations), (5.3.49)
Aoy = =201, T, + &je; TF, +2(z = 1)@, T#  (dilatations), (5.3-50)

0:v¢wv+m@mwx—zqﬂﬂy—TwynM¢+gT@xb (diffeomorphisms),
(5.3.51)

where DVM“ = E)yM” — wH” — wV“be . Note the similarity to the Ward identities derived from null
reduction in (4.4.8)—(4.4.10) when setting z = 2.

5.4 OUTLOOK

Many interesting avenues for future research into Lifshitz holography exist. Studying holographic
entanglement entropy in the context of Lifshitz spacetimes is an interesting unsolved problem, con-
sidered in [143, 144] (also considered recently from a field theory perspective in [145, 146]). There are
also potentially very interesting ties between Lifshitz holography and Hotfava-Lifshitz (HL) gravity: it
was shown in [53] that dynamical NC geometry is equivalent to HL gravity, and since NC geometry
plays a prominent role in Lifshitz holography, it would be exciting to explore the role of HL gravity
in Lifshitz holography.

In a similar spirit, having a dynamical NC bulk (i.e. a HL bulk) would an extremely interesting
generalization; something that was suggested from the perspective of HL gravity in [147]. It would be
extremely interesting to develop upon these results given new knowledge that HL gravity is the same
as dynamical TNC geometry and explore the general role TNC geometry plays in such holographic
setups. In many ways, starting from HL gravity is more natural, and we hope to report on such an
analysis in the future.

Furthermore, studying holographic Lifshitz hydrodynamics is also worthwhile; this was done in
[148, 149] as well as in [57]. More generally, studying non-relativistic fluid dynamics independently
from holography using TNC geometry is the topic of an upcoming paper [150].
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In this chapter, we develop charged Lifshitz holography for z = 2, building on the insights from the
last chapter. The bulk action consists of a generalization of the EPD model considered in chapter s5:
an EPD-Maxwell-scalar model, which is related to the EMD model (3.2.1) we renormalized in chapter
3 via Scherk-Schwarz reduction; consequently we will refer to this EMD model as the electromagnetic
uplift. As we will show, the new sources transform, perhaps not entirely unexpectedly, as the fields
of Galilean Electrodynamics (GED), and while there is some freedom in defining the sources, we
find that there is a natural choice respecting the symmetries. We also show that with this choice, the
(integrated) Weyl anomaly becomes Hotava-Lifshitz (HL) gravity coupled to GED. This generalizes
the observation made in [24, 107] that the Weyl anomaly in pure z = 2 Lifshitz holography is related
to HL gravity.

The analysis is a novel extension of the approach taken in [23, 24], and the findings of this chapter,
along with those of chapter 3, will be the subject of [41], to appear.

We begin with an introduction to GED in section 6.1, where we discuss the relation to previous
work and show in section 6.1.2 it may be obtained as a null reduction of “ordinary” electromagnetism.
In this section, we also provide dictionary between the notation used in this work and that used in
previous literature. In section 6.1.3, we provide a new dimensional analysis of GED on anisotropic
backgrounds.

In section 6.2, we discuss the Scherk-Schwarz reduction of the five-dimensional electromagnetic
uplift. We begin our exposition with a recount of the uplift as used in previous work [23, 24, 57] and
show how this leads to a specific EPD model. A detailed derivation of this is presented in appendix
H. In section 6.2.2 we discuss the additional subtleties involved with the extra Maxwell field and
present the full result of the Scherk-Schwarz reduction of the electromagnetic uplift. We then vary the
resulting new action in section 6.2.3 and determine all equations of motion as well as the responses.
Finally, in section 6.2.4, we demonstrate how the z = 2 Lifshitz solution in the dimensionally reduced
model is related to a z = 0 Schrodinger geometry, which is asymptotically AdS.

We then turn our attention to the sources in section 6.3. We define all sources in section 6.3.1
and discuss the properties of the new sources; in particular we find that the new sources appear
as subleading terms in the near-boundary expansion of the bulk U(1) gauge field. This is entirely
analogous to the source 1, which also appears as a subleading term in the expansion of the time-like
bulk vielbein. In section 6.3.2, we first recall how the known sources transform before we proceed
to derive the novel transformation properties of the new sources under all local transformations and
demonstrate that they transform as GED fields, which were discussed in section 6.1.2.

In section 6.4, we discuss the boundary geometry of our model. In particular, we show that the
Scherk-Schwarz reduction employed in section 6.2 becomes null on the boundary, which, as demon-
strated in section 4.3, directly leads to TNC geometry. Building on our considerations in chapter 4,
we discuss the relation to the gauging of the Schrodinger algebra for z = 2, schy(2,1), which we
show leads to TTNC geometry, since the imposition of certain curvature constraints forces 7, to be
HSO. The discussion is based [34, 53]. In order to obtain TNC, we must add torsion by hand. We also
discuss the Stiickelberg symmetry of the central charge.

As advertised, the reduced anomaly takes the form of a Lagrangian describing Hofava-Lifshitz
gravity coupled to GED, as we demonstrate in section 6.5. In order to obtain this result, we—following
[24]—make a few simplifying assumptions, namely we consider the less general case of NC boundary
geometry, where the torsion vanishes, and set the Stiickelberg field to zero.

In order to make the connection between the electromagnetic uplift and the reduced model man-
ifest, we determine the near-boundary expansions of the four-dimensional bulk fields in section 6.6.
Based on the novel FG expansions of the five-dimensional fields that we determined in chapter 3, we
explicitly see the emergence of structure that leads to the definition of the sources in section 6.3. In
this section, we also derive a constraint relating the boundary value of the dilaton to the twist, which
has the important consequence that ¢ is not an independent field.

In section 6.7, we determine the VEVs corresponding to the sources introduced in section 6.3. In
particular, we relate the VEVs to the responses worked out in section 6.2.3 and work out their near-
boundary behaviour in section 6.7.1. We then derive the relation between the four-dimensional VEVs
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and the five-dimensional VEVs of the electromagnetic uplift in section 6.7.2, which allows us to deter-
mine all local transformations of the VEVs in section 6.7.3.

Having determined all the VEVs, we derive novel Ward identities for charged Lifshitz holography
in section 6.8 by demanding invariance of the variation of the section under the local symmetries.
We begin in section 6.8.1 with a definition of the HIM stress-energy tensor and define several GED-
augmented versions of this object that will appear in the Ward identities. We also provide the map
between these objects and the five-dimensional stress-energy tensor based on our results in section
6.7.2. In section 6.8.2, we then derive all Ward identities and consider their TNC covariant forms.
Finally, in section 6.8.3, we consider the Ward identities from a reduction perspective and show how
the Ward identities obtained in section 6.8.2 are obtained from the five-dimensional Ward identities
derived in chapter 3.

Finally, in section 6.9, we present a conjecture for the extension of these results to general values of
z based on our results in section 6.1.3.

6.1 GALILEAN ELECTRODYNAMICS

Galilean electrodynamics (GED) was recently explored in the context of Newton-Cartan geometry in
[58] following earlier work in [151] (see also [152] for a historical review of Galilean electromagnetism).
In this section, we summarize the construction of [58] with a particular emphasis on the coupling of
GED to TNC geometries as obtained from null reduction; this will serve to introduce the notation we
will employ in a holographic context later in the chapter.

6.1.1 Non-Relativistic Electrodynamics & the Unification of Two Limits

Following [151], we identify two limits of Maxwellian electromagnetism that produce Galilean invari-
ant theories, known as the electric and magnetic limits, respectively. We will initially work at the level
of equations of motion and eventually identify a larger theory admitting an off-shell description into
which both these limits can be embedded [153]; this model will be referred to as Galilean Electro-
dynamics (GED) [58]. In order to discuss relativistic effects, we will keep factors of c explicit in this
section.

Denote by 4, a U(1) gauge field on R?! with coordinates (t,x'). The associated field strength is
defined as J?HV = 20|,4,), implying that the equations of motion in the absence of sources, dy v =o,
can be written as

O PN 1 1. .
ai (aiﬂt — Catbll‘) =0, Eat <aiﬁlt - Cata,) + a]fﬂ =0. (6.1.1)
The gauge field transforms under gauge transformations as
1
Ay =ap+ Eatr, a; = a; + o;T. (6.1.2)

Depending on whether 4, is time-like or space-like, we can take either the electric or magnetic limit:
these are summarized in the table below.

Name Limit structure EoM
4= —8,8; = 1a;,T = 1T () | 2,00 = 0= 0;0,0+0;f;i
Electric | ¢ — oo with 8, 4;, T fixed where fi; = 29;a;
Ay = —@,8; = ca;,T = cI(g) d;E;i =0 =0;fj;
Magnetic | ¢ — oo with @, i, I (o) fixed | where E; = —0;( — 0sa;

Table 6.1: The electric and magnetic limits and the resulting equations of motion (EoM).

In order to obtain GED, we start with a Maxwell action with an additional free scalar (f), the La-
grangian density of which reads
1 R N2 A op 1 ~2 o1 a2
L= 55 (0l —coit)” — fijfij + 55 (0r)” — 5 (9:4)", (6.1.3)

c
and take the GED limit, defined by

~

1
¢ = ct, Ay = —ct — E(P' a; = aj, ¢ — oo with 9, @, a; fixed, (6.1.4)
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giving rise to the GED action,

1 ~ 1
S = /d‘”lx <_2fz]f1] — E;0;0 + 5 (8t19)2> . (6.1.5)
The equations of motion for this action are identical to those of the electric limit (cf. table 6.1) along
with the additional equation of motion for 8, which takes the form 9?8 — 9;E; = 0. In this sense, the
electric limit sits inside the GED model. To obtain the magnetic limit, we may simply (and consis-

tently) set # = 0 in the equations of motion for the GED model (6.1.5). For more details, including
transformation properties of the fields in the various limits, we refer the reader to [58].

6.1.2  Null Reduction of Maxwell Electrodynamics on a Curved Background

A convenient way to obtain GED coupled to TNC geometry is the null reduction (cf. section 4.3) of
the Maxwell action on a (d + 2)-dimensional Lorentzian background described by a metric y4p,

S=-3 [ @t A Fa A, (61.6)

where F = d.A. The null reduction ansatz has the form

ds? = ypdx?dx® = 27, dx* (du — mydx") + hy,dxtdx?, (6.1.7)
V=r=e, Y =29, yH = —oH, P = ht, (6.1.8)
Al,{ = ay - 19111# —_ ng]/L =: ﬁ}ll Au = 19, (6.1.9)

where none of the fields depends on u. In the above, A, B,C, ... represent (d + 2)-dimensional space-
time indices, while y, v, ... represent (d + 1)-dimensional space-time indices and exclude the compact
direction u,

For easy reference, we summarize some properties of the Newton-Cartan fields that we will use
repeatedly in this chapter (see also chapter 4):

o'ty = —1, olt, + 08 = ele?, e;'lv" =0, eZT}, =0, egez =00, (6.1.10)
and
AU U M va M __ 0 va o =h 2 d = U 1h;4v
ot = ot — el e m,, &, = ey, — Tumye'™, pv = hyy = 2m, 7)), = —ol'my + 5 mymy.
(6.1.11)
For the curvatures, we therefore obtain
fyy = za[yﬁv] = f’,“/, fyu = ayﬂ, (6.112)

Thus the term F45F 8 in the action (6.1.6) becomes

»FAB»FAB = 'YAC'YBD}—AB]:CD = 'YW'YPU-FW}—W _5_27“”7#1/‘7‘”}1].‘“]/ + 4'YW'YVPFWFW +2'Ylm7vu-7'—uvfyu
(6.1.13)
= W"HP fup foo + 4PN 0,00, 8 + 40" H"PI, O fp — 20V070,,09, 0, (6.1.14)

which produces the GED action

. 1 A 5 R
SGED - — / dd+1x e |:4h‘uvhp(7fypf1/0' + @h‘uval,{ﬁavﬁ + 'ﬁyhvpayﬁfy‘g - A‘uﬁvayﬂayﬁ . (6115)

N —

The GED fields transform under Barg(d, 1) x Ur(1) as' [58]
day, = ﬁeZAH + Tuave, A" 4+ 1,09, I + 9, T, 0p = ayeyl A" + 00, T, 69=0, (6.1.16)

where A? parametrizes Galilean boosts, while I' represents a Ur(1) gauge transformation.
In order to facilitate a comparison with the work on GED in [58], we construct a table below
providing a dictionary between different notations.

1 Note the typo in the transformation property of a, under gauge transformations in eq. (6.6) in [58].
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Festuccia et al. [58] | Notation in present work Description
Ay Aoy Ay b’dary value of 3-dimensional part of 5-dim. gauge field
ay Ay Spatial part of “GED gauge field”; satisfies v"a;, = 0
7 ¢ Temporal part of GED gauge field
A, (Note the bar!) a, — 97y The GED gauge field
) 9 The GED scalar; comes from A,
M, my Newton-Cartan gauge field
Ty T Newton-Cartan clock form
7 oM Inverse NC clock form, o', = —1
ey ey NC vielbein
el el Inverse NC vielbein, eﬁeg =0

Table 6.2: Dictionary between [58] and this work.

6.1.3 Dimensional Analysis & Scaling Weights for Anisotropic Backgrounds

The GED action (6.1.5) enables us to determine the dimensionality of the GED fields and their associ-
ated sources when the background is anisotropic, characterized by time scaling with z > 1 and spatial
directions scaling with weight one. Restricting to d = 2, the measure acquires scaling weight —(z + 2).
Introducing the scaling weight operator A[:] , we observe that for 4;, the relevant piece of the action
reads f;;f;;. Now, since A[f;;] = 1+ Aa;] due to the spatial derivative, we obtain the relation

2+4+z=2+42A[a] = Ala;] = g (6.1.17)

For 9, the piece (9;8)? in the action yields

24z=202+A[0]) = Al0] = 2;2, (6.1.18)
while the term 9;§0;9 gives us
2 2
24z =2+A[§] + A8 :¥+A[¢] = A[§] = ;LZ. (6.1.19)

We note that this is consistent since the last piece 0;4;0;8 has scaling weight 2 +z/2+1+ (z —2)/2 =
2 + z. To summarize: on anisotropic backgrounds, the fields of GED scale as in table 6.3.

Field a; ) ¢
Weight | z/2 | z/24+1 | z/2 -1

Table 6.3: Scaling Weights of the GED fields.

The GED fields generally couple to “GED charges”, which we will simply refer to as VEVs. When
considering such couplings, we must add a Lagrangian of the form

Lyvey = j'a; +°¢ + (Og) 0. (6.1.20)

Performing the same analysis as above, we find that the VEVs have scaling weights as in table 6.4.

VEV ' ° (Os)
Weight | z/24+2 | z/2+1 | z/24+3

Table 6.4: Scaling Weights of the GED VEVs.
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6.2 THE ELECTROMAGNETIC UPLIFT
6.2.1  The Uplift & z = 2 Pure Lifshitz Holography

In this section, we review the results of [23, 24]. This is also the approach of [57], which deals with
hydrodynamics in the context of Lifshitz holography. As we will discuss below, when making the
choices

Z=e% W=4, V@) =23-12"? k=3, (6.2.1)

in the EPD model (5.2.1), i.e. when
S = / d*x /=g <R - %e?@FZ —2B% - % (9)? —273® — 1zeq>) , (6.2.2)

the action (6.2.2) can be uplifted to the following five-dimensional action,
Ssq = 2172 /de\/—g <R<9> +12— ;aMl/JaMl[J> , (6.2.3)
K5

with K% = 81tGs and M = (u, M). The reduced model admits z = 2 Lifshitz solutions.

The action (6.2.2) is the S' Scherk-Schwarz reduction of the uplift (H.2.9) (see appendix H): here,
the global symmetry is the shift symmetry of ; i.e. the action (H.2.9) is invariant under ¢ — ¢ + A
for A a constant. When going around the circle once, the reduction scheme tells us that i should
come back to itself plus a local shift.

Explicitly, the reduction ansatz has the form

2
ds% = e*q)gMNddexN +¢2® (du + AdeM> , (6.2.4)
Y =2u+25, (6.2.5)

where M, N, ... are five-dimensional space-time indices, and M, N, ... are four-dimensional space-
time indices that exclude the compact direction u. The four-dimensional fields gpn, Aum, E and @ do
not depend on the compactified u—direction, which—since we’re reducing on a circle of radius L—is
periodically identified, u# ~ u + 27L. Note also that since our normalization is such that ﬁ =1,

the five-dimensional Newton constant satisfies 1277%5 =1.

The renormalized on-shell four-dimensional EPD z = 2 action has the schematic form

Sren = S+ Sgh + Sct, (6.2.6)
where S, =2 [ d®x v/=hK is the Gibbons-Hawking boundary term.

Performing this reduction gives the action [57] (we present a detailed derivation of this result in
appendix H)

1
S = /d4x V-8 (R - Ze361>1r-*,\41\]1?1‘4N — 2By BM — %E)MCDE)M@ - V) +2/d3x vV —hK + S,
(6.2.7)
where B, = Ay — 9, &.
6.2.2  Scherk-Schwarz Reduction of the Electromagnetic Uplift

We now add a free abelian gauge field to the five-dimensional model considered above, resulting in
what we shall call the electromagnetic uplift,

S= 2172 /d5x V-G (R +12- %aMl/JaMl/J —~ i]—'MN}'MN> , (6.2.8)
K
5

where Fy is the field strength of the U(1) gauge field Ay, i.e.

Fmn = 20 Apy- (6.2.9)
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The equations of motion are

1 1 1 1
Gaur = 3 (39w = 3@9Gaax ) + 6Gaux + 3 (FapFa” = 170 ), 6210

\/;gaM (v=ga™y) =0, j_igaM (Vv=67V) =0, (6.2.11)

where Gy is the five-dimensional Einstein tensor of G . Upon reduction, the action (6.2.8) will
generically produce an extra gauge field and a scalar®* compared to the pure uplift considered in sec-
tion 6.2.1. The massless scalar Y = A,,, with its origin in the five-dimensional gauge field, is associated
with spontaneous breaking of the five-dimensional U (1) gauge transformations, ¢4y = d [, that
depend on the compactification coordinate u. In the reduced theory, we thus have diffeomorphisms
and gauge transformations of the form

N =¢N(x), & = A(x), [=T(x). (6.2.12)

Now, we want to identify the Maxwell field of the reduced theory. The naive choice Aj); does not
transfrom correctly under KK U, (1) gauge transformations—that is, gauge transformations of A,
which is a remnant of diffeomorphism invariance in the compact direction. This is an ubiquitous fea-
ture of KK reductions when p-form fields are involved, and also happens e.g. when reducing eleven-
dimensional supergravity to ten-dimensional type IIB supergravity. The higer-dimensional gauge field
A transforms under diffeomorphisms and Uy (1) gauge transformations, we may identity the cor-
rect lower dimensional gauge field,

3AMm = N oyAp + AvanN + ol (6.2.13)
We are thus lead to conclude that the naive reduction Ay, transforms according to

=Y
N N =
0AM = IV ONAM + ANOmE + Ay OA 40T, (6.2.14)

which transforms as a lower-dimensional vector field but also under Ux (1) gauge transformations.
The combination

CM = .AM - YAM, (6.2.15)

transforms as desired, so we identify it as the lower-dimensional gauge field. Under u-independent
gauge transformations I'(x,u) = I'(x)—which we will denote Ur(1)—only Cj transforms: 6rCp; =
omT.

We now identify the four-dimensional field strengths, which is closely related to Fjy, which is
manifestly invariant under U (1) and U, (1) transformations. The frame version of the field strength
reads

Fap = eg/lezg (28[MCN] + ZYB[MAN}) , (6.2.16)
where Hyy is Up (1) and Ur(1) invariant. For the scalar, this produces the term
Fau = ¢®35Y, (6.2.17)
implying that
F2 = F F 4 2Fqu Foy = H? + Y2F2 4 2YHyn FMN 4 262%9, YoMy, (6.2.18)

where H is the field strength for C and F is the field strength for A. Using Z—ZL =1, we can summarize
5

our findings as

1 1 v—ge ®
2 21/_g1fMNfMN reduces to ge (H2+Y2F2+2YHMNFMN+2€2¢8MY8MY) .
K
5

4
(6.2.19)

More specifically, we get the usual KK tower of massive (i.e. Stiickelberged) gauge fields. We keep only the massless vector and
the massless scalar.



6.2 THE ELECTROMAGNETIC UPLIFT

Since nothing else is changed from uplift discussed in section 6.2.1, we infer that the reduced theory
has the form of an EPD-Maxwell-scalar model,

S= / dx \/—g ( e y?) P2 2B% - % (0d)? — %Le’q’Hz (6.2.20)
- %Ye"DHMNFMN - %eq’ (dY)? — 2073 — 12e*<1’), (6.2.21)

Note that the counterterm is unchanged under addition of the additional Maxwell field, as we demon-
strated in section 3.2.1. This is a very non-trivial result, since it implies that the extra massless field
in the lower-dimensional theory do not give rise to divergences in the case of Lifshitz boundary
conditions. Explicitly, it reads

=2 / dx vV - < Lewr2 { B _ fa DD — 1e3<I>FWFW — 2B, B! + 10e¢]>
(6.2.22)
—logr /8./\/1 d’x V' —he” P2 Areq, (6.2.23)

where 1 is the boundary metric. Here, r is the radial coordinate (which is inherited from the z = 0
Schrodinger space-time), and A,eq is the Scherk-Schwarz reduced Weyl anomaly—we will discuss
this later in section 6.5.

6.2.3 Variation of the Action
After the reduction, the renormalized action reads
Sen = S+2 /a L& V—FK + S, (6.2.24)

where S is given in (6.2.21), and S¢ in (6.2.23). The total variation of the renormalized action conse-
quently takes the form

5Sren = /M dx \/—g (5MN(5gMN + EN OB + Eod® + Ey8Y + E(I‘é)&CN) (6.2.25)

= (1 5
- /a » d*x v/ —h <2T,ﬂ,(5h”“ + TV6B, + Ted® + T 6C, + TydY — 776*@ ZAred) ,
(6.2.26)

where

1 B 1 B
Emn =Gun + 5 (e3¢ te ‘I’Yz) gmnErgF™? — 2 (e?’q’ te ¢Y2) EapEx T + gunBpBY — 2ByiBy

(6.2.27)

+ ZgMNapcpapcp — %aMcpaNop + gmne ® (—6 + e*z‘l’) + %e*@HPQHPQgMN - %e*“’HMPHN
(6.2.28)

+ %e*q’YHpQFPQgMN — e ®YHpENT — %e‘baMYaNy + %e‘l’gMNapYapy, (6.2.29)

o =30y ® — i (36%% — e~ ®Y?) Fyn FMN + 6073 — 12679 (6.2.30)
+ ie’q’HMNHMN + %e’q’YHMNFMN + %eCDBMYaMY, (6.2.31)

N :VM ([ef‘q’ + e*q’yz] FMN 4 =@ gMN ) — 48N, (6.2.32)
&y = (\ﬁ eéaMY) l-oyp L -opung (6.2.33)

E(C) :VM (€7¢HMN +Y€7¢FMN) , (6234)

P
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as well as
Ty = — 2Kl + 2Ky — €726 + 564721, (6.2.35)
1 1
+ Ee”’/ 2FypFuf — ge7<1>/ 2hyy Foo FP7 — €®/2y,, B, B + 2¢®/%B,, B, (6.2.36)
1 - 7 s
562 (V3 20® = Oy @) + 76%/20,00,@ — /20,0, D @, (6.2.37)
1 i3 3
Ty = — 3nMad — Ze‘mk(’” - gecp/za},cpai‘cp - Ee‘1>/2D(,1)<1> (6.2.38)
7 1 5
+ Ee7<1’/ 2Fu FPY + ie‘I’/ 2B, BV + ie—‘” 2, (6.2.39)
v 30 | —@r2] pMy | - ® My 1 70/2 puv /2pv
T :f([e +e Y}F +e °H )anEV(,W(e F")+Ze BY,  (6.2.40)
gV =— (e_q>HMV + 2Ye_q>FM") i, (6.2.41)
Ty = — e®nMa, Y. (6.2.42)

Note that we have not varied counterterm in the expressions above, so the expression are correct up
to log r-terms. The reduced bulk is described by the metric
dr? -
ds? = ECDI,T + hyydxtdx”, (6.2.43)
so the vector normal to hyperplanes of constant r is given by
nM = _N M, (6.2.44)

where J is a normalization constant and the minus is due to the fact that the boundary is located at
r = 0. The normalization constant is determined by the condition gynyn™n™N = 1, which translates
into the requirement 1 = gw./\f 2 — N2:® /¢, which in turn implies that N = re~®/2, This means that
we have the following relation for the extrinsic curvature

. 1. - _
K =h"Kyy, Ky = —§£nhw, M= _re ‘1>/2(5£VI (6.2.45)

When appropriately truncated, these results agree with those of [57].

6.2.4 Oxidation to a z = 0 Schrodinger Geometry

Starting from the z = 0 Schrodinger geometry (see also previous work in [24, 57, 154, 155])

dr? 1
P =2u+28 ), (6:2.47)
A= A(O)},dx”, (6248)

where E ) and A are constants, the Scherk-Schwarz reduction ansatz (H.2.10) gives rise to the
Lifshitz solution in the reduced theory:

ds? = ¢® <cl1’22 — e 2%0 i—f + %2 (dx2 + dy2>) , (6.2.49)
B =e 2P0 24t (Constant Stiickelberg field), (6.2.50)
P = Dy, (6.2.51)
Y =Yg, (6.2.52)
C = A, dx" — Y(O)e_zq)@)r*zdt. (6.2.53)

This solution can be verified by plugging it into the equations of motion we found above.
The z = 0 Schrodinger metric (6.2.46) satisfies the AIAdS requirement (A.2.5), since e.g.

1
Ripru = Py = GtrGru — GruGrr + 0(7’73), (6.2.54)

while a similar analysis for the other seven non-zero components of the Riemann tensor shows that,
indeed, the z = 0 Schroédinger metric belongs to the class of AIAdS metrics, which is what permits
the use of the results obtained in chapter 3.
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6.3 SOURCES & THEIR TRANSFORMATIONS

In this section, we find the sources of charged Lifshitz Holography. We will be guided by the fact that
we expect to see GED (see [58]) on the boundary, so we can define our sources in such a way that they
transform appropriately. Guided by insights from [23, 24] involving the reduced conformal anomaly—
which eventually led to the discovery that dynamical Newton-Cartan geometry corresponds to (non-
relativistic) Hofava-Lifshitz (HL) gravity [53]—we expect that the anomaly becomes a Lagrangian
describing GED coupled to HL gravity.

6.3.1 Defining the Sources

We begin our discussion with a recap of the known sources, which were found in [23, 24, 57]. Writing
the metric (6.2.43) in terms of vielbeine,

d 2
ds? = ecbriz — EYE% + 5, E°E?, (6.3.1)

and performing a Stiickelberg decomposition of the massive vector, B, = A, — 9,5, we find the
sources v/, el my, ¢, x, defined as

Eg ~ —rza&§/3v”, (6.3.2)
El ~ rzx%g;ef;, (6.3.3)
Ay — a(dD)Eg ~ —my, (6.3.4)
D~ ¢, (6.3.5)
5~ —y, (6.3.6)
P =~ rzuc(_ol)/azz”my, (6.3.7)
A, ~ —m%):‘}egmw (6.3.8)
where (in the notation of chapter 5)

w(®) =32, n= ay + oo+ rzuc(_oy3 (I-1)+..., (6.3.9)

where the dots hide a logarithmic term, and
my = My + dux. (6.3.10)

The source M, appears in the expansion of the vielbein Eg at order O(r%) (see e.g. [33] and our
discussion in chapter 5)

Eg - 7—2“%)31-# Lt “(_OgMP’ 4, (6.3.11)

where we have omitted logarithmic terms. Note that the dots hide additional N, G, [-invariant terms
at order O(rY), see section 6.6. Note further that combining the expansion (6.3.11) with the definition
of my (6.3.4) and the expansion for «a in (6.3.9) gives us the relation

Ay = Dé%)af’izfy o= dux o, (6.3.12)

where, again, the dots hide invariant terms of order O(r°). Now, from a reduction perspective, the
Maxwell field consists of two pieces,

Ch=A, YAy, (6.3.13)

which we see reflected at the solution level. Guided by the expected behaviour of the anomaly dis-
cussed in section 6.5—i.e. that the anomaly should become HL gravity coupled to GED—we define a
new source (a,, )

Cu+ sz(dD)Eg ~ay — ¢y, (6.3.14)
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where we have performed a decomposition into spatial and temporal directions; that is, in the above
we have that a,0" = 0. Note that this is completely analogous to the way the source m, appears in

(6.3.4).
We can isolate the time component of this source by contracting it with E}, giving

Q:= EgCy + Yo ~ _1,2“(70%/3& (6.3.15)

which is the analogue of (6.3.7). The relation EgEfj = 80 = 0 further gives us (when applying El to
(6.3.14))

Cy m%;aa. (6.3.16)

This allows us to identify the fall-off of C;, using the behaviour of A in (6.3.12)
Cu= —1904%)31’;,1’72 4+ tay— 0 (my —0ux) — T+ - (6.3.17)
= —19&‘(1({)37,41'72 +otay =My, — Ty + - - (6.3.18)

In summary, our holographic setup involves the following sources

Eg ~ _,,2“(*0%/3#1, (6.3.19)

El ~ m%;eg, (6.3.20)

Ay — oc(CID)Eg ~ —my, (6.3.21)
D~ ¢, (6.3.22)

E~—y, (6.3.23)

¢~ rzoz(_()%/?’vymy, (6.3.24)

Y ~0¢ (6.3.25)

Cu+ Yoc((b)Eg ~ay, — Ty, (6.3.26)
EYCy 4 Ya(®) ~ frzoc(_ol)/ 35, (6.3.27)
C, ~ r(x%‘q’aa, (6.3.28)

where a,0" = 0.

6.3.2 Transformation Properties

The known sources (6.7.12)—(6.7.20) transform as follows [24, 57] (see also chapter 5),

del, = £z, + A"1, + A° yeb, + Ape,. (6.3-29)
ox =£ex +o0, (6.3.30)
60l = £z0" + A%l — 2Apo”, (6.3.31)
delf = £zel + A, Yl — Ap, (6.3.32)
5¢ =0, (6-3.33)
omy = Lgmy, + e;)\a + 9,0, (6.3.34)

The rest of this section is devoted to a detailed analysis of the transformation properties of the new
sources ay, ¢, 9.

6.3.2.1 Galilean Boosts and Rotations

Cy is invariant under bulk local Lorentz transformations—in particular boosts. These contract to
Galilean boosts near the boundary, which means that in a near-boundary expansion, invariance under
local Lorentz boosts is translated into invariance under Galilean boosts at each order of r. Using the
near-boundary expansion of Cy, (6.3.18), this gives us at order3 O(r?)

:/\ae;

0=0¢ (ay — OMy, — ¢1y) = bgay — 066 My —TudG §. (6.3.35)

3 Since ¢ is a scalar, it transforms trivially, 6c¢ = 0.
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Thus, see immediately that we must have
ocay = OAaey + 7 (+), (6.3.36)

where (-) is so far undetermined. However, the condition v#a, = 0 provides us with the additional
constraint

0 =g (v'ay) = avdgo’ +vMoay = ayA"e; — (), (6:3.37)

where we have used the (6.3.36) as well as the orthogonality property v*ej, = 0. Thus the transforma-
tion of a;, becomes

dgay = BAgey + Tuave A", (6.3.38)
and hence (6.3.35) gives us that
3P = ayep A" (6.3.39)

For rotations, we do the same as above. We use invariance of the bulk field C,, under rotations, i.e.
6;Cy = 0, which implies that at order O(r°) we have

0 =0y (ay — My, — 1) = 6jay — TudG §. (6.3.40)

As with boosts, rotation invariance at order O(r~?2) is manifest. Hence, as before, jay will be propor-
tional to 7. Using again the orthogonality property a,0" = 0, we find that §;a, = 0 since é;0* = 0,
leading us to conclude that

5,@ =0= 5](?. (6.3.41)

6.3.2.2 Gauge Transformations

There are two types of gauge transformations: Stiickelberg gauge transformations, U (1), and gauge
transformations of C;, — C, + 9, I', which we will call Ur(1). Starting with Ur(1), we recall that C,
transforms—Dby construction—according to

orCy = 9T, (6.3.42)
where I' has an expansion of the form (reflecting the structure of C, in (6.3.18))
I'= F(O) + F(LO) logr + F(2)1’2 4+ (6.3.43)
At order O(r?), the transformation (6.3.42) takes the form
9" = dray — 1u0r g, (6:3.44)
since neither & nor M, transforms under Ur(1). Combining this with the orthogonality relation,
0 = or(v'ay) = v¥éray, (6.3.45)

we see that (6.3.44) implies that dra, also involves a term proportional to T, which we can determine
using (6.3.45), giving

oray = 9L ) + 70"y,  Oor¢ =v"9,I (), (6.3.46)

On the boundary r — 0, the gauge group is truncated, i.e. Ur(1) — Ur, (1), and, similarly, for

Stiickelberg gauge transformations, we obtain the group Ux (1) — U,(1), where ¢ is (minus) the
boundary value of A.

Repeating the calculation for J5 transformations, we obtain immediately that on the boundary
(where 65 — dy),

Soty =0, b9 =0,  0=0. (6:3.47)
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6.3.2.3 PBH Transformations: Diffeomorphisms, Dilatations & Stiickelberg Gauge Transformations

The PBH transformations in the electromagnetic uplift translate into boundary diffeomorphisms, Weyl
transformations, and Sttickelberg gauge transformations. As we saw in section 5.2.3 (see also appendix
A of [24]), the PBH transformations are the diffeomorphisms preserving the radial gauge choice of
the FG expansion, i.e. diffeomorphisms acting infinitesimally on the five-dimensional fields in the
manner

0pG MmN = £:G M (6.3.48)
SpAM = £pAM, (6.3.49)
oY = £y, (6.3.50)

and satisfying £:G,r = 0 = £;G v(,. Solving these equations gives

é’ ~ —rAp, éA ~ éA, (6.3.51)

where ¢ and Ap are independent of . This leads to the transformation properties

827 (0)AB = 6“9V (0)AB + Y(0)cBIAES + Y(0)acdBES +2ADY(0)aBs (6.3.52)
S0y = €194 o). (6.3.53)
SeA0)a = 679 A ()4 + A(0)p9aE”. (6.3.54)

In the reduced theory, we take the diffeomorphisms to be independent of the compact direction.
Writing é#* = ¢* and —o for the u-component of ¢, we get diffeomorphisms, Weyl transformations
and Stiickelberg gauge transformations in exactly the same fashion as in section 5.2.3.

6.3.2.4 Residual Transformations

In addition to the diffeomorphisms and gauge transformations (6.2.12) in the reduced theory, the
reduction is also preserved under the u-dependent transformations {* = cu and ' = fu, where
¢, 0 are constants. These are remnants of full symmetry in the electromagnetic uplift and are only
preserved to leading order. We will refer to them as J. and J;, respectively. In [24], . was called local
dilatations, and the relevant field transformation reads

o =c. (6:3.55)
The GED scalar transforms undre J, transformations according to
00 = L. (6.3.56)

Note that when solving the equations of motion in the reduced theory, as we discussed in section 6.2.4,
the , symmetry manifests itself by leaving Y(o)—which is assumed to be constant—undetermined by
the equations of motion.

6.3.2.5 Summary of Local Transformations

Below, we present our results for the transformations of all our sources

dey, = £zey, + ATy + A bei’, + Apey. (6.3.57)
ox =fLex +o, (6.3.58)
ovt = £z0t - A%ell —2Apot, (6.3.59)
delf = £zel + A, Vel — Apel, (6.3.60)
0p = £z¢, (6.3.61)
dmy = £gmy, + e;’,/\g + 9,0, (6.3.62)
56 = £:9, (6.3.63)
0 = £:¢ + agA" +0"0,T (o) — 2Ap P, (6.3.64)
day = £zay + ﬂAan + Tuayey A" - 9T (o) + ryvvavr(o), (6.3.65)

da, = £z, + 0Aq + A’ay — Apag + ef 9, T g). (6.3.66)
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Note that the sources a;, 9, ¢ precisely transform as GED fields (6.1.16). We also see that the symmetry
group is the direct product group

Diff(M) x Schy(2,1) x U(1). (6.3.67)
Under dilatations, we have
Source ¢ | ™ e;l, ol | el | mg | mg X | a:| @

scalingdim. | 0 | =2 | =1 | 2 1 2 1 O} 11210

Table 6.5: The sources and their scaling dimensions

We note that for the new sources, this behaviour precisely agrees with the scaling weights deter-
mined in the field theory in table 6.3 when putting z = 2.

6.4 BOUNDARY GEOMETRY & schy(2,1)
6.4.1  Null Reduction on the Boundary

In this section, we show how the Scherk-Schwarz reduction employed in section (6.2) becomes a null
reduction—as considered in section 4.3—on the boundary. Recall that

Ay — uc(dD)Eg ~ —my, By, — uc(dD)Eg ~ —M,, (6.4.1)
where B, = A, — d,,E, which implies that
(Bu+0uE) — a(P)E), ~ —M), — dux <= Ay —a(P)E) ~ — (M, +0ux), (6.4.2)
where, explicitly,
my = My + 9dux, or My = my —dux. (6.4.3)
The reduction ansatz can be written in the form
a2 = 97 4 pdride® = o0 097 L h dxaxt| 4 (du+ A,dxt)? 6
55 = —5 +yapdxTdx” =77 o7~ + hyydxtdx”| +e (du + A,dxt)=. (6.4-4)

where the metric y4p on leaves of constant » can be written in Fefferman-Graham form (see ap-
pendices A and ??); in particular, the boundary is described by the leading term 7 )43 which has
dilatation weight 2, i.e.

YAB =T 2V (0)aB- (6.4.5)

The four-dimensional part in (C.1.20)—i.e. the quantity in square brackets—can be written in terms
of vielbeine in the manner depicted in (6.3.1). We now dissect the ansatz (C.1.20) and write it piece by
piece in terms of sources via the near-boundary expansions of the bulk fields worked out in section
6.3. Using the Stiickelberg decomposition of the mass gauge field (6.4.3), the first piece of (C.1.20)
becomes

—® 0 0 __.2/3(,—2.1/3 -1 —2.1/3 -1
—e EVEde”de— —u (r & Ty+a(0)My+---) (r x Tv+a(O)MV+~~~)dx”de

(0) 0) (0)
(6.4.6)
= (—a‘(lg)gr*‘lTﬂTde — ZV*ZT(FMV) — a&§/3MyMV) dxtda” +---, (6.4.7)
as well
e_q’éabEﬁEfjdx"de = a%)?’éabr_zoc(_0%/3eﬁeﬁdx"dxl’ = r‘zeayaﬁ =: r‘zhw, (6.4.8)
whereas
*?A A dxtdx” = &*® (B, +0,E) (By + 0,E) dxtdx” (6.4.9)
= “(0§/3 (a%ffzry - aﬂx) (a%ffzn - avx> dxtdx’ 4 - - - (6.4.10)
= tx%ﬁr“"ryrvdx’*dx” — 2r_28;4)('q,dx”dxv + uc(_()‘;/aayxav)(dx”dx" + -

(6.4.11)
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The cross term reduces to

Zez‘bA},dudx?‘ = 2¢*® (B, — 9,E) dudx” (6.4.12)
= Za(’o‘iﬁ (0‘%)3”_2’% + 8#)() dudxt 4 - - (6.4.13)
= Zr*ZT;[dudx” + Za&)§/3ayxdudx” +--, (6.4.14)
and, finally,
Pdu? = a 3wt + -, (6.4.15)

(0)
which does not contribute at order r~2. Now, collecting all terms of order r—*, we see that they cancel

(cf. equations (6.4.7) and (6.4.11)). The boundary metric (o) 4p is consequently given by
ds? = 'y(o)AdeAde = =21, Mydxtdx" — 29, xtydx"dx" + 27, dudx” + hy,dx¥dx”  (6.4.16)
= 27,dx¥ (du — (My + 9y x)dx") + hyydxtdx” (6.4.17)
= 27,dx" (du — my,dx") + hy,dx”dx”, (6.4.18)
which is identical to the null reduction ansatz employed in section 4.3, which was shown to give rise

to TNC geometry: thus we see directly that the boundary geometry is TNC.

6.4.1.1  Null Reduction of the Connection

We will now consider explicitly the consequences of the null reduction for the affine connection lo"g B
where we use a ‘o’ to denote that this is the affine connection of the metric y(g)4p. Taking the three
legs in non-compact directions, we find that

. 1 _ _ _ X
1—‘21/ = ihAp (ath\ + avhy/\ - a/\hyv) - U)\a(ﬂT,/) (6.4.19)
7/\ N
=TI, + vAa[,;V] (6.4.20)
Y
=Ty =T (6.4.21)
where we define
_ 1 _ _ _
r;\v = —0"0,T + Eh)‘/’ (Ouhyp + vhyp — 9rhy), (6.4.22)

which is the unique TNC metric compatible connection linear in m, [33] that we also discussed in
chapter 4. It is (G, J) invariant and satisfies metric compatibility in the usual sense,

Vut =0, Vyh'”\ =0. (6.4.23)

It can be made N invariant by replacing m, with M. The other components of féc read

. 1. _ i, - .
fu, = _EUA (Quhry + Avhpy, — Oly) 4289, T,), (6.4.24)
f%y = h)\pa(HTp)’ (6.4.25)
I, = =010, (6.4.26)
Iy, =0="T. (6.4.27)

6.4.2 Gauging schy(2,1)

Complementary to our discussion of TNC geometry in chapter 4 and the emergence of TNC geometry
in section 5.2.4 for generic values of z € (1,2], we discuss in this section how TTNC explicitly occurs
when gauging sch,(d,1), which was first shown in [34]. In order to realize the more general TNC
geometry, torsion has to be added by hand in this approach. For an overview of Schrodinger algebras
and their role as Newton-Cartan space-time symmetry groups, see e.g. [115, 125].

For z = 2, it is possible to add an additional special conformal transformation K, which cannot be
done in the general-z case. To keep the analysis as general as possible, we do that in what follows.
As such, schy(2,1) is generated by: D (dilatations) and K (special conformal transformations), in
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addition to those of the Bargmann algebra, bar(2,1), which is generated by H (time translations), P
(spatial translations), G (Galilean boosts), J,; (spatial rotations) and N (central charge). The non-zero
commutation relations of sch,(2,1) read

[D/ H] = _2H/ [H/ K} = D/ [Dr K] = 2K/ [H/ Gﬂ] = Ptl (6428)
[D,P)] = Py, [D,Gal =Ga, [K,Pil=—Ga, [Ps,Gp] = 6N, (6.4.29)
Uubr PC] = 25c[upb]r Uuh/ GC} = ch[aGb]/ Uab/ ]cd] = 45[a[d]c]b]' (6'4-30)

For z = 2, the Bargmann central charge N is still a central element. Further, we note in passing that it
can be shown [115] that sch,(2,1) admits the following Levi decomposition,

schy(2,1) = (s0(3) x s((2,R)) x (JR3 x 1R3) . (6.4.31)

We will use the é—transformation approach discussed in chapter 4, where contact with diffeomor-
phisms is manifest; this was not done in [34]. As usual, we start by defining the Lie algebra valued
connection

1
Wy = Hty + Pagj, + Gow,," + 5 Japew,, " + Nomy + Dby + K. (6.4.32)

For L(x) € Schy(d, 1), the connection transforms in the adjoint, 2, — L(x)2, L~ (x) — L(x)d,L~*(x),
so taking L(x) to be infinitesimal, L(x) = 1 + A(x) with A(x) € schy(d, 1), we get

02y = oy A+ [y, A, (6.4.33)
but, since A(x) € schy(d, 1), we may write
A(x) = HZ(x) + Pag" (x) + GaA” (x) + %Iab;\ab(x) +N&(x) + DAp(x) + KAk(x).  (6.4.34)

For the é-transformation, we replace the local translation parameters {? in A with a space-time vector
¢ defined via {7 = @”e’”ﬂ which allows us to write

A=73rA, +%, (6.4.35)
which implies that, as we have seen
1
T =G\ + 5 JaA™ 4+ No + DAp + KAk, (6.4.36)

where the tilde-less parameters of (6.4.36) are related to their tilded counterparts in (6.4.34) in the
same as in (4.1.11). The §-transformation then becomes

3, = 0%y — &V Foy = £62, + 9,2 + [, %], (6.4.37)
where F, is the Yang-Mills curvature,
Fuv = 20, A, + [y, Ay (6.4.38)
= HRyy(H) + PaRy,,*(P) + GaR ), *(G) + %]ath””(l) + NRyy (N) + DR,y (D) + KRy (K).
(6.4.39)

We summarise this construction in the table below:

Table 6.6: Generators of schy(2,1) with their associated gauge fields, local parameters and covariant curvatures.

Symmetry Generators | Gauge Field | Parameters | Curvatures
Time translations H Ty C(x) Ry (H)
Spatial translations | P, ey " (x) R,,"(P)
Boosts Gq w,” A(x) R,,"(G)
Spatial rotations Tab wy ab A (x) RW‘”’ ()
Central ch. traf'os | N ny o(x) R,,(N)
Dilatations D by Ap(x) R,, (D)
Spec. conf. traf’'os | K fu Ak (x) R, (K)
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Writing out the expression of (6.4.38) for 62(, using our expressions for 2, and X, we find the
following expressions for the curvatures:

Ruw(H) = 20,1, — 4b), 1), (6.4.40)
R, (P) = Za[yeﬁ] - Zw[!l“bev]b — Zw[H“TV] - Zb[yeﬁ], (6.4.41)
RW”b(]) = ZB[HwV] — Zw[yc[”wv] b, (6.4.42)
Ry (G) = 20,w,)" + 2wy, ",y — 20y, "byy — 2fpel, (6.4-43)
Ryy(D) = 20},b,; — 2f, 7y, (6.4.44)
Ryy(K) = 20, f,) + 4b, fo), (6.4.45)
Ruw(N) = 20(,m,; — ZW[H“eV]a. (6.4.46)

Similarly, by writing out 2, and X as they appear in (6.4.37) and identifying coefficients in front of
the generators, we find the following transformations of the gauge fields:

0Ty = £¢Ty + 2ApTy, (6.4.47)
dey, = £y, + "1y + Apey, (6.4.48)
bw,™ = £z, ™ +3,A" + 21w, Y, (6.4.49)
bw," = £zw," + A" — /\bwy”h + A“bwyb + A%y — Apw,” + Axey, (6.4.50)
Oby = £¢by + 9y Ap + AxTy, (6.4.51)
8fu = £efu+ 0uAx + 2Akby — 2Apfy, (6.4.52)
omy = £gmy + 0,0 + A%ey,. (6.4.53)

The gauge fields 7, and e, transform under spatial rotations and Galilean boosts as Newton-Cartan
temporal and spatial vielbeine, respectively [54], and we identify them as such. Since they are of rank
1 and rank d, respectively, in a (d + 1)-dimensional spacetime, they are not invertible, but we can
define projective inverses v and e}, satisfying the usual set of relations

1
i, = -1, ol =0, Tyeg =0, g;‘leg =061, ehel =0l +otTy. (6.4.54)
The projective inverses transform under d—transformations in the following manner,

5ol = £z0" + A% — 2Apot, (6.4.55)
bely = £zel + AabeZ — Apeél, (6.4.56)

which are derived by considering the relations 0 = ¢ (v"71,) and § (v”ef,
(6.4.54). So far, all the gauge fields are independent. This can be remedied via the imposition of
certain curvature constraints—as detailed in [34]—which allows us to make contact with TTNC. These

constraints read

) and using the identities

0= Ryv(H) = Ryva(P) = R;w(N) = RHV(D) = ROaa(G) + zmbROaab(]) + mhmcRbaac(])'
(6-4.57)
These constraints—along with some additional constraints coming from imposing the curvature con-
straints in the Bianchi identities (see [34] for details)—leave us with the independent fields 7, ¢j; and

v'by, which we recognize as the usual fields of TNC geometry except for the odd one out: v¥b,.
However, note that under local transformations, this object transforms in the following manner

5(v"by) = £¢(0"by) + 09, Ap — 2Apot'by + A€l by, — Ax, (6.4.58)

leading us to identify the combination v"b, as a Stiickelberg field for K transformations. This prompts
us to gauge fix it to v#b, = 0, thereby introducing the following compensating special conformal trans-
formation

Ag =v"9,Ap + /\“e,ﬁ'by. (6.4.59)

The next step in the gauging procedure is to write down covariant derivatives, which are covariant
with respect to the transformations (6.4.47)—(6.4.53). By taking into account all the commutators of
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schy(d, 1) that are proportional to H and P,, we find the following expressions for the covariant
derivatives:

Dyt = 9,7, — f,ﬂvrp —2by Ty, (6.4.60)
Dyey = oyey — Thyel — wyabeﬁ — W, " — byej. (6.4.61)

Imposing the vielbein postulates, D, 7, = 0 = Dyey, allows for a identification of the curvatures
(6.4.40) and (6.4.41) in terms of the affine connection. Since the postulates imply that

l"f,vrp =0,y — 2byTy, l"fweg = dyey — wy”beﬁ — w”arv — byey, (6.4.62)
we immediately obtain
Ry (H) = 2rfwl T, R, (P)= 2rfwleg, (6.4.63)

implying, via the curvature constraints (6.4.57), that ff,v is symmetric. It can be shown that it is
uniquely determined by [34]

~ 0 (b 1 b)7, b)7 b)7,

[y = =0°D % + 517 (D b + Dy — Dy ) (6.4.64)
where D;,h) = dy + 2by is the dilatation covariant derivative. Dropping all terms involving b,, we
recover the minimal TNC connection,

_ A 1 _ _ _
T, = —0°0,T, + SH7 Oulup + by — Bl ), (6.4.65)
with torsion
- .
T w) = —Upa[‘u"fv]. (6466)

This intimate relationship between torsion and dilatation covariance leads us—following [34]—to
attribute torsion to the gauge field b, in the sense above.
The curvature constraint R, (H) implies that

a[‘uTv] = Zb[‘uTv], (6.4.67)
which means that

2
(Tuawv] + 0Ty + Tvaw) =3 (bpf[ufv] oty + bﬂ[ﬂpl) =0,
(6.4.68)

1
TAdT = T[paprv] =3
implying, by Frobenius’ theorem, that 7, is hypersurface orthogonal, as we discussed in chapter 4.
This leads to a preferred foliation in terms of (Riemannian) slices of absolute simultaneity. Equiva-
lently, the condition (6.4.67) may be expressed as the vanishing of the twist tensor,

@' = 2hMP K79}, T, = 0. (6.4.69)

In this sense, as also emphasized in [32], the more general TNC geometry can be achieved by first
gauging the Schrodinger algebra and then adding torsion by hand.

6.4.2.1 Introducing Stiickelberg Symmetry of the Central Charge

As we have seen, in Lifshitz holography the field m,, is accompanied by a Stiickelberg scalar x. The
purpose of this subsection is to make manifest the connection between TTNC geometry as obtained
from gauging sch,(2,1) in section 6.4.2 and the sources found in section 6.3. Since we already dis-
cussed this mechanism in section 4.2.4, we will be brief.

By imposing the curvature constraints (6.4.57), we saw how we were left with three independent
fields 7, ¢j and m,,. By introducing an additional scalar field x transforming as

ox =£ex + 0, (6.4.70)

we promote N to a Stiickelberg symmetry, the effect of which will be the replacement of m, by M,
given by the usual expression

My =my, —dux (6.4.71)

in all geometric quantities. We stress that it is not necessary to do so, just as when considering a
Stiickelberged Proca field, one can either choose to work directly with the Proca field or a Maxwell
field and the Sttickelberg field. We will use a mixture between the two approaches.
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6.5 THE ANOMALY & HORAVA-LIFSHITZ GRAVITY
6.5.1  Reduction of the Anomaly

Holographic renormalization of the electromagnetic uplift produces the boundary anomaly

_ 1 AB 1 g 1 2
A=-3 <Q(°)ABQ(0) —3%0) 27 asF(0) T3 (D(«/(O))IP(O)) , (6.5.1)
where
Qs = RO 13,000 ‘
048 = Rap = 594%(0)98%(0)- (6.5.2)

The anomaly is related to HL gravity, as we now briefly discuss—this was observed in [107] and
formulated in a TNC covariant manner in [24]. In the case of ALif, where the torsion vanishes and
where x (i.e. the boundary value of bulk Stiickelberg field E) is a constant (for simplicity we will set
Xx = 0) , the reduced anomaly becomes [24]

1 1 2
A = — (’CMVICI,W — E (h”“ICW)2> - ﬂ (R + egeﬁvy (hVPEUTP)) +e 18H (e]l‘) — 2»CGED
(6.5.3)
where K, = %;Evhyv is the TNC extrinsic curvature, and R is the Ricci scalar of T. ¥ is some

complicated current (cf. [24]), while Lggp is the Lagrangian for GED which can be read off from
(6.1.15). Combining our findings, we may thus write

1
-5 /d3x e A = Spur, + Scep, (6.5.4)

where PHL stands for projectable Hotava-Lifshitz, see [53] for details.

6.6 HOLOGRAPHIC RECONSTRUCTION OR MOCK FG EXPANSIONS

From the FG expansions of the higher-dimensional fields that we determined in chapter 3, we can
work out the corresponding expansions of the four dimensional bulk fields. In particular, having
shown in section 6.4.1 that the reduction becomes null on the boundary, we can use our explicit
expression for Y(0)ap as well as our knowledge of the sources from section 6.3 to determine the
expansions. We start by translating our results from chapter 3 into the notation of this chapter.

From a five-dimensional perspective, we have the fields ds3 = dr—rzz + vapdxAdxB, ¥, A4, admitting
FG expansions of the form

1
TAB = 5 (V(O)AB +77Y2)ap + 7 (log "Y(41)AB — '7(4)AB)) +0(r°logr), (6.6.1)

Y =1+ 1’21[1(2) +rt log gy + 1’41[1(4) + (’)(r6 log 1), (6.6.2)
Aa = Apya+ r?log rApna+ rzA(z)A +O(r*logr), (6.6.3)
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where the coefficients are given by (see section 3.2.3 and also footnote 14)
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Y(2)AB = _% <REZB ) aA‘/’ (0)9BY( 0)) 1127(0)AB <R(7<°)) - ;(alp(o))2> , (6.6.4)
Y2 = %Dmop%ﬁ(ow (6.6.5)
A1y = Vfgv(o))f(B) R Ar (6.6.6)
A( »7(0 1 A(z 1)A- (6.6.7)
Y(41)AB = ZV(WO)) <VE¢;Y(O>)'Y(2)BC + V)(;;W(O))Y(Z)Ac - Vg(o))’Y(z)AB> N %VS(()))Vg(O))'y(CZ)C (6.6.8)
+ ')’(Z)AC'Y(CZ)B - %B(Agb(o)véwomp(z) ~ 7(0)AB (i’y(czl))v(z)cp + ;#sz)) (6.6.9)
+ %J'"(o)Acf(o)Bc - 11*27( )aB+ (0 )cpf(col)j/ (6.6.10)

V) = _411 <D('y( NP 290 %G 2a Tt aA‘P( )Vg(o))ﬁz)g - vé?VEI“”aBm - aAyb(O)V(V(O))B'Y(O)AB)
(6.6.11)
Py = % (Oy) — 4111/’( )’Y(z) 31/’(4 1) (6.6.12)

The fields that we are interested live on three-dimensional surfaces of constant r,

_ _ 1 _
h‘uv =e® (')/;w —€ Z(P')’yu')/vu) ’ Ay =e ZCD')’yu/ = 5 log Yuu, Cy = Ay — Aye Zq)’)/yu

(6.6.13)
First off, since 7(g),, = 0, the expansion for the dilaton becomes
1
= 5108( Y@y + 71087V (4 1w + Y @y + ) (6.6.14)
= %log (”r(z)uu) + §r2 108 7Y (4,1)uuY (2} + §r27(4)uu’r@§uu +-- (6.6.15)
= ¢+ 1ogrdp ) + PP+ -, (6.6.16)

where

1,0r) 1 _ 1 _ 1
"= T@)uu = — >R +1, Qo) = Ee 2¢7(4,1)uw Q) = 5e 2 <qu - 4tuu> ,
(6.6.17)

and we have used the FG coefficients (6.6.4)—(6.6.12). In particular, in the first relation we have used
that 7(g),, = 0 and ¢(g) = 2u — 2x. Note that the Ricci tensor above can be rewritten in the form

Rf,u 0) _ opa

A T ZFB[ " M]u =1 (em ryavrp)Z, where e#f = e~ 1e" with e/"? the Levi-Civita symbol.
In particular, this implies that ¢ is not an independent source, which has the important consequence
that the corresponding VEV will vanish—we will explore the consequences of this in section 6.7,
where we also provide a different reason why the VEV should vanish. This also allows us to identify

the coefficients of the expansion of « (cf. eq. (6.3.9)),

=ag)(¢)
(@) = e 39/2 — —39/2 _3 2, E - T SR 6.6.18)
o =e =e¢ Er ogra(0)P21) Er 2(0)P(2) , (6.6.1
so that the combination [ — I appearing in (6.3.9) is equal to [ — [ = —3 ‘(1/ >3q)( 2)-

Similarly, for the KK vector, we find the expansion

A =172 A0y +H108T A1y + Ay + 11087 rA 2y + 2 logr Ay, + P Ay o
(6.6.19)



86

CHARGED LIFSHITZ HOLOGRAPHY & GALILEAN ELECTRODYNAMICS

where
_ 4/3 _ 4/3 _ . 4/3
Ao =%y Apu = 20y P Au = 40 Y@)uu — 2P A (6:6:20)
A2 _ .4/3
A = Ppndow  Awnu = %oy Yanum — 2P A2 = 2Pun Ao (6.6.21)

Note that A(,), transforms as 6, A (), = —dy,0 under Stiickelberg gauge transformations (i.e. diffeo-

M
morphisms in the compact direction), which follows from the transformation property (SURLZ}O)) =

—RE,Z,(()))ayU and then using the first relation of (6.6.17). For the metric, we get

hyy = r*4h(0)w, +7r2log tho)uw + rfzh(Z)W + O(log?r), (6.6.22)
where
_ 2/3 _ _ —2/37, 2/3
Moy = =10y Wl hapyw = —hep®Pey, e = 2g) e = 20007 T Y @+ B
(6.6.23)
Writing
hy = —EGE) + 64 ERE),  Ej ~r 21y, Ef ~r e, (6.6.24)
we infer from the second term in (6.6.22) that
Eg = r‘za%éfry +logrY, — tx(_O% (My — ITF) 4+, (6.6.25)
where we find that
_ 1 s
YH — EUC(O) (D(Z,l)T]’l’ (6626)

whereas M, emerges from ;) in (6.6.23) as the combination involving only a single factor of T,.
Since there is no term of order ! log r, we obtain

E, = riloc(o%/?’ + 0. (6.6.27)

The behaviour of the new fields follows straightforwardly from their FG expansions and the expan-
sions of the four-dimensional fields that we have worked out above,

Y =0+ logrYpp) + Yo+, (6.6.28)
Cp = Cloyur 2 +10g7Ca1), + Ciayp + 17108 rCiagyyy + 7 Cray + - - (6.6.29)
where
- 1 -
Y(Z,l) =e 1%(@8“19), Y(Z) = E (‘-7(0)14 —e 18M(ea”19)) ’ (6630)
C(O)y = —190/(10/)37,,, C(Z,l) e —Dé%éf (Y(Z,l) - 219(1)(2,1)) TV’ C(Z)P‘ S ﬂy - 19711]4 - (i)’l’y - ﬁA(Z)y
(6.6.31)

6.7 THE VEVS

In this section, we consider the VEVs corresponding to the sources introduced in section 6.3.1. We
consider both the relation to the four-dimensional responses determined in section 6.2.3 and the
relation to the VEVs in the electromagnetic uplift.

6.7.1 Definition & Near-Boundary Behaviour

The goal of this section is to identify the VEVs corresponding to the sources in (6.3.19)—(6.3.28). These
can be obtained in terms of the responses (6.2.35)—(6.2.42) via the following identity (which is under-
stood to be sitting inside an integral),

1
ET,MSW + TY6B, + Ted® + T V6C, + TydY = (6.7.1)

SPOE + SHSE) 4+ Tpdg + T 6 Aq + Tz0Z + Tod® + T "6C, + TadQ + TydY, (6.7.2)
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where we used that B, = A, — d,E (which, due to the dependence of the derivative, implies that the
identity above holds up to a total derivative), A, = E,é‘AH. In the above, we have used in particular

¢ = EgAy —a(P), (6.7.3)
Q= EjCy + Ya(D), (6.7.4)

In order to identify the VEVs appearing in (6.7.2), we need to relate the variations of the sources to
the variations of (f,y, By, ®). For hy,, and & this is straightforward, but for the massive vector and the
Maxwell field a few subtleties arise, so we perform that calculation in detail. We start by noting that

TV6B, = TV6A, + e 19,(eT") + total derivative, (6.7.5)

due to the Stiickelberg decomposition of the massive vector. Further, we see that the flat version
satisfies

T Ao+ T"0A, = ENT!6 (E§Ay) + ESTHS5 (ELA) (6.7.6)
=TV6A,
= ENTVAVSE; + E[T" AyOE; + (ES,T MEp + E,ﬁTﬂE;) Ay, (6.7.7)
so that
T'6A, = T°6 Ao+ T"6A, — ENT" A SE, — Ej T A,SE}. (6.7.8)

Observe further that since—by (6.7.3)—Ag = ¢ + a (D),

SA SA
T% A = EQTH ( TO 5o+ 571)0 5c1>> . (6.7.9)
\/(’L ~—
=1 _ da(®)
do

Repeating the analysis above for the Maxwell field, we find that
T v6C, = T°6Co+ T "6C, — EgT M CuOE, — EfT FC,OE}, (6.7.10)

where, since Ch = Q) — Yu

T 05C) = EQT (50 ~ y%m ~ aéY) : 6.7.11)

Combining our findings, the responses can be written in terms of the quantities of (6.2.35)—(6.2.42)

S8 = = (TuwE§ + TPEYAw + TPESC, ) , (6.7.12)
Sp = (TwE™ ~ TPERA, — TPELC, ), (6.7.13)
To=T'ED, (6.7.14)
da(P) da
—_ 0 0G u “%
To =T + T'E, 30 +YE,J EFY (6.7.15)
T% = TVES, (6.7.16)
Tz =e 10y, (eTH), (6.7.17)
I =JVEL, (6.7.18)
Ta = JVE), (6.7.19)

Ty = Ty + Oj”Egzx (6.7.20)
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Below we list the responses and their near-boundary behaviours and thus identify the VEVs. Note
that we have to take into account the near-boundary behaviour of the measure /—7 as was the case
in section 5.3.1, where we performed the same analysis for general values of z. Doing this, we obtain

SO ~r “%/)350 (6.7.21)
Sp=r 3SZ, (6.7.22)
Tp=~— %)3]"0 (6.7.23)
T* o~ —3T7, (6.7.24)
To ~ r*a %/)3 (Oy), (6.7.25)
Ta ~ —r4a}(§)3 (Oy), (6.7.26)
T~ 70, (6.7.27)
Ta ~ r2“2/)3]01 (6.7.28)
Ty = r'a(f? (Oy) - (6.7.29)

From these, we may immediately read off their scaling weights:

VEV. | SpISh | 10| T | (Og) | (On) | /' | /] (Oo)
scalingdim. | 2 | 3 | 2 | 3 4 4 3|2 4

Table 6.7: The VEVs and their scaling dimensions.

We note that, as was the case with the sources, the scaling dimensions of the new VEVs correspond
to the results in the field theory (cf. table 6.4) when setting z = 2.

6.7.2  Relation to Five-Dimensional VEVs Via Null Reduction

We now proceed to relate the five-dimensional VEVs to the four-dimensional VEVs and perform a
general analysis of these. In the uplift, we have that

0ren = lim / d*x/ =7 ( Tapdy B + Tyoy + JA(SAA) (6.7.30)
= o dBre ( EtAB&,YE%? + <O¢> (51/)(0) + j(é)5A(O)A ) , (6.7.31)
————
=:() =:(t) =:(1)

where we have performed the u-integral and used that , /=7 ) =: e = det(7y, eZ), which follows from
(??). In the four-dimensional theory, we then have

0Sren = lim » d3x v—h ( Ty 6h" + TV6B, + Tpd® + T V6C, + 7}51/) (6.7.32)
_ / dxe ( S80H + Sadel + TOmg + T?6mq + (Oy) x + (Og) 69 + j*6a, — %6 + (Og) 519) )
(6.7.33)
where my = —ot'my,, m; = ef; my, and where we have used
Yoy =2u—2x, (Oy)= —% (Ox) - (6.7.34)

This implies that §¢g) = —25x. The VEV (Oy) is given by

1 . 0
(Og) = (Og) — 5 {v”(sﬁ + TOmy) + el (Sf, + Tmy) + j*aq —1090] =0, (6.7.35)



6.7 THE VEVS 89

and vanishes, as we will explain shortly. The extra terms in (Oy) come from the presence of (o) (#)-
terms in the responses (6.3.2)-(6.3.8) considered from the perspective of the right-hand side of the
identity (6.7.2), e.g.

—-1/3
\/—778251564 ~ —esgév” - eoc%fsgv”d (034))/ ) S = —eSO(SUV - eSOvV&p (6.7.36)
The new terms will contribute
1/3
V=rT 16C, ~ ef"Sa, + e §/3]aaa daif) S = ej"da, — %ej”aaécp, (6.7.37)
as well as (using Q) ~ —r2 & 1/3g0)
—1/3
V=rT0dQ = —¢°5¢ — a0/ ad ) 0= —¢j°0¢ — %ej%w. (6.7.38)

Since none of the bulk fields have a near-boundary behaviour that involves the source ¢, the same
does not happen to (Oy),

(Op) = (Oy), (6.7.39)

i.e. there will be no additional terms in front of §¢ as was the case for J¢.
Now, recall from our analysis of the FG expansions in section 6.6 that

e = iw +1, (6.7.40)
where @ is the twist. This implies that the source ¢ is not independent and has the consequence
that the variation of the renormalized on-shell action with respect to ¢ gives zero. This can also be
seen from the shift transformation (the J, transformation, also known as local dilatations in [24])
we considered in section 6.3.2.4, which directly implies (Oy) = 0. Similarly, from the gauge shift
transformation Jy, we get the relation

(Og) = 0. (6.7.41)

Now, as we demonstrated in section 6.4.1, the Scherk-Schwarz reduction employed becomes a null re-
duction on the boundary. In order to relate the VEVs appearing on the right-hand side in (6.7.21)—(6.7.29)
to the VEVs in the electromagnetic uplift, we perform a null reduction of the expression in (6.7.31),
which is then equated with the same expression from a lower-dimensional perspective (6.7.33). In
components, the null reduction (6.4.18) can be written as

( ) = h" = el 'y?g) = oM = eM"m, — o, 70) = 2® = mm, +2mg,  (6.7.42)

which means that kY = 2651” 5e”)?. From the expansion of C in (6.3.18), we note that

Ay = ay — 0my — ¢, Aoy =19, (6.7.43)
which in particular means that we can rewrite

Aoy = €y (aa — Oma) — 7 (Omo + @) - (6.7.44)

Omitting the integral* and applying the null reduction of (6.7.42) to each term in (6.7.31), we obtain:

(%) = t}weZ(Se"“ + tuy (e"Omg + mgde! — 6vt) + tyy (mom, + dmyg), (6.7.45)

(t) = (Oy) ox (follows immediately from (6.7.34)), (6.7.46)

(1) = J)00+ Jgg) [e; (605 — 06mg — mad0) — Ty, (85mg + modd + 543)} + j[(‘)) (aq — Bmy)def, — j(’:)) (dmg + ¢)6T,.
(6.7.47)

4 When omitting the integral, we must recall our ability to integrate by parts. Equalities therefore only hold up to total derivatives.
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We observe that the expression above involves two additional variations, 56‘;[ and 47, in the last two
terms, and that these are not present in the expression for dSyep, in (6.7.33) which we’ll eventually want
to compare with. Therefore, we use the second identity in (6.1.10) to write, first off

j(’:)) = (e,;;e?, — Tvv") j(%). (6.7.48)
Now, using the first, third, fourth and fifth identity of (6.1.10), we find that
T,00" = —0tdTy, e, 60t = —vl'dey, T;,deff = —eﬁf&ry, eyoe, = —egéeﬁ, (6.7.49)

and so we can rewrite the last two terms in the expression for the term (f) (6.7.47) in the following
manner:

j{(’)) (aa - ﬁma)ée’al = \,7(16) (ﬂa - ﬁma)ez |:T]/5’U}4 — 6556?} , (6750)
j(%)(mo + ¢)01 = T (o) (dmo + ¢)7, {TV(SUH - eﬁ&eﬂ . (6.7.51)

Combining our findings, we obtain

1 ~
EtAB(S’y(/é)l)g + (Oy) 8¢ (o) + j(’g)éA(O)A =— {tw — j(lé)'rv {(aa — Omg)ey, — (Omo + @) TyH o' (6.7.52)

N [twem b — Ty {(ab — bmy)el, — (8mo + §) T H del' + [tuu - M{g)ry} Smg (6.7.53)
+ [twew + tym® — j(’:))eZé‘] Sty + {—j(%)(Tymo +elmg) + j(‘())} 88 + Ty ¢hdaq + (Ox) 0x = Ty 76,
(6.7.54)
giving us the result
52 = tup — j('é)"r], {(a,Z — Omg)e;, + (0mo — @) Ty} = tuy — j(’())rvfzw (6.7.55)
Sy = tue™ + tyum® — )¢5 {(ﬂb - 19mh)€f, — (8mp + @)Ty} = type” + tum® — T ey,
(6.7.56)
TO =ty — j(’é)ﬂry, (6.7.57)
TH = tul,{eyu + tuumﬂ - j(lé)(f?lﬁ, (6.7.58)
(Oo) = =T o) (Tumo + euma) + Ty = Ty = Tigym =0, (6.7.59)
(Ox) = —2(0y), (6.7.60)
]'11 _ j(}(‘))e;, (6761)
jo — j(l/(l))'ry, (6762)
where we have introduced the notation
ay = ay — 0my — ¢1y, (6.7.63)

which is the same GED field combination we considered in section 6.1. These allow is to determine
the transformation properties of the VEVs, which we will consider in section 6.7.3. Now, we invert
the relations above to find the expressions for the higher dimensional VEVs in terms of the lower
dimensional ones, which will allow for a straightforward translation of the higher-dimensional Ward
identities:

j(’é) =t =Su 4, ey = Sh 4" — (S) +a)m®, b =T+ 8.
(6.7.64)

6.7.3 Local Transformations of the VEVs

Having obtained expressions for the four-dimensional VEVs in terms of the VEVs in the electromag-
netic uplift in (6.7.55)—(6.7.62), we can use our knowledge of the transformation properties of t 4p to
obtain the transformations of the VEVs, just like in section 6.3.2.3. Using

Letap = E9ctap + tcpdalC + tacEC + dptas, (6.7.65)
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with

& =g, (6.7.66)

we find
8S), = £:5) — T00,0 + j°80,0 — °9,T ) — 2ApS), (6.7.67)
885, = £S5, + A"SY + A% S), — T°9y,0 + j*80y,0 — j°9,T (g) — 3ApSS, (6.7.68)
6T = £:T° — 2ApT°, (6.7.69)
6T" = £:T" + A"T0 + A% T? — 3ApT", (6.7.70)
J <Ox> = £¢ <Ox> —4Ap <O)c> ’ (6.7.71)
5° = £)° —2Ap}°, (6.7.72)
8" = £j° + A0 + A7, — 3Apj°. (6.7.73)

Thus, we see that—just like the sources—the VEVs transform under the symmetry group

Dif f(M) x Schy(d,1) x U(1). (6.7.74)
6.8 THE WARD IDENTITIES & BOUNDARY STRESS TENSOR
6.8.1  The HIM Boundary Energy-Momentum Tensor & Augmentations

The HIM stress tensor,
T, = —oMSY 4 elise, (6.8.1)

transforms under gauge transformations (U, (1) and Ur (1)) as

S rTHy = — (TF + j0) dyo — jF0u T (). (6.8.2)
This leads us to define a totally gauge invariant augmentation,
Tooal'v =T+ T'oux + 1 a0, (6.8.3)
where
A = Oy — M, — ¢y (6.8.4)

Note in particular that T(, 5"y is also invariant under ¢y. The combination T# + j#¢ featuring promi-
nently above is J, invariant, and we write it as

T(”ﬁ) =TI +j"0. (6.8.5)
Note that this implies the relation
Tioay'v = Tlay, + T(a)duX, (6.8.6)
where
Ty = T + 4, (68.7)

is the Ur(1) gauge invariant HIM tensor. We will eventually want to write Ward identities in terms of
quantities carrying space-time indices, so it is useful to note that

TH = —TO0# 4+ T?%, t = — %0k + joel. (6.8.8)

We also have augmented Galilean boost invariant objects,

za’(‘x) = ot — " M,, (6.8.10)
é?x);l = e, — Mye™' 1, (6.8.11)

~

h(X)iW = 5ahél(lx)yéz(7x)v’ (6.8.12)
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where we have replaced m, with the gauge invariant version M. Note that we can relate the lower
dimensional quantities to higher dimensional fields in a more covariant manner. For example, observe
that

T, = —oMSY 4 el/S8 = —vlty, + e (tove® + tyym®) + o' %4, — el j"a, (6.8.13)
A din .
= 7?0) tay — jta, =ty — j*ay. (6.8.14)

A similar analysis shows that
T =, — 0. (6.8.15)
Continuing this procedure, we find
tt =28 (TF + 9j*) — 07 (TV, + jMas), Y = =0t (TV + 8j") + W' (TV, + j*a,) . (6.8.16)
This implies further that
ty = 28T iy — 07Tl T, (6.8.17)

where we have used that 7(q),,, = 0.

6.8.2  Ward Identities

These Ward identities are obtained by requiring invariance of the renormalized on-shell action under
the respective symmetries, that is to say, the expression

red r

(6.8.18)

. . 5
5Sren = /a L dxe <—52(st + S80ell + TO5mo + T*6ma + (Oy) Ox + [*0aq — 195§ + (Og) 68 — ALY r) ,

should be invariant under Dif f(M) x Schy(d, 1) x U(1). Note also that (Og) = 0 above.

6.8.2.1  Galilean Boosts
We start with the boost Ward identity; the fields transforming under Galilean boosts G are
Sgott = Ael), bcmg = Ay, bcmg = —Amy, 0P = aA", dgas = 9, (6.8.19)
Requiring invariance of (6.8.18) under Galilean boosts, we obtain the Ward identity
—S0eh + T08y, — TOmg — [Pa, + 08,0 = 0. (6.8.20)

Employing techniques identical to those in section 5.3.3, we may covariantize the boost Ward identity
above. Using our result for the pure Lifshitz boost Ward identity (5.3.34), we note that (6.8.20) can be
written as

é‘(’x)yT” — %% + 8 = M (T +T0ux) - (6.8.21)
To covariantize the new part, observe that
jO = 1,j", jb = eij”, a, = egaw (6.8.22)
implying that
_]‘Oaa +jh(5hal9 =" (—TyeZav + ﬁeyu) =¥ (—Tyez (ay — OM,) + ﬁé(X)W) . (6.8.23)

We can replace a, — ¥M, with a Stiickelberg invariant extension of 4,
(u = W — My — ¢, (6.8.24)

due to the orthogonality property 1, el = 0. Allin all, this means that the boost Ward identity becomes

él(ZX)MTH +" (ﬂé?x)y - Tﬂevua()c)v) = el (TZ + TvayX) / (6.8.25)
which can also be written as
onTlny = " Tia)u- (6.8.26)

Thus, we see that the boost Ward identity takes a form identical to what we find in pure Lifshitz
holography in chapter 5, but instead in written in terms of the GED-augmented quantities defined in
section 6.8.1.
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6.8.2.2 Rotations
Next, we turn to rotations |, where the relevant transformations are
100 = Alay,  Syma = APmy, el = Alel, (6.8.27)
which means that the rotation Ward identity becomes
Sel 4 Tlombl 4 jlagh — o, (6.8.28)
Multiplying by m® and antisymmetrizing, this becomes

526”[”771[’} + 9gl2b) — flagbly = Tlapt], (6.8.29)

Following the insight from section 5.3.3, we expect that in order to obtain the rotation Ward identity,
we need to apply the boost Ward identity in the form

—S%e! + T* — T'm" — j%a" + j*0 = 0, (6.8.30)

so that our rotation Ward identity (6.8.28) can be recast in the form
Sk’e’*h] + Sze’*[”mb] + Paltm®) — jlrmbly 4 jlagtl = . (6.8.31)
Now, observe that we can rewrite the left-hand side of the expression above in the following manner
e Ty — duxe (017 — 20" + T — mT0 — o150 (6:8.32)
+ By xel (ﬁjb — 0P + TP — b0 — ePbsg) . (6.8.33)

Here we recognize the two last terms as two copies of the boost Ward identity> (6.8.30), implying that
the rotation Ward identity can be written covariantly as

&M Ty = 0. (6.8.34)

This statement is the non-relativistic analogue of symmetry of the energy-momentum tensor, and we
see again that the Ward identity can be expressed compactly in terms of the GED-augmented HIM
stress tensor.

6.8.2.3 Gauge Transformations
For gauge transformations Jr, the relevant transformations are
§F(P = Uﬂayr(o), ora; = egayf(o), (6835)
which means that we get
. . T . . T'o .
0= /d3x e (—]%Ha},r(o) +]”ef{ayr<0)) = —/d3x e%ay {e (-]OU” +]a€1};>} =- /d3x E%au (ef"),
(6.8.36)

that is to say, the U (1) Ward identity is

1 )
an (ef") = 0. (6.8.37)

This expresses the TNC analogue of conservation of the GED current. Note that we can also write this
in the form

0= Vi = Vi + Ty i (6.8.38)

We note that [36] finds an identical Ward identity.

5 Recall that the same happened in our treatment of pure Lifshitz holography, cf. section 5.3.3.
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6.8.2.4 Stiickelberg Gauge Transformations

In this case, the relevant field transformations are
ONX =0, ONmy = 0,0 = dnmg = —vFoy0, Snm, = eyaﬂa. (6.8.39)

Plugging this into the expression for 45 in (6.8.18), we get
0= / & e (T3, + (Oy) o) (6.8.40)
= [@xe (=28, (T +(0x), (6.8.41)
which implies the Ward identity
(Oy) = %ay(m). (68.42)
Since the left-hand side is generically different from zero, this breaks mass current conservation.

6.8.2.5 Weyl Transformations

The relevant transformations read in this case

6pvt = —2ApvF,  dpey = —Apel,  dpmg=—2Apmg,  Spmg = —Apm, (6.843)
op§ = —2App,  Opag = —Apda,  Spr=—Apr. (6.8.44)

This produces the Weyl Ward Identity
0 0~
AW = 28907 + Shelt +2Tmg + Tmy — 21 + jaa. (6.8.45)
The right-hand side can be rewritten in the following manner:

201, (TV ) + ' 8y) + ehe (TFy + j*a,) + 281, (TF + j8) + m, (—m“TO F T — w00 + 19]’”) .

(6.8.46)
Using the boost Ward identity in the form (6.8.20), the part proportional to m, takes the form
Mg (Sge"” + 7 (a® - m”ﬂ)) = mare! [TV, + '8, , (6.8.47)
which means that we can further rewrite the Weyl Ward identity (6.8.45) as
AQ) = oo, (TV, + 'a,) + el (TH, + j4y) + 281, (TF + j10) (6.8.48)
— (ez‘e“; — 2@?‘@) Ty + 287, Tl (6.8.49)

The first term in (6.8.49) is the z = 2 deformed trace, while the second can be interpreted as a form of
potential energy since T is roughly the mass, while ® plays the role of the Newtonian potential.
6.8.2.6  Diffeomorphisms

All the fields transform under infinitesimal boundary diffeomorphisms generated by ¢, but there are
only two types of transformations depending on the number of space-time indices:

(5,§X =g9,X, (SCVV = Y9, VH — VY9, M. (6.8.50)

In particular, the only fields carrying space-time indices are v and e}, and we note that due their
transformation properties it will be necessary to integrate by parts in order to obtain the Ward identity.
This procedure is straightforward and gives the Ward identity
1 ) )
(6.8.51)

1 ) . -
= an (e(TH, +THayx)) — Sgavv” + Sﬁaveg + T9,mq + Ty m, + j0vag — ]Oav(p. (6.8.52)

We will consider the covariant version of this result from the perspective of null reduction in the next
section.
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6.8.3 Ward Identities From Null Reduction
The five-dimensional Ward identities read

tAA = Aé%), ﬁAtAB + f(O)BAj(IS‘) + <O¢> aBl[J(O) =0, ¢A~7(13) =0, (6.8.53)

where Aé%) is the boundary value of the Weyl anomaly, which we emphasize has nothing to with the

five-dimensional gauge field A4, and V is the covariant derivative of 7Y(0)- Reducing the last of these
gives us

9y (¢f") =0, (6.8.54)

as we found in (6.8.37). Note that this does not put any constraints on 7, (”(‘)). Now, recall that
thy, = TH, + j*a,, th, = TH 4 j*9. (6.8.55)
The u-component of the higher-dimensional diffeomorphism Ward identity then takes the form
1 1 . .
0= an (eth,) + }'(O)WJ(%) +(Oy) 0utp(g) = an (e[TH +j*0]) — j*9,0 — (Oy) (6.8.56)

1 9
=~y (eT") + 1370 + — 9, (et') — 1370 — (Oy), (6.8.57)
P g PN Z X
=0

leading to the Sttickelberg Ward identity (6.8.42) found previously.
We now begin our reduction of the Weyl Ward identity (using AL AES&):

5D
0

AL = (B tan = Vo)t + 27 tup + Vo un (6.8.58)

= Wty — 201ty + 2Pty (6.8.59)

= it + el — (S0 + 08, ) moel — 20" (8)+ *#,) +2® (T°+9/°)  (6860)

= (TVy + ') [ebe, — 20"7, ] + 28, (TH + 9j) (6.8.61)

=T, [eZéf, - 2@%,,] +287,T),, (6.8.62)

in agreement with our previous result (6.8.49).
Turning to the diffeomorphism Ward identity, we observe

Vathy = oty + Tt =T 0 + Tt — T (6.8.63)

_ s TV A A : i IS
= VTl + T Tiapn = 200 Ty + 10,7, {quT&)hM —01TG o | . (6:864)

Now, defining flﬂ’ = 28(]4511,) and using the relation (6.7.59) for J, (‘6), the rest of the diffeomorphism
Ward identity can be written as

]'-(O)VAJ(IS) + (Oyp) Outp(o) = fyvjv +j"mydu® + (Oy) dux (6.8.65)

= fuvj" + 'm0, 0 + VT 9. (6.8.66)

Results from [57] indicate that the diffeomorphism Ward identity can also be covariantly expressed in
the form

0=¢! [E)U (eT{ﬁ)y) + 9y (eT") 8,4)(} +T°

(av

) (ﬁvayrp — egayég) + TVTE/ﬁ)aHCI) + 7" (fAW + m,,ayﬂ) )
(6.8.67)

69 GENERAL—-Z CONJECTURE

Based on the analysis for z = 2 above and the dimensional analysis of section 6.1.3, we can put
forward a general conjecture for charged Lifshitz holography with z > 1.

95



96

CHARGED LIFSHITZ HOLOGRAPHY & GALILEAN ELECTRODYNAMICS

6.9.1 The Action

Amalgamating our starting point for pure Lifshitz holography (5.2.1) in chapter (5) with our specific
upliftable model (6.2.21), we take as our starting point the action

1 1 1
S = /d4x Vg (R - 1Z(F)(cb,y)lfz — EW(cp,Y)B2 - %(8(1))2 - 1Z(H)(cp,Y)H2 (6.9.1)

1 1
~ 5 Z(Em (®,Y)Fpn HMN — 5zm(aY)2 + V(@,Y)).

(6.9.2)

We have kept the dependency on Y general in the action above. The functions Z ;) and W are restricted
to be positive and to be of such a form that the function & does not depend on Y. If we did not do
that, we would no longer find that o ~ Xyt since, based on our dimensional analysis in section
6.1.3, this field behaves as Y ~ r?/2719, so for 1 < z < 2, the leading component would no longer be
O(r°). Whenever z > 2, a can depend on Y, but we will not explicitly consider this. The potential V
is negative close to a Lifshitz solution.

We expect in analogy with our analysis in this chapter that this action admits solutions of the form

1 1

45 = —df + (ar? +dx? +dy?), (6.9:3)
_ 41 _ _B@Y), 1 _ 221 _

B = Aor—zdt, C= 2 () Aor—zdt, Y=r Y., =9, (6.9-4)

where B(®,Y) is a suitable generalization of the combination Ya(®), which appears in the upliftable
model.

6.9.2 Sources & VEVs

The metric and Proca field are expressed as in chapter 5,

dr?

2
ds” = R(®)r2

— E°E0 4+ 6,,E"E", By = Ay — OMmE, (6.9.5)

Invoking the equivalence principle, we can translate the results of section 6.1.3 for the scaling weights
of the GED fields on a flat background to the scaling weights of the frame components of the sources,
which we saw matched our holographic results for z = 2. Our boundary conditions, suitably general-
ized, can therefore be expressed in the form (where A > 0)

Eg ~ _,,za(—ol)/val (6.9.6)

El ~ roc%fe,’;, (6.9.7)

Ay — a(D)E) ~ —r* 21y, (6.9.8)
O~ rA¢, (6.9.9)

o~ -2y, (6.9.10)

Ay~ —(z—2)r" 3y, (6.9.11)

Y ~ #/27 1y (6.9.12)

EjCyu+ Yo () ~ —rZ/ZHDc(*O%/?’(p, (6.9.13)
EZC}, ~ rZ/za%faa. (6.9.14)

Note that, as was the case in chapter 5, a(g) is only a function of ¢ when A = 0, which, as explicitly
demonstrated in section 6.7.2, leads to additional contributions to the VEV <O¢).



69 GENERAL—Z CONJECTURE

These generalized sources transform according to

dey = £zey + A"y + A" be + Apej,. (6.9.15)
0Ty = £y + zApTy, (6.9.16)
O0x =£ex +0—(z—2)Apx, (6.9.17)
6vl = £z0M + A%l — zApoF, (6.9.18)
delf = £zel + A, Vel — Ap, (6.9.19)
0¢ = £z — AAD, (6.9.20)
oty = £gmy, + eZAa + 0,0 — (z —2)Apriy, (6.9.21)
08 = £:0 — (2/2 — l)ADﬂ (6.9.22)
0¢ = £:¢ +aaA" + 019, T ) — (z/2+1)Ap§, (6.9.23)
day = £zay + 0\, e + Tuave, /\ +9 ul (o) + o 81,1"(0) —(z/2—=1)Apay, (6.9.24)
da, = £za, + 0, + Adlay — Apa, + ¢l ay —z/2Apa,. (6.9.25)

Similarly, as we did in chapter 5, we can assume the existence of a renormalized bulk action write
the variation of the on-shell renormalized action as S;en = — fa M dBxe (V&X — A%), where the

source complex is given by X' = {E},, Ea ,9,A4,8,9,0,C,, Y}, and the responses are collected in the
complex V = {89,854 T, T% Tz, To, Ta, I, Ty}, whose leading terms are the VEVs:

],[/ l,{’
SO ~r zx%/)?’SO (6.9.26)
~ 241
Sy =TSy, (6.9.27)
$2/3
Tp =742 (({) 19, (6.9.28)
T ~ 377, (6.9.29)
Tz ~ r*a %({)3 (Oy), (6.9:30)
T ~ ¥ 12~ Azx%/; (Og), (6.9.31)
TQ ~ 7 Z/2+l %/)3]0/ (6932)
ga~ ],z/2+2]a/ (6.9.33)
Ty = r*2u 5 (Oy), (6.9-34)

(0)

where we have, once more, used the results of the field theory dimensional analysis of section 6.1.3.

Thus, the variation of the renormalized on-shell action becomes®:

N N ~ Ocx - or
0Sren = / d3x e [—sgw + Sy del + T8y + T*61ia + (Oy) 5x + (Op) 6¢ — 266 + j"6as + (Og) 68 — A —

(6.9.35)
where

d 10g DC(O)

1 o
(Op) = (O} + 85 [0 (8% + TOmy) + ek (Sf + Tmy) + fa, — 9] T

=0. (6.9.36)

6 In this section, we use the symbol A g, for the anomaly, which in our z = 2 was the leading part of the five-dimensional gauge
field. We hope that this does not cause confusion.
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The VEVs transform under the Schrodinger group in the following manner

8S) = £:85 — T%9,0 + j*99,0 — j°9,T(g) — 2ApS + - - -, (6.9.37)
885 = £80, + A"S + A% S), — T°9y,0 + 00,0 — 9, T () — (z+ 1)ApSi + -+, (6.9.38)
6T = £:T° — (4 —z)ApT° +- - -, (6.9.39)
OT" = £:T° + A"TO + A" TP —3ApT" + -+, (6.9.40)
0(Ox) = £z (Ox) —4Ap (Ox) +- -+, (6.9.41)
dlogzx(o) . y
0(Oyp) = £¢(Oyp) + 5A'OT (AaT* + 0" Ag) = (z+2—=A)Ap (Og) + - - -, (6.9.42)
5 (Og) = £z (Op) — (z/2+3)Ap (Op) + - - -, (6.9.43)
5% = £e° — (z/2+2)ApfP+ -+, (6.9.44)
8" = £aj" + A0 + A" — (z/24+2)Apjt + - -, (6.9.45)

where the dots denote possible terms involving derivatives of Ap.

6.9.3 Ward Identities

As demonstrated in [29, 32] and discussed in section 5.3, the Ward identities in pure Lifshitz holog-
raphy are the same in all the four cases (5.2.28), although their derivation are differ from case to
case. Assuming this also applies for charged Lifshitz holography, we restrict our attention to the case
1 < z < 2 with A > 0. In this case, the analysis of section 6.8.2 is nearly unchanged: the main dif-
ference is that now (O), and (Oy) are no longer zero. Therefore, we conjecture the following Ward

identities

é?x)yT(a) =0T (boosts), (6.9.46)
0= é(i()veb]"TE’Xﬁ) " (rotations), (6.9.47)
0= %ay (ej") (Ur(1) gauge transformations), (6.9.48)
(Oy) = éay(eT”) (Stiickelberg gauge transformations), (6.9.49)
Ag) = —zsgv” + Sieg + (22— 2)Tmg + (z — 1) T*m, + (z — 2) (Oy) x (6.9.50)

+A(Op)p— (2/2+ 1% + %j“au +(z/2—-1)(0y)®  (Weyl transformations),
(6.9.51)

1

0= Eaﬂ (eT(“X)V) — Sgavv” + Sf,aveg + T%,my (6.9.52)

+ T3y, + j*0yas — 20y ¢ + (Op) 0,8 + (Og) dyp  (Diffeomorphisms). (6.9.53)



CONCLUSION & OUTLOOK

In this thesis, we have developed charged Lifshitz holography for z = 2 by Scherk-Schwarz reducing
the electromagnetic uplift, which we holographically renormalized to obtain a novel counterterm. We
have shown that the new sources transform as the fields of Galilean electrodynamics, and we have
worked out the VEVs and the corresponding Ward identities. We have shown that the boundary
geometry becomes TNC and that fixing the boundary value of the dilaton ¢ = 0 turns the boundary
geometry into TTNC, and we have commented on the relation to the gauging of the Schrodinger
algebra.

Our results open up a number of very interesting avenues for future research: one immediate thing
to do would be the explicit verification of the general-z charged Lifshitz holography conjecture made
in section 6.9 using the methods of [32]: once it has been verified that (6.9.3)-(6.9.4) provides a solution
to the general model (6.9.2), the identification of sources and VEVs as well as the computation of the
Ward identities will match our results.

With an understanding of charged Lifshitz holography in conjunction with a suitably generalized
hydrodynamic analysis a la [57], we would be able to undertake a promising first foray into what
we may dub LiffCMT. In particular, given the link between TNC geometry and certain condensed
matter problems, this for example paves the way for a Lifshitz holographic realization of the fractional
quantum hall effect (FQHE).

Another possibly worthwhile path of exploration—also related to hydrodynamics—would be to
investigate if a hydrodynamical analysis of charged z = 0 Schrodinger black branes in the uplift
can be null reduced to give an interesting perspective on existing results [156] on non-relativistic
hydrodynamics where the boost symmetry is intact.

In another direction, it would be interesting to develop a notion of holography with HL gravity in
the bulk, especially given the connection between dynamical TNC geometry and HL gravity [53] and
to see if the boundary geometry in this scenario is also described by TNC geometry. This again has ties
to the FQHE [38]. In a similar vein, it would be interesting the explore the holographic implications
of bulk HL gravity coupled to GED on a TNC geometry. As we have demonstrated, such an action
arises from the Weyl anomaly of our z = 2 charged Lifshitz model.

It would also be fruitful to explore the holographic réle of other non-Lorentzian geometries. In
particular it was recently discovered in [157] that by null reducing the Polyakov action in target space
and sending the string tension to zero, a novel type of non-Lorentzian geometry called U(1)-Galilean
geometry emerges. Whereas NC geometry arises by gauging the Galilei algebra which arises as a
¢ — oo contraction of the Poincaré algebra, as discussed in chapter 4, one may instead take the limit
¢ — 0 to obtain the Carroll algebra, which was gauged in [121] to obtain Carrollian geometry. It was
shown in [158] that the BMS group is the conformal extension of the Carroll group, and the relation
to flat space holography was explored in [159]. The boundary geometry for Lifshitz space-times with
z < 1 would be Carroll geometry, but such space-times violate the null energy condition and as such
are not usually considered.

Extending the analysis of the holographic superconductor (cf. appendix E) using the version of
Lifshitz holography developed in this thesis would also be worthwhile. In this context, the results of
[160] could be useful.

There are other models admitting Lifshitz solutions. In particular, setting W = 0 in the EPD action
(5.2.1) results in an EMD model, where the Lifshitz solutions are supported by a Maxwell field and a
logarithmically running dilaton [22]. Lifshitz hydrodynamics in this theory was explored in [148, 149],
and it would be interesting to also add additional charged fields to this analysis and working out the
consequences.

In regards to holographic renormalization, as we described in chapter 3, it would be interesting to
work out the properties of p-form fields in general and verify the conjecture put forward in section
3.3.

We also point out that in the Lifshitz holography literature, there is a disagreement about the
scaling weight of a scalar i that appears in metric analyses of Einstein-Proca models [27] as well as of
EPD models [28, 106]. This discrepancy carries over to the charged Lifshitz holography that we have
developed in this thesis.
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In particular, [27, 28, 106] argue that ¢ has scaling weight A_ given by

1
5 (z+2-B2), B2 = (z+2)>+8(z—1)(z —2). (7.0.1)
This source is related to CI)(X) = _UMMP’ + %h’wMva [33, 57], which, from our analysis in Chapter 5,

we know has scaling weight 2(z — 1), which only agrees with
opMy = —(z=2)ApM,,  opot = —zAp?F, (7.0.2)

implying that ® has scaling weight 2(z — 1). Thus, the scaling weight of ¢ in (7.0.1) only agrees with
that of CI~>( x) when z = 1. It would therefore be interesting to work out the precise relation between ®
and . In particular, a possible resolution could involve the scalar field ® ~ r®¢, where the scaling
weight A can in principle be computed, and it could be that ¢ is related to a combination of ¢ and

D)
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GEOMETRY OF ADS SPACE-TIMES

In this appendix, we describe anti de-Sitter (AdS) spaces to provide some background for the material
discussed in chapter 2. What follows is based on [42, 43, 161].

A.I ADS SPACE-TIMES
A.1.1  Definition and Useful Coordinates

(d + 1)-dimensional anti de-Sitter space, AdS; 1, is the unique maximally symmetric Einstein space®
with constant negative curvature. AdS; ; can be embedded into R%? with metric ds? = —(dX?)? —
(X412 4 ¥4 | (dX')? as the quadric,

d
—(X0)? = (x4 Y (X)) = —17, (A.1.1)
i=1

where L is the radius of curvature of AdS; 1. The embedding is clearly invariant under the “Lorentz
group” for R%2, SO(d,2), which has dimension 1 (d + 1) (d + 2)—this is the number of Killing vectors
associated to AdS;,q, leading us to conclude that AdS;,; is maximally symmetric. SO(d,2) is the
conformal group (see B) of d-dimensional Minkowski space. We now turn to describe some explicit
parametrizations satisfying the AdS quadric (A.1.1); first, introduce t € R, ¥ = (xl,. .., xd’l) e R-1

and, finally, r € R*, in terms of which we have

L? 72
o_ L7 (2 g2
X0 =2 <1+L4 (x P4L )) (A.1.2)
. i
Xi = % ie{l,...,d-1}, (A.1.3)
12 72
d _ = T2 42 72
xt =2 <1+ - (P-£-1L )) (A1.4)
rt
X4+ = T (A.1.5)

Since r > 0, we only cover half of AdS;,;—the local coordinates t, 7, ¥ define the Poincaré patch (see
also figure A.1) coordinates, where the induced metric becomes?,

2 L2 o, r 2 =2 L2 o, 1 T
Ah4s,., = AP + 13 (—dt +dx ) = “dr? + T3 fudatds’, (A.1.7)
%’_/
=dst i 11
R ,

where we have recognized the metric of d-dimensional Minkowski space. Using this metric, we can
calculate the Ricci scalar, which becomes R = —%, implying that L? is indeed the radius of
curvature. Another useful form of the Poincaré metric is obtained by inverting the radial coordinate,

z = L?/r, thus yielding the metric in Poincaré z-coordinates,

dsZ—L—2(d22+ dxtdx") A8
=2 Nuvdx"dx” ). (A.1.8)

Note that the boundary in these coordinates is located at z = 0. When doing holographic renormal-
ization, we use another set of coordinates known as domain-wall coordinates, which are nothing but

That is, it solves the Einstein equations.
For example, any one of the xx-components (to be understood as any of d — 1 x'’s) of the induced metric, v, is calculated as
follows:

B oxMoxN — 9x%ax? XX 9X! 9X! P (A16)
T TAMNTST o T X ox o0x dx Ox L2 o
N —

only one X'depends on x

where 77y is the d + 2 dimensional Minkowski metric of signature (—, +,...,+,—).
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104  GEOMETRY OF ADS SPACE-TIMES
Gaussian normal coordinates. They are obtained from the Poincaré coordinates of (A.1.8) by setting
z = ¢~ "—which means that the boundary will now be located at ¥ — co—and they read
ds? = dr* + ezrnyvdxydx”. (A.1.9)

It is also possible to introduce global coordinates {T,p,{0;}ic1,..,a—11 } for AdSy, 1: the following parametriza-
tion satisfies the AdS; 1 quadric:

X0 = LcoshpcosTt, (A.1.10)
X1 = LcoshpsinT, (A.1.11)
X! = Lsinhp cos 6, (A.1.12)
X? = Lsinhp sinfj cos 6y, (A.1.13)
(A.1.14)

X411 = Lsinhp sinf; - --sinf; 5 cos0; 1 (A.1.15)
x4 = Lsinhp sinf;---sinf;_,sinf; 4, (A.1.16)

where the {0;}c(1, -1} precisely parametrize $4-1, The induced metric becomes,
clsidsd+l =12 (7 cosh? 0 dr? + dp2 + sinh? 0 dﬂéd,l) , (A.1.17)

where dQéﬂ,_1 is the metric of the (d — 1)-sphere. Since the metric above does not depend on T, we
infer the existence of a timelike killing vector? d, and since this killing vector is defined globally
on the manifold, T acts as a sensible global time coordinate. Near the center of AdS;,1, p = 0, the

~0
metric assumes the form ds3 dSuiy g L?(—d7? + dp? + p? dQéiH), implying that the space-time

described by (A.1.17) has topology—since T is periodic—of S' x R?, where S is the periodic time; in
particular, since d; is everywhere timelike, keeping p and 0; fixed while varying 7 will produce closed
time-like curves. This is, however, not an intrinsic property of the space-time—merely an artefact of
our embedding: R%? has two timelike directions, so the appearance of closed timelike curves is not so
surprising after all. To get rid these, we may instead choose to define [44, 161] (although some authors,
e.g. [43], do not!) AdS; ;1 as the universal covering space, where we decompactify so that T assumes
all real values with no periodicity constraints, which makes AdS;,; a causal space-time. Since the
universal covering? of S! is R, the universal covering of AdS;,; will have topology R%*1. We also
want to draw the conformal diagram for AdS;,, and for this, we change coordinates again:

1

hp = Py A.1.18

coshp s (A.1.18)
implying that sinh p = tan ¢. In this manner, the metric takes the form
2 L? 2 2 .2 2

d5pds;y, = 082 § (*dT +d¢” +sin” ¢ dQSH), (A.1.19)

which we see implies that AdS;, is conformally flat>. The range of the new radial coordinate is
0<¢p<3

3 Timelike since the TT-component of the metric is less than zero.
To see this [162], one can check that p : R — S! with p(t) = (cost,sint) satisfies the properties of a covering map.
A manifold (M, g) is conformally flat if for each x € M, there exists a neighborhood U of x as well as a smooth function f on

(S N

U such that (U, ¢*fg) is flat. In our case, we can choose for all x € AdS,; the function, ¢2/ = ﬁ, or f = log L —logcos ¢,
which is smooth.
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Figure A.1: Conformal diagram of global AdS;; (i.e. we drop the conformal factor L2/ cos ¢ in the global AdS
metric (A.1.17)) with radial direction ¢ and global time 7. In the figure, every point (7,¢) contains
a $%71. and the boundary topology is (set ¢ = /2 in (A.1.17)) that of a cylinder, R X $9-1, The
Poincaré patch, described by the metric (A.1.8), covers only part of global AdS (the pink area), and its
boundary is conformal to R, i.e. (4 — 1)-dimensional Minkowski space. See appendix A of [163]
for more details.

a.1.2  Conformally Compact Einstein Manifolds & The Boundary

We now turn to examining the boundary of AdS;, . In particular, the metric in Poincaré coordinates,
(A.1.7), we have in the r — 0 limit a degenerate Killing horizon®, known as the Poincaré horizon. On
the other hand, in the limit r — oo, the metric has a pole of second order. As described in [79, 93,
164]—and in the more rigorous [165]—we now turn to describing a general method for taming the
conformal boundary of AdS. Therefore, we let M be the interior” of a compact (d + 1)-dimensional
manifold M with boundary oM (sometimes denoted ¥ [166]). A metric Suv on M is conformally
compact if it has second order pole at the boundary M and there exists a defining function p on M
such that the conformally equivalent metric,

S = PngV' (A.1.20)

smoothly extends to a metric on the compactification® M. The defining function is a smooth non-
negative satisfying p|opr = 0, 9up[om # 0. The induced metric 7, = $uv|am is the boundary metric
associated to the specific conformal compactification of (A.1.20)—there are generally many possible
defining functions, and so many conformal compactifications of a given metric g;,, which induces a
conformal (equivalence) class of metrics [y] on M, known as conformal infinity. A conformally compact
Einstein manifold is a conformally compact manifold that also solves Einstein’s equation. We shall have
more to say about this when considering the generalized spaces AAdS and AldS spaces. We can now

apply this analysis the AdS; 1 metric in the coordinates of (A.1.19)—which indeed has a second order

pole in the radial coordinate ¢ at ¢ = /2. Taking p = COLS¢, we see that it satisfies all the conditions

for a defining function, and thus the boundary metric becomes 7,,,. Now, let’s discuss how conformal
transformations act on the boundary. From the quadric, (A.1.1), the full conformal symmetry SO(d, 2)
is clear, whereas from the Poincaré metric (A.1.7), only two subgroups of SO(d,2) are manifest: the
set of Poincaré transformations acting on t,X, ISO(d — 1,1), and SO(1, 1), which has the action,

(t,%,7) — (AL, AX,7/A). (A.1.21)

A Killing horizon is a null hypersurface defined by vanishing norm of a Killing vector k. That it is degenerate just means that
the surface gravity vanishes on the hypersurface.

In particular, M will be non-compact.

Note that we now use the word in the mathematical sense: it simply refers to the process of making a topological space into a
compact space.
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Using a light-cone formalism for the conformal algebra and the isomorphism SO(d,2) ~ ISO(d, 1) x
SO(1,1), one can make explicit exactly how the symmetries are inherited by the boundary, see [11]
for details.

A.1.3  The Boundary: There and Back Again

In this section, we consider the behaviour of radial geodesics and investigate if they can reach the
boundary. Being interested in radial rays, we may set d)3 ; = 0. Starting light rays, we immediately

set ds? = 0, allowing us to determine the coordinate time it takes to go to the boundary. Using global
coordinates (A.1.17), we find

0 = ds* = L2(— cosh?(p)d7? + dp?) .. dp? = cosh?(p)d7>. (A.1.22)

This is a differential equation that we can solve:

1 /
[/ oy = T(6) = vlow) = (o), (A123)
ie.
7(p) = 2tan"![tanh(p/2)] — 2tan"![tanh(pg/2)]. (A.1.24)

The time for a light ray to go to the boundary and back must be 2¢(o0), which is then

27(00) = plgrolo 4(tan![tanh(p/2)] — tan"![tanh(pp/2)]) = 4(7r/4 — tan™ ! [tanh (0o /2)]),
(A.1.25)

so for pg = 0 we find, specifically, that 27(c0) = 7.

Note that if we had instead been interested in how much affine time it would take the light ray, we
would find that the answer diverges.

Now, turning to massive geodesics, we could in principle go on to compute the Christoffel symbols
and look at the geodesic equation, but we can obtain some interesting qualitative features of the
behaviour of a massive, radially-directed particle just from the normalization of 4-velocity, that is
utuy, = =1, with ut = %, where A is the proper time. We write

1 dt\? do\?
_ 2 _ Vo — 2 P
1/L T28mu" cosh”(p) (d/\) + (d)») .

Note that 9d; is a (time-like) Killing vector of AdS, with components which we will denote K = ok,
meaning that p*V,(K,p¥) = 0. In other words, Kyp¥ = g, K% = ¢4 = —cosh®(p) & is

conserved along the trajectory, i.e. cosh?(p) % = C, which means that

do\* 20\ 4q2
(d/\) = C*/ cosh”(p) —1/L".

Notice that g—ﬁ = 0 has a solution p = p* given by
cosh?(p*) = (LC)?,

which means that there is always a turning point beyond which the massive particle cannot probe.
The position of this turning point is “energy-dependent” (that is, it is C-dependent—recall that C is
the conserved quantity corresponding to the time-translation symmetry). We find

do 1 (LC)? _

— 1,
dA L'\ cosh?(p)

and choosing the positive sign, we obtain

: 2 -1/2
Lff (fszp) —1) e’ = Alp) ~ Alpo).
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If we let pg = 0 and compute A(p*) — A(0), we find

“1/2
Ap*) — A(0) = L / 1 o,
(o) (cosh2 ) P

s0, since p* = cosh™!(LC), we obtain (using Mathematica)

~1/2
~cosh™! (LC)
A(cosh 1 (LC)) = L/ Lg) -1 do' = /2,
cosh”(p’)

implying that the turning point p* for massive particles is analogous to the boundary for massless
particles, i.e. it takes proper time 7 to go from p = 0 to the turning point and back again.

A.2 ALADS SPACE-TIMES & THE FEFFERMAN-GRAHAM THEOREM

Holographically, as we discussed in chapter 2, the energy-momentum tensor of the dual field theory
is sourced by the boundary value of the bulk metric. Consequently, a dynamical boundary metric
is required in order for the field theory energy-momentum tensor to be well defined as the usual
variational derivative. This can be achieved via so-called asymptotically locally AdS space-times [48]:

Definition (AldS): An asymptotically locally AdS space-time is a conformally compact Einstein manifold.

An important subset of AldS space-times are the asymptotically AdS (AAdS) space-times, the bound-
aries of which are equal to that of AdS; a nice example is the (d 4 1)-dimensional AdS-Schwarzschild
(static and spherically symmetric) black hole with metric [167]

52 = —fa(r)dt* + fy(r)~dr? +r2d05d 1, (A.2.1)

)d—3

where the blackening factor is f;(r) = z—i +1— (2 r” +1) =% Lzz + 1, which thus reduces

to the global AdS metric of (A.1.17) in the limit r — oo upon doing the coordinate transformation
r — Lsinhp and t — L7, since

ds? N(TZ )dt2 dr? ———— +72d0? (A.2.2)
r>1 L2 1 Ggd—1 2.
ﬁ
r—Lsinhp Coshz
f2LE 12 (sinh? p+1)dT? + Lz.zipdp + L*sinh? desd 1 (A.2.3)
sinh”p +1
= 12 (— cosh? p d7? + dp? + sinh? p 402, , ) . (A.2.4)

A concrete condition, which we can take as the defining property of AIAdS space-times was also given
in [48], and reads

1 p—
Ryvpor = 1z (8up8ve — §uogup) + O(r 3), (A.2.5)

in Poincaré coordinates. The class of AIAdS metrics are subject to the Fefferman-Graham theorem [87],
and a generic AIAdS metric can be written in Fefferman-Graham coordinates as follows® [48, 168],

dp?
ds? =12 < o + , x”dx”) , (A.2.6)
12 pguv(p x)

where g, (x,0) admits an expansion which depends on whether d is even or odd (that is, whether
d+1is odd or even); if d is odd, the expansion takes the form (where the subscript in parentheses
indicates the number of derivatives involved in the term under scrutiny) [169]

g}ﬂ/(xfp) = g(O);u/(x) + pg(Z)yv(x) + ng(4)yv(x) T (A'2'7)

9 In the case of pure AdS, where g,y = 17,1, the Fefferman-Graham metric can be obtained from the z-metric (A.1.8) by defining
2
p =2z
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while for even d, the expansion involves logarithmic terns

d
gVV(xlp) = g(O)yv(x) + pg(Z)yv(x) +.. ‘pd/zg(d)yv(x) + Pd/z log(p)h(d)yv(x) + O(Pjﬂ)-
(A.2.8)

The coefficients g(g)y/ - - -, §(4—2)uv are determined by solving the Einstein equations order by order
in p. In a holographic setting, the term ), turns out to be equal to the metric variation of the
holographic conformal anomaly [169], while g(4),,, is related to the one-point function of the energy-
momentum tensor of the dual field theory. Note that the solution obtained in this manner is only
valid near the boundary; more powerful techniques are required if one is interested in solutions that
extend into the deep interior. An important ingredient of the method of holographic renormalization
is a Fefferman-Graham-like expansion for generic bulk fields (see chapter 3 and in particular appendix
??)—this was first realized by Witten in [79].
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CONFORMAL FIELD THEORY

B.1 CFT AND THE CONFORMAL ALGEBRA

Conformal invariance (see [42, 43, 170, 171] for more comprehensive reviews) generalizes Poincaré in-
variance by imposing scale invariance. This circumvents the Coleman-Mandula no-go theorem, since
scale invariance does not allow the existence of a non-trivial S-matrix due to the fact that asymptotic
states cannot be defined in the usual manner’. Although no formal proof exists in dimensions dif-
ferent from two, evidence suggests that any unitary scale invariant theory is invariant under the full
conformal group.

The conformal group consists of diffeomorphisms which preserve the form of the metric up to an
arbitrary scale factor?,

guv(x) = QZ(x)g;w(x)/ (B.1.1)

which is the smallest group containing the Poincaré group (() = 1) as well as inversion symmetry, x —
x#/x?. In Minkowski space, the conformal group is generated by the usual Poincaré transformations
as well as the scale transformation,

xt — Axt, (B.1.2)
and the special conformal transformations,

x4 ata?
14 2xva, 4 a2x?’

xt (B.1.3)
The generators of the corresponding Lie algebra are ], for Lorentz transformations, P, for transla-
tions, D for the scaling transformation (dilatation), and K, for the special conformal transformation,
and the new—i.e. those different from Poincaré commutation relations (see (4.1.1))—non-vanishing
commutation relations of the conformal algebra read

[D,Py] = =iPy, [Juv, K] = —i(uoKy — 1vpKy), [D,Ky] = iKy, [Py, Ky] = 2i]yy — 2in,,D.
(B.1.4)

The conformal algebra is isomorphic to so(d,2) (with signature (—, 4+, -+ ,+, —)); the isomorphism
is constructed by enhancing the J’s in the following manner:

K,—P K, + P
Jua = % Ju(a+1) = % Jia+1a = D. (B.1.5)

The physically interesting representations of the conformal algebra give rise to operators satisfying
[D,$(0)] = —iA¢(0), which—since ¢(x) = e Pr(0)—implies that,

D, ¢(x)] = [D, e Pup(0)] = ([D, e Pu] eixVPﬂD) ¢(0) + " Pup(0)D, (B.1.6)
where
(D, e Pn] = Z %x”l - xt [D, Py, -+ Py, (B.1.7)
n=0 """ _:'[\/_—D pr]

Then, since [D, P,] = iP,, we postulate the commutation relation

[D, P"| = inP", (B.1.8)

In fact, the only allowed asymptotic state is |0). One way to see this is to note that since the theory is scale invariant, the
interactions are always long-range forces, so asymptotic in and out states cannot be defined in the usual manner. One would
think that this voids the entire amplitude program which uses (primarily) N' = 4 SYM in the planar limit, which is, as we have
seen, conformal. However, mirror symmetry relates the conformal Coulomb branch of the theory to the Higgs branch, which
breaks conformal invariance and thus possesses an S-matrix [172].

We discuss conformal symmetry in dimensions d > 2; in two dimensions, the conformal group is infinite dimensional, and the
corresponding algebra is the familiar Witt algebra.
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which can easily be proved by induction: assume (B.1.8) to be true and consider the commutator,
[D,P"1] = [D, P"|P + P"[D, P] = inP"*! +iP"*! = i(n+1)P"*1, (B.1.9)
Therefore, we find that

o n+1

1 n

D, ¢(x)] = Y- ——(x"Py)"¢(0) +¢*"*[D, 9(0)] (B.1.10)
n2:0 S
=i“x"P, 1; m(xﬂpﬂ)”*(p(o) — iAp(x) (B.1.11)
=i(x"9, — A) ¢(x), (B.1.12)
where we have used the explicit form of the momentum operator, P, = —id,. This relation can be

used to fix the two-point function for scalar operators up to a constant; by rotation and translation
invariance, we have

(@1(x)2(y)) = f(Ix —yl), (B.1.13)

where f is an as of yet undetermined function. We now need the Ward identity corresponding to
dilatation: this may be found in the “usual” Schwinger-Dyson manner, or by noting that D |0) = 0,
implying that, for two-point functions?,

0 = (0[[D, 1 (x)d2()][0) = (0l (x)[D, 2(y)] + [D, ¢1 (1) p2(1)|0) = (x#35) — Ay + Y — A) (1 (x)2(v)) ,
(B.1.15)

where the superscript on the derivative refers to the variable that is differentiated. The differential
equation 0 = (x”B,(f) — A+ yﬂaﬁ,y) —A)f(]x —y]) is solved by

C
fllx—yl) = ey (B.1.16)

where C is a constant. Invariance under special conformal transformations further fixes A; = A,.
Conformal symmetry also fixes the tree-point function uniquely (up to a constant); this takes the
form

Ci3
(¢1(x1) 2 (x2)3(x3)) = TR e T (B.1.17)
12

where f1p3 is a constant and x;; = ‘xi — x]". We now derive (B.1.17) from conformal symmetry, using
a slightly different approach than the one we used to obtain (B.1.16) (but the method can easily be
“degeneralized” to also give the two-point function). A spin-less quasi-primary field ¢ of scaling
dimension A transforms—by definition—under general conformal transformations as

—A/d

x ¢(x), (B.1.18)

Px) = ¢/ (¥) = |5

where %’ is the Jacobian of the coordinate transformation and d the space-time dimension. For
conformal rescalings, x — x” = Ax, (B.1.18) implies that
¢'(Ax) = A 2¢(x). (B.1.19)
Now, translation invariance restricts the form of the three-point function
(@1(x1)¢2(x2)p3(x3)) = f([x12l, 13|, [x23]), (B.1.20)

where x;; = x; — x;. The behaviour of the fields under conformal rescalings (B.1.19) implies that

fx,y,2) = AT £(Ax, Ay, Az). (B.1.21)

3 The calculation below is easily generalized to an arbitrary number # of scalar fields, in which case one obtains the Ward identity

0= ,nl ("j P *Af> (@(x1) - (x7) - fu(xn)) - (B.1.14)
= .
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Introducing a + b + ¢ = Ay 4+ Ay + A3, the above implies that
XYz f(x,y,2) = xyPZEAMTATAS £ (Ax, Ay, Az) = (Ax)*(Ay)?(Az) f(Ax, Ay, Az),  (B.1.22)

i.e. it transforms as a constant under conformal rescalings, implying that it is independent of x, z and
z. Thus, we are led to conclude that

abc
C123

|x12]" |x13]® 2c23]¢

(¢1(x1)P2(x2) 3 (x3)) (B.1.23)

where (¢1(x1)$2(x2)¢3(x3)) is a (structure) constant. Now, special conformal transformations with
parameter b can be shown* to have Jacobian

ai’
ox

1
B (1—2b-x+b2x2)d" (B.1.24)

Defining v; := 1 —2b- x; + b2x12, the distance ]xi]-| = \/ (x; — xj) - (x; — x;j) transforms under special
conformal transformations as

|xij]

xii| = |xh] = . (B.1.25)
| l]| ij \/’)/177] 5
Transforming both sides of (B.1.23) using (B.1.18) and (B.1.25), we see that
A, Ay, A 2 b/2 2 P35
712275 (91(x1) P2 (x2)p3(x3)) = (1172) *(71173)" 2 (1273)" L (B.1.26)

7
22" [x13]” x|
which implies that

R e

(1 (x1)P2(x2)P3(x3)) = 1y 72 73 (1 (x1)P2(x2)P3(x3)) , (B.1.27)
which is true for arbitrary 7;, which gives us the equations
2Mf =a+0b, 2Ny =a+c¢, 2MA3=b+c, (B.1.28)
the solution to which is
a=M+N, b=MNM+A—7N), c=A+A3— A, (B.1.29)

which gives (B.1.17).
Now, an infinitesimal conformal transformation x* — x'* = x# + e# satisfies:

ox'#
axv

=0 +0,el = (1 + ;BPGP) <5£‘ + %(ave”) - Bl‘ev) , (B.1.30)

where we have used the conformal Killing equation in the last equality. This we see to be an in-
finitesimal rescaling times and infinitesimal rotation, which, upon exponentiating, gives us the finite
transformation

ox'H
oxv

= O/ (x)R",(x), Re€O(d), (B.1.31)

where the parameter () is equal to the Q) of (B.1.1), since

ox'f ox'” 2
Upvww = Nyv, (B.1.32)

where we have used that R € O(d). Next, we need to find out how these guys act on the Hilbert space,
and, by extension, on the primary fields ¢(0). To this end, we construct unitary operators which are
representations of the conformal generators, U = ¢/Qc, where the Q. are the charges associated with

One approach to showing this is to use the homomorphism property of determinants and to use that a special conformal
transformation is equivalent to an inversion followed by a translation followed by another inversion; see e.g. [43].
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infinitesimal conformal transformations [43, 171], which allows us to write the general transformation
of a field ¢” transforming in the SO(d) representation D as,

g (U~ = Q") D(R(x)),"¢" (+'), (B.1.33)

where, as we have seen, aa’;/: = /(x)R",(x). For the scalar representation, D(R) = 1, while for the
vector representation, we have D(R)," = RVV. For a scalar operator, as claimed, this reduces to the

relation

I3

p(Ax) = A2¢(x), (B.1.34)

where we have renamed () — A.
Now, the commutation relations of (B.1.4) imply that K, is a lowering operator for the conformal
weight,

[D, Ku¢(0)] = [D, Ky]¢(0) + Ku[D, $(0)] = —i(A = 1)Kug(0), (B.1.35)

implying that K, reduces the conformal weight by 1. Note that K¢(0) above is shorthand for [K, ¢(0)]—this
notation is valid due to the Jacobi identity and simplifies the notation (see also [171]); we will use it
in the rest of this section.

RepresentationNow, s of the four-dimensional conformal group can be labeled by (A, ji, jr), corre-
sponding to the quantum numbers of the subgroup SO(1,1) x SO(3,1), where the j’s are the usual
quantum numbers associated with the (algebra) isomorphism SO(3,1) = SUL(2) x SU(2)g, which,
since the quantum theory is required to be unitary, imposes the bounds A > 1 + j for jr = 0 and the
same with L <+ R, as well as A > 2+ ji + jr for both ji, jr # 0. In four dimensions, therefore, scalars®
(jr = 0 = jr) satisfy A > 1, while vectors (jp = 1/2 = jr) satisfy A > 3 and so forth. The unitarity
bound implies the existence of fields with lowest possible conformal weight, which are consequently
annihilated by K,—these are known as primary fields,

Kyu¢(0) =0 PEE ¢ a primary operator. (B.1.36)

where we remind the reader that K¢(0) is short-hand for [K,¢$(0)]. From such a primary operator,
we can construct the conformal descendants by acting with the momentum operator, which acts as a
raising operator, since

[D, Pug(0)] = —i(A +1)Pug(0), (B.1.37)

so the operator Py, --- P, ¢(0) has conformal weight A + n (provided that ¢(0) has weight A). It’s

amusing to note that ¢(x) = ™ Pu(0), which we used previously, is an infinite linear combinations
of descendant operators. Finally, the primary operator satisfies the relation [J,, ¢(0)] = —J,v¢(0),
where [y is a finite-dimensional representation of the Lorentz group, implying that a primary con-
formal field satisfies the relations:

[D,¢(0)] = =iAg(0), [Juv, ¢(0)] = Tp(0), [Ky, $(0)] = 0. (B.1.38)

This allows us to construct a representation of the conformal algebra out of the primary ¢(0) and its
descendants®.

B.2 THE SUPERCONFORMAL ALGEBRA

The four-dimensional superconformal group PSU(2,2|N'), which we will focus on, is the symmetry
group of SYM with A supersymmetries. The corresponding algebra, psu(2,2|A\), consists of the con-
formal generators, [y, Py, D,K, as well as the Poincaré supercharges Q, Q,’;—in addition to these,
closure of the superconformal algebra requires further supercharges S, S%, which are the fermionic
superpartners of K (the Poincaré supercharges are superpartners of P,). Furthermore, the internal
R-symmetry group U(N) = U(1) x SU(N) C SU(2,2|N) is generated by T (the U(1)) and T (the
SUN))fori=1,...,N?—1.

5 In d dimensions, this generalizes to A > %.

6 This is accomplished by using the technique of induced representations: we pass from a representation of the subalgebra gen-
erated by D, ]y, K at x = 0 to a representation of the full conformal algebra by shifting the position using P,. Mathematicians
like to call such a construction a parabolic Verma module.
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In order to find representations of the superconformal algebra, we do the same as for the confor-
mal algebra above: we identity the superconformal primary operators” O, which in addition to the
requirement (B.1.36) has to sa’cisfy8

[Sum O} =0= [S_gl O}/ (B.Z.l)
foralla = 1,...,N and a,& = 1,2, and where [-,-} is a commutator if O is bosonic and an anti-

commutator if O is fermionic. This is because the S, §—just like K,—lowers the conformal dimension
by one half, since [D, Sz] = %S,m, implying that, if ¢ is a fermionic primary:

[D, Saap(0)] = —i(A —1/2)S4¢(0), (B.2.2)

and similarly for S%. In particlar, superconformal primary operators are conformal primaries, and the
formalism developed in the previous section carries over; in particular P, acts as a raising operator
for the conformal weight.

A new feature, however, is the existence of superdescendants: the commutation relation [D, Q%] =
—%QZ implies that Q% (and its conjugate) raise the conformal dimension by one half, i.e. the su-
perdescendant O' = [Q, O} has conformal dimension A’ = A + 1/2. Note that superdescandants of
superconformal primaries are conformal primary operators, since (we take O to be bosonic here since
it makes the computation easier)

=0

—
Ky, O'] = [Ky, [Q, O] = [Q, [Ky, O] + [[Ky., QL. O] ~ [5,0] = 0, (B.2.3)

where we have used the Jacobi identity and the condition (B.2.1).
A class of particularly interesting operators are the so-called chiral primary operators that are
annihilated by at least one of the Qf,

[Q2, 0} =0, (B.2.4)

which are 1/2 BPS operators, which, as we now show, means that the scaling dimension A is protected.
Let O be a chiral primary operator of conformal dimension A and spin Jyy, i.e.

[D,05(0)] = ~iAOA(0),  [Jjws On(0)] = —Tu O (0). (B.2.5)
Superconformal primarity implies that
[SZ, OA(JC)} =0= [S_aa, OA(X)}, (B.2.6)

foralla € {1,...,N'} and a, & € {1,2}, while the condition that O, be chiral primary amounts to the
requirement

[Q% Oa(x)} =0, (B.2.7)

for at least one of the Q%’s, which we will denote Qg. Now, recall that the anti-commutation relation
between the special conformal supercharges and the Poincaré supercharges has the form

1
{Q S} = eup (55D +R%) + 503w (), (B.2.8)

where R%, € ug(N), i.e. the automorphism subalgebra (R-symmetry) of the full su(2,2|\). Using
(B.2.6) and (B.2.7), we see that (schematically)

0=[S,Q}0x0)] =[] +D+R,0x0)] ~ (A+R+T)O0(0). (B.2.9)

So, the dimension is given in terms of R-charge and spin, implying that it is indeed protected from
quantum corrections.

In four-dimensional A/ = 4 SYM, the elementary fields are the fermions, (4, ¢%, the six scalars, ¢’
and the gauge field A, all transforming in the adjoint of the gauge group, SU(N). Representations
of the superalgebra psu(2,2|4) are labeled by the quantum numbers of the bosonic subgroup (just as
we had for the conformal group above, but with more structure)

(Ljr) A [r1,72,13]
—— —

50(3,1) xs0(1,1) x su(4), (B.2.10)

7 We consider only local gauge invariant operators constructed from the elementary fields of the CFT.
8 The latin index structure of Q% and S,, comes from the fact they transform in conjugated representations of U(N).
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where [rq,77,73] are the Dynkin labels of the representations of su(4), labelling a given irreducible
representation. The dimension of such a representation is given in terms of the Dynkin labels by [173]

r -+

i r rp+r
Dim(ry,72,73) = (r1 +1)(r2 +1)(r3 + 1) <1 + 2) (1 + 1+23) )

3 (B.2.11)

and gives the degeneracy of the state transforming in the representation under scrutiny. In order to
construct gauge-invariant local operators, we must use only gauge-invariant operators such as the
fermions, the scalars and the field strength tensor evaluated at the same space-time point x. A local
single-trace operator involving scalars, for example, becomes

O(x)=Tr [gbi . wpf} (x), (B.2.12)

where the trace is over the adjoint representation of SU(N); i.e. we write ¢/ = ¢.T? and take the
matrix trace of the generators. In general, such single-trace scalar operators have the form [45],

O(x) = Str [(p{il e 4)ik}} , (B.2.13)

where the {7 ...i;} stands for the traceless part and the Str stands for symmetrized trace over the
gauge algebra, given by

Str [Ty, - Tay) = Y Tr [Tg(al) - Taﬂn} . (B.2.14)
oceS,

These operators can be shown to be 1/2 BPS and chiral primary operators with conformal dimension
A = k; in particular, in the large-N limit of AdS/CFT, the single-trace operators are leading, so these

are the most important to us. For example, the A = 2 single trace operator is given by Str [([){i(pj }] =

Tr [cpigbf |- %5’7 Tr [cpk(pk} , where we have used that the /' = 4 multiplet contains six scalars as well as
the cyclic property of the trace. A more complete treatment [45] reveals that various BPS multiplets
and non-BPS multiplets satisfy the properties listed in the table below (the column #Q lists the number
of Poincaré supercharges left invariant by the primary operator in question):

Operator type | #Q | spin range | su(4) rep. conformal dim. A
identity 16 | 0 [0,0,0] 0

1/2 BPS 8 2 [0,k,0], k>2 k

1/4 BPS 4 3 [0,k ¢], ¢>1 k+2¢

1/8 BPS 2 7/2 [, k,0+2m], m>1|k+20+3m
non-BPS 0 4 any unprotected

Table B.1: Properties of superconformal BPS multiplets.

The Konishi operator is an example of a non-BPS operator; it is given by [43]

K="Tr [¢'¢]. (B.2.15)



N =4 SUPER YANG-MILLS THEORY & IIB SUPERGRAVITY

C.1 SUPERSYMMETRIC GAUGE THEORY

In 1967, Coleman and Mandula proved a no-go theorem [174] for the S-matrix of quantum field the-
ory: given certain reasonable assumptions, the only possible symmetry group is a direct product of
the Poincaré group and an internal symmetry group’. Another nifty albeit rather long proof of the
theorem using Lie algebras directly is presented by Weinberg in [176]. It is, however, possible to cir-
cumvent the Coleman-Mandula theorem in two ways: if a theory contains only massless particles, one
may extend the Poincaré group to the conformal group; or, one may introduce supersymmetry [177]
by enhancing the Poincaré algebra to a superalgebra (graded Lie algebra) via the introduction of a set
of spinorial® supercharges 9%, a = 1,..., N, where N is the number of independent supersymmetries
in the system—see appendix B and also e.g. [170, 178]. A particularly interesting supersymmetric the-
ory is (planar) V' = 4 super Yang-Mills theory (SYM) in four spacetime dimensions. It is the CFT of
AdS/CFT, and it has garnered much interest as a more tractable toy model of QCD: understanding the
perturbative behavior of N = 4 has lead to great advances in the field of scattering amplitudes, e.g. it
has been realized that the off-shell gauge freedoms in Feynman diagrams in general QFTs are hugely
redundant [172], and new recursion relations for tree amplitudes [179]. Great progress at loop level
has also been achieved—recently, the planar A" = 4 four-point gluon amplitude has been computed
to no less than ten loops [180].

(o) U))

i<

Figure C.1: (a): This particular on-shell diagram corresponds to the four-gluon tree amplitude of N' = 4 SYM.
The vertices are equivalent to three-particle on-shell amplitudes which are fixed uniquely by little
group scaling—specifically, the filled vertex corresponds to the MHV three-point amplitude, given

3 <
by the Parke-Taylor expression %52“()\ - A), where §-function imposes momentum conserva-
tion expressed in spinor-helicity variables. Similarly, the MHV vertex (the non-filled), is given by

[1[2] []31] 02%2(A - A). Tt is worth noting that this one on-shell diagram corresponds to the sum of three

Feynman diagrams. (b): Illustration of BCFW recursion: an n-point tree amplitude A, ({#, p}) (LHS)
is obtained by shifting the momentum of two lines, i and j, say, by two C-valued vectors zr /2 , for

a complex parameter z in such a way that the shifted lines 7, j are on-shell. Setting z = 0, the shifted
amplitude, A, (z) reduces to A, so considering A, /z, we can use Cauchy’s theorem (disregarding

the possibility of a pole at infinity) to relate A, = Y Res,g A”( ) . Now, since we are considering

tree-level diagrams, the poles occur when propagators between legs a,b, say, go on-shell, for z = z,,
which results in a residue of the form A} (z,) p%flR(zab), where the shifted left/right amplitudes are
b

on-shell evaluated at z = z;,. Summing over all possible lines that can go on shell and all helicity
configurations A then gives the total sum of residues, which is the sought-after tree amplitude.

1 In [175], Witten presents a delightful argument as to why the Coleman-Mandula theorem should be true: it turns out that
extending the Poincaré symmetry overconstrains scattering amplitudes, which can be non-vanishing only for a discrete set of
scattering angles.

2 That is, they transform as spinors under Lorentz transformations and they are an odd element of a Z,-graded symmetry
algebra.
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Roughly following [181], we now describe N' = 4 in four spacetime dimensions. The spinorial
supercharges—in four dimensions—are Weyl spinors, consisting of two complex components, 9 =

a
(QQ;;C), implying that A/ = 4 SYM has 16 real supercharges, which is also the dimension of a
Majorana-Weyl spinor in ten dimensions, which, as we shall see, is quite significant. N' = 4 is the
maximum number of supercharges we can have, since they raise/lower the helicity by AA = % when
acting on the fields, so—since we require that no particles have spin greater than one (otherwise we’d
have a theory of gravity)—the N = 4 is the maximal degree of SUSY possible. The supersymmetry
algebra has a global U(N') symmetry rotating the supercharges into each other: this is known as
R-symmetry. The extended supersymmetry algebra read [43],

[0, 1] = ("), P 03, (08, J1] = e5(0)F O, (C.1.1)
[Q4 PF] =0, [Q% P =0, (C1.2)

{Q4 Qupt = 205’5.;13;,5; (C.1.3)

{9 QZ} = eaﬁzab (C.1.4)

{Qai, Qup} = €pZabs (C.15)

where the anti-symmetric Z% and its barred cousin are the central charges of the SUSY algebra,
which generate its center (i.e., they commute with all other generators of the algebra). They also
satisfy 2% = (Z1),;, since O = (Q%)*. We can now explicitly see the emergence of the R-symmetry:
under global phase rotations (“reshufflings”) of the supercharges,

Qi — (QV), = R, Q5 Qui — Oy = O} (RMY . (C.1.6)

Under R-symmetry, the first two lines of the SUSY algebra are clearly unchanged, while invariance
of (C.1.3) implies unitarity of R? ,—to see this, take the trace of (C.1.3) and R-transform the resulting
expression,

{4, Qus} = 2Nl Py 1 2N Py Y (RY)* R, {QL, O ) (C.1.7)

o (RN R, =65, (C.1.8)

implying unitarity of R?,. Thus—as long as the central charges vanish—we conclude that the R-
symmetry group is U(N). It turns that when the central charges do not vanish, the R-symmetry
group (which is of course still required to be unitary by the argument just presented) is given by the
compact symplectic unitary group, PSU(N). It turns out that for D = 4 the central charges do vanish,
and for N' = 4 SYM in four space-time dimensions, the R-symmetry group is U(4)—however, for
N = 4 SYM, the superconformal algebra (as we shall see) breaks this to SU(4). We now turn to the
classification of massless particle representations of the SUSY algebra in four spacetime dimensions.
Since the particles are massless, we choose a Lorentz frame in which the momentum takes the form
Pt = (E,0,0,E) for E > 0, and so the relation (C.1.3) takes the explicit form’>—where the Q are
unitary reps of the SUSY algebra on the relevant Hilbert space H:

A a 4E 0 .
{9 ng} = Z(UHPy)aﬁ"sb = (0 O) y 0y (C.1.10)

Setting « = B = 2 and a = b, we get (no sum on a) {93, 9,5} = {94, (95t} = 0, so for any
(normalized) |¢) € H, we have that

0= (p{95 (99} I9) =2||Q5|* (no sum on a), (C.1.11)

implying that Q3 = 0. Furthermore, using the relation { Qf, Q%} = €432 witha = 1 and B = 2 gives

us that 0 = Z% for all a, b since €1p = 1and Qg vanishes for all b; that is, central charges are absent

3 Note that for any vector v¥, we have that

0, .3 1_ 2
v;,a". _ (vt L (C.1.9)
ap ol 4iv? 0 — 3
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from N = 4 SYM. The commutation relations also imply that {Qf, ij} = 4E$%, which allows us to
define creation and annihilation operators realising the fermionic harmonic oscillator algebra:

b .
b— &, az = % (C.1.12)
2VE

satisfying the anti-commutation relations,

a

{ab,al} =060, {a%a} =0={af,al}. (C.1.13)

Now, the helicity A of a given single particle state [p#,A) € H®! is the eigenvalue* of J15, and thus,
using (C.1.1), we find that (taking & = 1)

1 1
[Q, Th2] = (012), ' Qf = 5(0“3)1 191 = 3 1, (C.1.16)
and thus,
J12Q7 [pF, A) = AQ7 [p, A) — [Q1, Jia] [PV, A) (C.1.17)
= (A=1/2)Q1 [p!", A), (C.1.18)

implying that Q4—and by extension a’—lowers the helicity by 1/2. A completely analogous argument
can be invoked to see that Qib and az increases the helicity by 1/2. Now, take N' = 1 and note that
the spinorial nature of Q; implies its nilpotency. To form a supermultiplet, we take a vacuum state
|QQ)—which by definition is annihilated by 4, i.e. a|Q)) = 0— of lowest helicity, A, and act with
at, and so, by nilpotency of a', the supermultiplet (since we require that no helicity be greater than
one) consists only of two states, |Q)) = |p#, Ag) and at |Q)) = |p¥, Ag + 1/2). However, in order to
make the multiplet CPT self-conjugate, we have—in general—to add the states with opposite chirality,
implying that the full multiplet contains the states |p*, £A), |p*, £(Ao +1/2)). This makes possible
only two kinds of multiplets: starting from Ay = 0, we get helicities {—1/2,0,0, +1/2}—this is the
chiral multiplet, consisting of two fermionic degrees of freedom and a complex scalar (two real scalar
fields). Taking Ag = 1/2, we obtain the vector multiplet with helicities {—1,—1/2,+1/2,+1}, the
on-shell field content of which consists of two spinors and one vector.

Now, for N = 4, however, starting with the lowest helicity state Ag = —1, we get a supermultiplet
of 16 = 2V states which is already CPT self-conjugate®. For the excited states (obtained by acting with
a combination of the four creation operators on the chosen minimal helicity state) themselves—which
translates to the field content of the supermultiplet—this produces a Pascal’s triangle structure: There
are (i) = 1 ways of of selecting four operators out of four, (g) = 4 of selecting three out of four
operators etc. All in all, this produces a vector multiplet containing a gauge boson A;, which takes
values in su(N), four left-handed fermions, ¥4, A € {1,...,4}, and six real scalars, which we can
group together to form three complex scalars, @k, k € {1,2,3}. Further, since Ay transforms in the
adjoint representation of SU(N), the fact that all the other fields are related to A, by supersymmetry
implies that they also transform in the adjoint of SU(N). Under the SU(4) R-symmetry, the fieds
transform in more interesting ways: the gauge field A, is a singlet, 1; scalars are in the 6, whereas the
fermions transform in 4.

The Lagrangian for N' = 4 can be obtained by dimensional reduction: starting from the unique
N =1SYM in ten dimensions,

_ 1 -
SNSt = /dlox Tr [—ZFMNPMN + ;‘I’FMDM‘I’} , M,Ne{0,...,9} (C.1.19)

To see this, recall that helicity is defined as the projection of angular momentum along the direction of the momentum,

A=l (C114)
i
For our concrete massless momentum, we have ‘13 ’ = V/2E, and since J; = %e,-jk Jik,, this implies that
1 1 1
A= —]"=—/n. Ci1a
\/EI ﬁhZ ( 5)

One can do the same exercise for A = 3, but to ensure CPT self-conjugacy, one has to double the field content which makes it
identical to V' = 4.
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where T'M are the 32 x 32 (since 215! = 32) Dirac matrices in ten spacetime dimensions, and the ¥’s are
Majorana-Weyl spinors. The field strength is given by Fyry = 0pAN — ONAum + ig[Am, An] whereas
the covariant derivative is given by DY = oY + ig[Am, ¥]. The actual procedure, which is done
in some detail in [44], involves dimensional reduction on a T®. Explicitly, the ten-dimensional gauge
field decomposes in the following manner,

Ap = (Au(x"), ¢i(x")), mve{0,...,3}, ie{l,... 6} (C.1.20)

where—by assumption—nothing depends on the compactified directions. So, for example, F,; =
0udi +ig[Ay, ¢i] = Dyu¢;, where we have recognized the covariant derivative. Similarly, F;; = ig[¢;, ¢;l,
so for the dimensionally reduced FynF MN 'we obtain,

Tr [Fun FMN| = To [Fu B+ FFH o+ ByFY| = T [Fu B+ DDV — 821, 91111, )]
(C.1.21)

The full Lagrangian reads®:

7

1 . 8

£="Tr | = Fu F" — i Dytpo — DD s + gt (Cpali, o] + hoc.) + £ [y, 2
28¥m :

(C.1.22)

where the C“l; are the Clebsch-Gordan coefficients coupling two 4 representations of SO(6) to a 6. Now,
we see that the reduction of (C.1.20) breaks the original SO(9,1) Lorentz invariance: it gets broken to
50(3,1) x SO(6), where the six scalars ¢; transform as a vector under SO(6), whereas the eight chiral
spinors ¥, and ¢, transform in 4 and 3, respectively, of SO(6). Recall that the R-symmetry group of
N =4is SU(4), which is isomorphic to SO(6)—so this is nothing but the R-symmetry group.

Further, one can show that the B-function of ' = 4 vanishes, implying conformal invariance of the
theory, which enhances the Lorentz group SO(3,1) to the conformal group, SO(4,2). We now see the
first glimpse of the AdS/CFT correspondence: as we shall see, the isometry group of AdSs x S° is pre-
cisely SO(4,2) x SO(6), so the global symmetries on either side of the correspondence match. In fact,
the full symmetry group of V' = 4 is obtained by combining the conformal symmetry with supersym-
metry: in this manner, one obtains the supergroup PSU(2,2|4). The corresponding Lie superalgebra
psu(2,2]4) contains, somewhat surprisingly, two extra superconformal spinorial generators, S} and
5%, which are needed for the algebra to close. The total set of generators of psu(2,2|4) consists of the
bosonic generators from the conformal part, D, ], P, and K,;, and the generators T and T/ from the
u(N) = u(1) x su(N) subalgebra, where T generates u(1) and the T/ generate su(\'). The fermionic
generators are Q%, Qu;, S, §§. The full algebra is somewhat formidable, but it turns out that for N = 4,
the u(1) generator T commutes with all other generators, and so, by Schur’s lemma, is a multiple of
the identity. It can be made to vanish [43], and thus, the R-symmetry group is not U(4) but rather
Su(4).

c.1.1  The Planar Limit of SU(N) Gauge Theories

In particular, the prototypical gauge theory is SU(N) Yang-Mills theory, which has the Lagrangian,
1
L"YM = —@Tr [Pﬂvpl/“/] 7 (C123)

which is identical to the gluonic part of N' = 4 SYM we considered previously. The su(N)-valued
[Ta, Ty] = if ;¢ Te and Tr [T, T,] = C(R)5"?, where C(R) is a number that depends on the representation
that turns out to be 1/2. Thus. there are two “perspectives” on Ay: it can either be considered a N-
vector, Aj, or it can be written in terms of the generators {T,}. Taking the gauge group to be U(N)
rather than SU(N) (which in the limit of large N give the same theory) and thinking of A, as a

6 We exclude the topological §-term, proportional in the action to [ F A F, which breaks CP invariance.



C.1 SUPERSYMMETRIC GAUGE THEORY

N x N matrix (Ay)’ i= A‘;(Ta)i j» we can write the (Lorenz gauge) Feynman rules of the theory in
the following manner [11],

(A (p) (40" () = ajaf 5 (2m) 8" (p 48, (C.1.24)
(AR (P) AV () (Ap)" () = ;Za:;(s;wsm +ky + gp) ) (p + K+ ),
(C.1.25)

((An)" (p) (A)F 1 (k) (A) " (9) (A0)" (1)) = ;25§5f5?15277w’7w(271)d5d(v +k+q+7),
(C.1.26)

which can represented by the 't Hooft the double line notation diagrams [182] of figure C.2.
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Figure C.2: The propagator and the vertices for U(N) Yang-Mills theory. Their values are given in egs. (C.1.24) to
(C.1.26).

Clearly, each closed loop contributes a factor N, since §78/F = Tr[lyxy] = N; thus, a Feynman
diagram with F loops, or faces, will carry a factor of N¥, whereas for each propagator (edge) (P),
there will be a factor g2, while each vertex (whether it be cubic or quartic) contributes a factor g2
implying that a generic Feynman diagram will contribute a factor,

7

diagram ~ ¢g?P2VNF = (¢?N)P-VNE-PHV = A\P=VNX, (C.1.27)

where we have defined the 't Hooft coupling A = ¢ N—which becomes the effective coupling of the
theory at large N—and identified the Euler characteristic x. which is also related to the genus g of the
surface—in the absence of boundaries—via the relation x = 2 — 2g. Thus, in the 't Hooft (or planar)
limit, where N — oo with A held fixed, only planar diagrams, that is, diagrams that can be drawn
on S? contribute. It is also worth noting that taking the limit N — co naively leads to a divergent
B-function, while taking the limit with fixed 't Hooft coupling leads to a renormalization equation
with finite coefficients [43].

Figure C.3: Two vacuum diagrams: the left is planar; it can be folded over the sphere S?, whereas the other cannot:
it has genus one, and thus maps to the 2-torus, T2. Figure inspired by [183].

Crucially, the large N expansion of our field theory is formally the same as the topological expan-
sion of strings with string coupling 1/N, which is also a sum over genera. For N’ = 4, the string
theory that leads to the correct expansion is, as we explore in appendix D, ten-dimensional type IIB
string theory on AdSs x S, which we now briefly describe.
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C.2 TYPE IIB SUPERGRAVITY

Following [184] (see also [45]), we take the limit &' — 0, thereby retaining only the massless modes
of the type IIB superstring—this is precisely type IIB supergravity. The bosonic spectrum from the
NS-NS sector thus consists of the dilaton, @, the graviton Gy and the Kalb-Ramond two-form, By,
and its associated field strength H3 = dB;. The R-R sector contributes form fields, Cy, C; and Cs, with
their associated odd-form field strength, of which Fs is particularly interesting since it is self-dual.
Finally, the fermionic part of the spectrum is provided by the NS-R (and its cousin) sector, which
includes two left-handed Majorana-Weyl gravitinos and two right-handed Majorana-Weyl gravitinos.

However, it turns out that the self-duality of 5 makes writing down a classical action for type
IIB SUGRA quite complicated—the issue is that the “usual’ F? action, i.e. something like [ F5 A xFs,
does not incorporate the self-duality constraint, and thus describes twice the number of degrees of
freedom. One solution to this problem is the PST approach [185] makes use of an auxiliary scalar field
and an extra gauge symmetry, which allows the scalar field to be set equal to one of the space-time
coordinates (this results in a loss of general covariance in the chosen direction).

Another way to deal with this is to produce an action which gives the correct equations of motion
when one imposes the self-duality constrain. The action—which is not supersymmetric due to the
overcounting that has to be fixed by the self-duality constraint—turns out to be,

1 _ 1 1 1, ~2 1,~,2
SIB SUGRA =55 /dlox V=G e 2 | R+ 40y @M — _ |Hs|*| — = |F " — - |B|" + 5 | |
2K 2 2 2 2

(C21)
1

T2 / Ca NH3 N F3, (C.2.2)
K

where F, 1 = dCy, H3 = dBy, F; = F; — CoHz and F5 = F5 — Cy A H3 + 4B, A F3. Here, the R-R fields

differ by field redefinitions from the ones that couple simply to the the D-brane world volumes. The
self-duality constraint that makes the action above “correct” reads

F~5 = *ﬁ5. (C23)
Furthermore, the ten-dimensional gravitational constant is given by.
2k = (2m)7a’*. (C.2.9)

Interestingly, type IIB SUGRA has a global SL(2,R) (M6bius) symmetry which is not manifest in the
action (C.2.2); in order to identify it, one has to rewrite to Einstein frame and perform a couple of field
redefinitions (see [45, 184]). This SL(2,R) invariance is holographically related to the Montonen-Olive
duality of N' = 4 SYM [186].



THE ADS/CFT CORRESPONDENCE FROM STRING THEORY

In this appendix, which serves as supplementary material to chapter 2, we provide a “derivation” of
the AdS/CFT correspondence from string theory by considering a stack of N D3 branes from the
perspectives of open and closed strings, following [42-44].

D.1 D3 DUALITY AND ADS5/CFTy

Consider a stack of N D3 branes in R>!, which extend along a (3 + 1)-dimensional hyperplane. Per-
turbative string theory on this background contains both open and closed strings: the closed strings
enter as excitations of the vacuum, while the open strings end on the D3 branes and, as such, act as
excitations of the branes. At low energies, E < I;!, only massless string modes are excited. When
the string coupling is small, gs < 1, the Dirac-Born-Infeld (DBI) action describes the string dynamics
accurately: the dynamics of open strings are then described by a supersymmetric gauge theory living
on the worldvolume of the D branes, where the gauge field A, corresponds to open string excitations
parallel to the D brane, while excitations transverse to the D brane—which are interpreted as fluctu-
ations in the position of the D-brane—behave as scalar fields. If we consider only a single D brane,
we get a U(1) gauge theory (see e.g. [187]), but if we consider N coincident branes, we have to intro-
duce Chan-Paton factors, which are non-dynamical degrees of freedom assigned to the endpoints of
the string: the Chan-Paton factor A;; labels strings that go between the i’th and the j’th brane. One
can show that the A;; form the Lie algebra U(N), resulting in U(N) gauge theory with effective cou-
pling gsN. On the other hand, D-branes are also solitonic solutions to supergravity, where they act as
sources of the gravitational field. In order for supergravity to be a good description, we require that
the characteristic scale L of the spacetime under scrutiny to be large implying weak curvature and, by
extension, low energy, so that supergravity is a good description of the dynamics. For N coincident

D-branes, we have 15742 x gsN, leading us to conclude that the closed string perspective is valid for
gsN > 1. In summary, the (schematic) action describing the configuration of N D3 branes is given by

5 = Sclosed T Sopen + Sint, (D.1.1)

where Sjosed is the the action of type IIB supergravity (SUGRA) with some additional corrections—
since we're in the low-energy limit—and Scpen describes the dynamics on the (3+1)-dimensional
worldvolume constituted by the brane-stack, and Sin; describes the interactions (which we will largely
ignore; see [42] for details). The (effective) action above involves only the massless modes, but in
general takes into account the effects of integrating out the massive modes. The action is not renor-
malizable.

We will consider the action above from two different points of view, and—from the physical equiva-
lence of these perspectives—arrive at the AdS/CFT correspondence. Note that in both perspectives,
we will be in the low energy limit, E < %, while the two perspectives will be valid for opposite
extremes of the string coupling.

D.1.1  Open Strings

We start by taking the point of view of the open strings; valid in the regime gsN < 1. While we
should really consider a stack of N coincident D3-branes in R'Y extending into the directions X* for
u€{0,1,2,3} with X! =0for I € {4,...,9}, we will, as is standard, focus on the case N = 1 and then
hand-wavily generalize our results. The dynamics on the D3 brane is described by the DBI action,

1
Sppr = —m /d4a \/— det [y, + 27’ Fyp] + fermions, (D.1.2)

where vy,, =711 MN0a XM, XN is the induced metric, and F = dA is the field strength two-form of the
U(1) gauge field. The ¢ with a € {0,...,3} are the coordinates of the wold-volume, which we can
choose by specifying our embedding such that X?(c) = ¢, whereas the directions transverse to the
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brane—which we center at the origin—are described in terms of six scalar fields, which are essentially
fluctuations in brane position,
X3 (o) = 2ma/ ¢pi(0), i€ {1,...,6}. (D.1.3)
Hence, the induced metric takes the form,
= oo + (2712') 000, (D.1.4)
Yab = Mab o ¢ i, 1.4

which means that the determinant featuring in the DBI action (D.1.2) takes the form:
det := det [qab +27a’Fyp, + (2m’)2aa¢fab¢i} ) (D.1.5)

The low-energy limit [,E — 0 implies &’ — 0 and allows us to expand the determinant in the by-now
small parameter a’, which we will do shortly. Consider first the general expression 1, + €B,, where
€ is some small parameter and perform the rewriting

Nap + €Bap = Nac (6, +€B ) . (D.1.6)

The determinant (D.1.6) can now be computed by using the homomorphism property of the determi-
nant,

det (#7ac (0 +€B°}))) = det (174) det (5, +€B ) = —det (6 +€B ). (D.1.7)

Now, since det A = exp (Tr [log A]) for A an n x n matrix, setting A = 1 + €B, we get

det(1 + €B) = exp (Tr [log(1 + €B)]) = exp <i (_ZLH(;”TI’ [B”]) (D.1.8)
n=1
o 1\n+1 0 (__1\n+l o (_q1\m+1
-1+ ) %e"ﬁ [B"] +% (g %em [B”]) (mg %emn [B"ﬂ) +..
(D.1.9)
=1+¢€Tr[B] — %ezTr [BZ} + %ezTr [B]?. (D.1.10)

Combining this with the expansion v/1+ x = 1+ x/2 4+ O(x?), we find that the expansion of the DBI
determinant (D.1.5) becomes

V—det =1+ (27ta’)? (;F“beg + ;E)a#a“gbi) + O(oc’S) (D.1.11)

1 1.
=1+ (27a’)? <2FabF“b + 28a<pla”4)i) + 0", (D.1.12)
where the “matrix index structure” (i.e. one raised and one lowered index) we impose in determinant
relation (D.1.7) incurs an additional minus due to antisymmetry of the field strength. This means that
the DBI action assumes the form"

= _$ 4 1 ab iNa g .
SpB1 = @)z /d o (4FubF +0,¢'0"¢; | + fermions, (D.1.13)

which is the action for four-dimensional N' = 4 SYM with gauge group U(1) provided that we identify
(compare (C.1.23))

g = 47gs. (D.1.14)

Generalizing the above to a stack of N coincident D3-branes, the gauge fields and scalars are valued
in u(N), ¢ = ¢"T,, Ay = Al T,, where the T, are the N? — 1 generators of the Lie algebra satisfy-
ing [T,, Ty] = f,,“Tc. This complicates matters somewhat: the partial derivatives turn into covariant
derivatives, but the end result is the same: the identification of (D.1.14) makes equivalent the DBI
action and that of four-dimensional U(N) SYM theory [43]. Furthermore, the limit «’ — 0 reduces the
type IIB action—i.e. Sqoseq Of the full action (D.1.1)—to free supergravity in the R'Y bulk. Similarly,

1 We ignore the constant contribution from the 1, which will just integrate to the world-volume.
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we see that Sin¢ “of 0, so the N = 4 U(N) gauge theory living on the brane world-volume decouples
(hence the &' — 0 is sometimes called the decoupling limit) from the free SUGRA theory in the flat bulk.
Now, let's examine the limit that we’re taking in some detail: starting with N + 1 D3-branes in R,
we take N of them to be coincident with XiT3 =0 fori € {1,...,6}, while we take the last brane to be
separated from the stack in the X°-direction by a distance 7; i.e. the last brane has X’ = r. Considering
only the massless modes, the fields living on the brane are now described by a U(N) x U(1) gauge
theory. This separation is characterized by a Higgs expectation value (X°) = 5+, which has to be
kept fixed when bringing together the stack and the rogue brane. This results in the Maldacena limit
[1],

r .
o =0, U:= = fixed. (D.1.15)

In particular, keeping U fixed implies that the mass of the stretched strings remains fixed. Seemingly,
then, we get U(N) four-dimensional N’ = 4 SYM living in the branes; it turns out, however, that the
U(1) C U(N) corresponds to singleton fields living on the boundary in the gravity theory that cannot
propagate into the bulk and thus decouple, leaving us with SU(N) four-dimensional N' = 4 SYM.
Note also that what we have done so far is valid for any N!

D.1.2 Closed Strings

From the point of view of closed strings, a stack of N D3-branes in the strongly coupled limit*,
gsN > 1, arise as a BPS solution to type IIB supergravity preserving SO(3,1) x SO(6) isometries of
R, Explicitly, this solution is given by [43]

ds* = H /2y, dX"dX" + H'?(dr* + r*dQ)%), (D.1.16)
Lt 4 12
H=1+ Y L* =4mgsNa'", (D.1.17)

Cy= (1/H—1)dX° AdX! AdX? AdX3 + terms that ensure self-duality of Fs), (D.1.18)
e = gs, Bun =0, (D.1.19)

where 12 = X;X' and Cy is the four-form gauge field, which is related to the self-dual five-form
R-R field via F5) = dC(y). Further, since goo is non-constant, the energy E, of a string excitation as
measured by an observer at a constant position r and the energy E. measured by an observer at
infinity are related by [42]

Eeo = H V4E,. (D.1.20)

The D3-branes act as sources for the self-dual five-form F5), which has a flux on the five-sphere. The
background of the D3 SUGRA solution has two distinct regions: for large r > L, we have H ~ 1, and
we're left with ten-dimensional Minkowski space, while r < L corresponds to the near-horizon or
throat region, where the 1 in the harmonic function H can be neglected, leaving us with

7"2 L2
A% ot = ﬁiydeVdXV + r—z(clr2 +r7d0%s) (D.1.21)
r’ L> 5 212
= (LZﬂVVdXHdXV + Tdr ) + L dQSS (D.I.ZZ)
r h\/—/

5 . .
AdSs with radius L 57 with radius L

which we recognize as the metric of AdSs x $® in Poincaré patch coordinates (cf. eq. (A.1.7)). This
leads us to conclude that we have two different types of closed strings; closed strings propagating in
the ten-dimensional Minkowski space (the asymptotically flat region) far away from the horizon and
closed strings propagating in the near-horizon geometry AdSs x S°. In the Maldacena limit, however,
these regions decouple, as we shall now argue, following [42]: consider a string state near the throat

Note that g;N, while large, is kept fixed, which in particular implies that the 't Hooft coupling A = g2,,N ~ gsN is kept fixed
from the open string perspective. Note further that this assumes that gs < 1; if g5 > 1, we’d have instead N/gs > 1—that is, we
need large N, not large g. This requirement arises because SUGRA is only a good description when the background curvature is
much larger than the string length, L > I;, because we need to avoid string worldsheet quantum corrections. Further, quantum
string corrections are avoided when g5 — 0.
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with (fixed) energy E, > 1 (at fixed radial position r). The energy E, of this string state as measured
by an observer at infinity is then given by (D.1.20)

Eco ~ zEr, (D.1.23)
L

where we have used that 7 is in the throat region, i.e. 7 ~ 0, implying that Ec is negligible since | E, —
0 for E, fixed and r < L. Thus, the observer at infinity sees two different low-energy contributions:
closed strings in the asymptotically flat region described by type IIB SUGRA in R!?, while the closed
strings in the throat region are described by fluctuations around the AdSs x S° solution of IIB SUGRA,
and since these fluctuations can be arbitrarily large even in the low energy limit, we are dealing with
the full quantum string theory on AdSs x S°. When taking the low energy limit, the two regions decouple
from each other3. To summarize, we have found that in the low-energy large-N limit, the open and
closed string perspectives, which are equivalent, give rise to two different decoupled effective theories:

¢ Open string perspective: four-dimensional SU(N) N = 4 SYM on R!? and type IIB SUGRA on
R,

* Closed string perspective: Type IIB string theory on AdSs x S° and type IIB SUGRA R'°.

This leads us to conclude that four-dimensional SU(N) A/ = 4 SYM on R'3 is dual to type IIB string
theory on AdSs x S° with the identification:

4

m, (D.1.26)

e = 4mgs, L*=4mgN(a')?, A= gdyN =27mgN =
where A is the 't Hooft coupling that we introduced previously. Of course, our derivation is valid only

for large N and fixed A, but it is natural to conjecture that the duality holds for any values of A and
N.

3 When writing the throat metric (D.1.22), we have used the coordinate r, which is not fixed in the Maldacena limit (D.1.15).

Instead, we should replace our radial coordinate with U, which is kept fixed in the Maldacena limit, r = Ud’, yielding the
near-horizon metric:

u2 ’ L2
A5 ont = a’zﬁr]de"dX‘ + @(duz +U2d0k) (D.1.24)
2 JarngsN
= \/%qudxﬁdxu TR AU + /A N0k |, (D.1.25)
S

which—up to an overall factor of a’—again produces the metric of AdSs x S° in Poincaré patch coordinates. This is the
procedure of the original paper [1].
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E.I HOLOGRAPHY AT FINITE TEMPERATURE, DENSITY & CHEMICAL POTENTIAL
E.1.1 Gravity Dual of Finite Temperature Field Theory I: Black D3-Branes

The gravity dual of a finite temperature field theory is obtained by considering a black brane' in
AdS space (cf. the dictionary in 2.3)—thus, in this case, making the spacetime AAdS; see the met-
ric in (E.1.1). These black branes radiate and have a temperature, Ty—the Hawking temperature—
associated to them. This identification was first realized by Witten in [188], where he considers the
AdS Schwarzschild black hole; we shall take this approach shortly. Our starting point for now—to
make contact with our heuristic derivation of the AdS/CFT correspondence—will be a black D3-
brane, which is a non-extremal D3-brane (see [189, 190]) described by the metric (compare (D.1.16))
dr?

ds®> = H(r)~1/? (—f(r)dt2 + da?2> + H(r)'/? (M + r2d0§5> , (E.1.1)

4
with blackening factor f(r) = 1— (%)4 and harmonic function H(r) = 1+ <%) . The black brane

horizon ry, is related to the Hawking temperature of the black brane—we will have more to say about
this connection later; in particular, r, = 0 reduces the black D3-brane to an ordinary extremal D3-
brane with metric (D.1.16). Proceeding in the same manner as we did when motivating the AdS/CFT
correspondence in appendix D, we—following [43]—focus on the near-horizon (throat) region of the
black D3-brane, where /L < 1. Upon introducing the coordinate z = L2 /7, the black D3-brane in
the throat limit takes the form

2 r’ "\ g2 g2 L? 2 1242
dsthroat = ﬁ —1— (7) dt +dx + ;Mdr +L dQS5 (E.I.Z)
r
L? z\* 2 =2 1 2 2112

== |—-|1-(= dt® +dx* + ————dz"| + L°dQgs (E.1.3)

4 Zy 1— z

L zZy

2 4

-z (l_ (%) >d72+d’?2+ —— 2| 120, (E.1.49)

z _ zp 1— (zlh)

where z;, = 12/ ry,, and where, in the last equality, we have Wick rotated to Euclidean time, T = it.
Further, we define a radial variable p = L, /1 — %, which measures the distance from the black brane

horizon at zj, in terms of which the Euclidean metric close to the black brane horizon (that is, to
lowest order in p) takes the form

2 4.02 2 L? ) 2 23102
St roat-NBBH = 2 dr” + 2z dx* +dp” + L°dQgs, (E.1.5)
h h

where NBBH stands for near black brane horizon. Next, we focus on the (7,p) plane and rescale the
Euclidean time coordinate, ¢ = 27/z;, which yields the (¢, p) plane metric

ds® = dp? + p*d¢?, (E.1.6)

and thus, in order to avoid a conical singularity, we need periodicity; that is, we must identify ¢ ~
¢ + 27 (the ~ is to be read as identified with), implying that T ~ T 4 z,7. The periodicity of the
Euclidean time is precisely the inverse temperature (see table 2.3), leading us to conclude that

1

T=—". E.1.
s (E.1.7)

In contradistinction to black holes, the spatial topology of a black brane is not compact: this is required in order for the spatial
geometry of the dual field theory to be R3. In particular, the black D3-brane has horizon topology R® x S5, i.e. planar with
five-spheres at every point.
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Note that we have to use the periodicity of the time coordinate T and not its diffeomorphic cousin
¢, since we identify T as the (Euclidean) time coordinate in the dual N' = 4 theory. We now want
to apply the Bekenstein-Hawking formula for the black brane entropy, S = %. First, we determine
the horizon area A of the black D3-brane, for which we introduce the metric §;;— derived from
(E.1.5)—describing a hyperplane with p = 0 (equivalently, z = z;) and 7 fixed, but arbitrary. The

determinant, owing to the diagonality of the metric (E.1.5), is consequently given by § = %’ « 1,10 955,
h
with g¢s the determinant of the metric of S°, implying that the area becomes?,
L L8 318
A= ]R3X55d x\/g= 2 /]R3d xx/ssd X /855 = zﬁVOI(]R )Vol(S”) = = Vol(R?)
(E.1.8)
= T3 L3Vol(R?), (E.1.9)

where we have used (E.1.7). Now, a nice holographic calculation [43] shows that the ten-dimensional
Newton constant G is given by

418
G = W ’ (E.I.IO)
implying that the entropy of the black D3-brane, and—Dby extension—the field theory, takes the form3
A _ oo 3
S = ico 7N T°Vol(IR?). (E.1.12)

This implies that the free energy density takes the form f = — [dT S(T)/Vol(R3?) = —§N27*T%,
which, as noted in [12], is precisely the Stefan-Boltzmann law. Finally, note that (E.1.12) is a highly
non-trivial result: it is impossible to calculate the entropy N' = 4 SYM via the usual route—attempting
to do so would require summing infinitely many Feynman diagrams to arbitrarily high loop order,
which is not presently feasible. It is, however, instructive to compare this with the entropy of free
N = 4 SYM. This is given by [191]

21* s 3
SEree = TN T°Vol(R”), (E.1.13)

implying that the entropy varies extremely slowly with coupling (see also [11]).

E.1.2 Gravity Dual of Finite Temperature Field Theory 1I: AdS Schwarzschild Black Hole

Rather than starting from the black D3-brane solution of type IIB SUGRA, we can instead, as Witten
does in [188]—and as is done in [11-13]—focus on the ordinary planar AdS-Schwarzschild Black hole,
which in (d + 1) dimensions* has the form

2L/ 2 g2 “14.2
ds™ = 2 ( f(z)dt* 4+ dxX* + f(z) "dz ), (E.1.14)

in Poincaré-like coordinates, where f(z) =1 — i—j For d = 4, this metric is identical to the black D3-

brane throat metric, and we may apply the same general method to compute the Hawking tempera-

ture of the Ads; Schwarzschild black hole; in particular, we apply the coordinate transformation p =
2,2

% 1— % and Wick rotate, T = it, which puts the metric into the form ds? = ‘727%&(2 + d,D2 + é—gdfz.

Again, we focus on the (7, p) plane and rescale Euclidean time, ¢ = d/(2z;)7, to bring the (7, p) plane

metric to the form ds? = dp? + p>d¢$? which, to avoid a conical singularity, requires ¢ ~ ¢ + 27, or,
4zt

equivalently, T ~ 7 + ==, implying that the Hawking temperature is
d
= . E11
4z ( 5)
L. (d+1)/2
The volume of $? is given by Vol(5%) = zr gy

We note in passing that for a conformal theory, which possesses no internal energy scales, the temperature dependence of
thermodynamic variables is entirely determined by scaling,
1 d
=a0—7y) U=0a—-7,
d+1 d+1
in d dimensions, where « is a constant. Our findings above, e.g. (E.1.12), confirm this behavior. For more details see [11].
Since we forget about the supergravity origins of the objects under scrutiny, we can keep the dimensionality general.

ja S =aT". (B.1.11)
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It is useful to generalize this argument to generic AAdS manifolds, which in particular include the
static black holes that we are currently dealing with. These have the form of (E.1.14) for some function
f(z) with a first order zero at the black hole horizon z;,. Now, we can ignore the conformal factor L2 /22,
since the Hawking temperature is invariant under conformal transformations (see [192]), so, after
Wick rotating, we introduce p?> = /ﬁ (z —zy) and 3 f'(z;,), which brings the (conformal) metric—to
lowest order in p—into the form in the (¢, p) plane, ds* = dp? + p>d¢?, so, to avoid the usual conical
singularity, we must identify ¢ ~ ¢ 4 271, which leads to the periodicity T ~ 7 + ‘f,4(7§h)‘, so that the
Hawking temperature takes the form:

/

T = |f4(i’1)|. (E.1.16)
Thus, considering a planar Schwarzschild black hole reproduces the results obtained from the black
D3-brane (for appropriate values of the dimension). This represents a more heuristic approach to the
AdS/CFT correspondence: rather than referring to the supergravity roots of the correspondence, we
can instead take the correspondence for granted and consider various field configurations in AdS
to see what consequences they have in the field theory. This bottom-up approach is very useful, but
lacking an explicit string theory embedding comes at a cost: determining relations between certain
parameters (such as the Newton constant in (E.1.10)) is no longer possible.

E.1.3 The D3/D7 Brane Configuration and the AdS Reissner-Nordstrom Black Hole

Referring to the holographic dictionary of 2.3, we observe that a finite chemical potential y in the field
theory requires an electric monopole in the bulk: the time component of the bulk U(1) gauge field
is related to u. To motivate this, we consider a theory with global U(1) gauge containing a massless
complex scalar and a massless Dirac fermion charged under the gauge symmetry. The Lagrangian of
such a theory reads

. - 1
L= —(Dyp) D' +i¢D,yp — @F“VFW, (E.1.17)

where the covariant derivative is given by D, = d, —iA,. Now, introduce a non-vanishing back-
ground field 4 € R for the time component of the gauge field around which the dynamic field
fluctuates, Ay = p + Ap. This constant shift will not affect the field strengths and thus generates an
extra potential V = p?¢*¢ — upth, where we have used the fact that P90y = %9 = 'y, since
the B-matrix and 7 are numerically equivalent (though they differ in van der Waerden indices) and
square to one (this is why we need the time component—none of the other y-matrices would produce
the pure number operator). The modified Lagrangian becomes £ = £ + V, and we recognize ¢ as
the number density operator. Further, we see that the scalar acquires a negative mass squared, —?,
which is allowed by the BF bound (2.4.10) as long as it isn’t too negative. This analysis naturally
leads us to propose that a finite chemical potential is holographically encoded in a bulk one-form
A = A¢(r)dt with near-boundary (r — o)

A(r) ~ p+ ,,dL—Z' (E.1.18)

in d dimensions, where g is related to the density p. There is one obstacle, however: there is no
one-form field in type IIB SUGRA! There are two ways to get around this, which we now describe.

E.1.3.1 D3/Dy7 Brane Configuration

As described in [43, 193], one can introduce a stack of Ny (with f standing for flavor) D7-branes in
addition to the usual stack of N D3-branes. One can show that the theory dual to this configuration
is N' = 4 SYM coupled to Ny multiplets of N = 2 with gauge group U(Ny). In particular, the
N = 2 multiplets transform in the fundamental representation of the gauge group—just as quarks in
ordinary QCD. Collectively, we dub the fields in such a multiplet flavor fields. The mass of the flavor
fields turns out to be given by the separation £ between the brane-stacks, my = % To get the desired
U(1) symmetry of the field theory, we need just a single flavor multiplet, N¢, which is well within the
so-called probe limit, where any back-reaction to the supergravity solution can be neglected; that is: the

AdSs x S° geometry of the D3-branes will still be the near-horizon geometry. In this probe limit, the
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combined action becomes Sprobe = SUB-SUGRA + SD7, where Sp, at T = 0 reduces to the DBI action®.
In this case, we have

Spy = —77 [ 4%/~ det (7 + (270 Fur), (E1.19)

where 17 is the Dy-brane tension. Now, the rest of the argument proceeds as follows: the field theory
has, by Noether’s theorem, a conserved current J# corresponding to the global U(1) symmetry, the
(expectation value of) time component of which is precisely the charge density, p = (J°). Obtaining
and solving the equations of motion of (E.1.19), we can find the on-shell action SODr;Sheu, which we

may then renormalize and identify with the grand canonical potential, Q ~ S2shell Noting that the

Dy,ren
density satisfies (J0) ~ %—2, we obtain
() = oo (E-1.20)
SA(r = 00’ 1.
Performing this variation, we obtain
(%) ~ b, (E-1.21)

up to string-theoretical factors.

E.1.3.2 Bottoms Up & The AdS Reissner-Nordstrom Black Hole

As described in [11-13, 194], another—perhaps more useful method—of obtaining a finite chemical
potential and a global U(1) symmetry in the field theory is to simply add a Maxwell gauge field in the
bulk, in a “bottom-up approach” to holography. The bulk is consequently described by the negative
cosmological constant Einstein-Maxwell action in (d + 1) dimensions,

d(d+1) 1

1
%M—/&“V‘gbﬂ<R+L;)—%ﬁaﬁw

, (E.1.22)

where gr is the electromagnetic coupling and the field strength is F,, = d,A, — d,A,. Varying this
action produces the equations of motion,

R dd—1 2 1
Ruw = 58w = %g”” T 22 <2FP‘UFPV8‘TP - zgqutprUp> , VuF"'=0,  (E.123)

which are solved by the AdS Reissner-Nordstrom planar black hole,

= ;22 (_f(z>dt2 +f(z)71d2? + dfz) , (E.1.24)

ds*
where f(z) = 1 — Mz? + Q?22~1), The horizon, determined by the condition f(zy) = 0, has two
solutions; we identify the larger of the two, located at z, with the horizon. The parameters involved
in f(z) are explicitly given by [13]

2—d 2 4-2d .2
_ zZ z U
M=z"+ +&2 , Q2::4¢5§47, (E.1.25)

where

2 (d—1)gpL?

@2 (E.1.26)

Finally, the Maxwell one-form becomes

2 d—2
A=upu (1 — () ) dt. (E.1.27)
Z+

5 In principle, there is also a contribution from a Chern-Simons term, but since it vanishes at zero temperature we’ll ignore it.
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We now proceed to compute the Hawking temperature of the RN-AdS black hole:

P |ed-2@A T —am (d_w_z)z%mz)

T = =
47t 47 4z 72

(E.1.28)

We may then determine p = (J!) in the same way as previously outlined: we compute the grand
canonical ensemble potential at the boundary as () = —Tlog Z, where Z is the gravity partition

function in the saddle-point approximation, Z = exp [—S¢"shell] with E standing for Euclidean. We
S%n—shell 1 2Q

may then identify Q =T VolRTT] 3

, and the density relation becomes p = (J') = —

E.2 THE S-WAVE HOLOGRAPHIC SUPERCONDUCTOR

First proposed in [5], where the “vanilla” s-wave superconductor was constructed in a bottom-up
mannet, holographic superconductors has since grown into a large area of research, with the more
complicated varieties, the p- and d-wave superconductors, which carry angular momenta of / = 1
and ¢ = 2, respectively, now having been embedded in a holographic framework [195-197]. To get
to grips with the formalism, we now describe the simplest holographic superconductor: the s-wave
holographic superconductor, following the reviews [11, 13, 198-200].

As we have seen, systems with finite U(1) charge density are gravitationally encoded in AdS-
Reissner-Nordstrom black holes, which arise as solutions to the Einstein-Maxwell action with negative
cosmological constant. Superconductivity is a consequence of spontaneous breaking of a (gauged)
U(1) symmetry to Z,. For our purposes, however, we focus on global U (1) symmetry, since we cannot
holographically obtain a gauged U(1) symmetry on the boundary. This implies that what we are really
describing is a holographic superfluid.

In this scenario, photons are effectively treated as an external electromagnetic field, correspond-
ing to non-dynamical photons®. This global symmetry is then taken to be spontaneously broken: a
charged operator—in this case, the Cooper pair order parameter—acquires a finite VEV.

The holographic dictionary (cf. 2.3) tells us that such a charged operator is itself dual to charged
operators (with gauged U(1) symmetry) in the bulk—in particular, this implies that a superfluid on
the boundary is dual to a form of superconductivity in the bulk. In order to simplify the analysis, we
take the charged field to be a complex scalar (Higgs field) ¢ coupled to a gauge field A, so the bulk
action describing the holographic s-wave superconductor takes the form

d 1 d(d—1) 1 v 2
5:(/d+1x,/fg {21(2 (R+L2 —@PWPV — |Dup|” = V(o) |, (E.2.1)

where Dy, = 9, —iqA, is the gauge covariant derivative and g the charge of the scalar field. In

what follows, we'll specialize to d = 3 and take the potential to be a mass term, V(|g|) = m? |p|*.
Interestingly, this model has been realized as a Freund-Rubin compactification if M-theory in [8]. Fur-
thermore, before the advent of holographic superconductors, this model was studied quite thoroughly
by Gubser in [201]. To proceed, we note that the normal—non-superconducting—state of the theory,
which satisfies ¢ = 0, is given AdS-RN planar black hole. We now wish to lower the temperature see
if we can obtain a transition to a charged condensate at a critical temperature, 7.

In order to obtain such a charged condensate, we need a finite VEV, (O), where O is the operator
dual to ¢. In particular, this implies the existence of a stability of the AdS-RN black hole with respect
to perturbatlons of ¢. Now, the equation of motion for ¢ is obtained by varying the action with respect
to ¢*, 15§0 =0, leading to

/d4 ayaq) +igAu 9" )D”go—m%p&go*} (E.2.2)
= / d*x |9y (v/~gD"¢) — iq\/—gAyD”qv—\/—gmzfp} 59", (E-2.3)

implying that the equations of motion take the form

0=—=0, (/—gD"¢) —igA,D' ¢ — m*¢ = V(D" ¢) — igA,D" ¢ — m*¢. (E.2.4)

5

6 This neglecting of effectively virtual photons is also made in BCS theory, so saying that we are describing a superconductor is
less of a stretch than it may seem at first.
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where we have used that V, V¥ = ﬁay (v/—8V"). Further, using V,¢ = D, ¢, the above can be
recast in the form

(Vy—igAu)(VF —igAF ) —mPe = 0. (E.2.5)

Alternatively, the equations of motion can be obtained from doing the minimal coupling procedure
twice: starting from the flat space non-charged coupled scalar Lagrangian,

L= -3,¢*"p—m?p*g, (E.2.6)
the Euler-Lagrange equations of motion % — 9y a(giqu) lead to the Klein-Gordon equation,
0,09 —m?p =0 (E.2.7)
H ’

which we can “gauge minimally couple”, 9, — Dy,
D,D'¢p —m?p =0, (E.2.8)

which we can again “gravitationally minimally couple”, where the 9, that sits inside D, is sent to V,
in which case we end up with

(Vy—igAu)(VF —igAF)p —mPe = 0. (E.2.9)
Moving on, we see that this induces a mass correction to the scalar:
mig = m* + > A, AV, (E.2.10)
which in the presence of an exclusively electrostatic gauge field, A; = 0, becomes,

mege = m* — |g"|q? A (E.2.11)

E.2.1 Holographic Superconductivity in the Probe Limit (d = 3)

We now turn to the simplest model for holographic superconductivity first proposed in the seminal
paper [5]. The key simplifying assumption is to ignore backreaction on the metric, that is, we take
k2 < g%L?, which decouples the Maxwell-Higgs sector from the gravity sector. This results in an
AdS-Schwarzschild background described by

dr

2
2 _ 2 2 2 2
ds® = —f(r)dt +f(r) +r (dx +dy ), (E.2.12)
where
|
f= 7z, (E.2.13)

The Hawking temperature is determined in the usual fashion (cf. (E.1.16)),

_ 1)
T = i (E.2.14)

where 7, is determined by the condition f(r;,) = 0, that is, r, = L>/3M"/3, implying that

3M1/3
T — T (E.2.15)
2
taking the potential to be V(|¢|) = —2‘202‘ , and employing a radial ansatz, ¢ = ¢(r), we find that the

equations of motion take the form—assuming g = 1 and that the spatial part of A vanishes,

2 1 A2 2
0=V,Vip— gtl‘A%(p + ﬁ(]) = ﬁa, (v/—88"0rp) + Tt + ?4) (E.2.16)
1 N A? 2
= 20 (7P9) + ot ;30 (217

_ " ! 2f / A2 2
= fo" + (f + r) ¢’ + 7f¢+ 79 (E.2.18)
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where we have used that /=g = r2. Dividing by f yields the equation of motion:

Wﬂ+<§ >¢-+f2¢+112¢—0 (E.2.19)

in agreement with [5].
Doing the same for A;, we find

2¢>2
f

while the equation of motion for ¢ implies that it is a constant phase—these findings are in agreement
with those presented in the original article, [5]. We note that ¢ provides a mass to the bulk theory
gauge field via a Higgs mechanism.

Let’s now discuss boundary conditions. A priori, we have a four-parameter family of solutions;
in order to remedy this, we impose boundary conditions. First, requiring A; to have finite norm

2
Al + ;A; A =0. (E.2.20)

at the horizon, ry, defined as the value of r satisfying f(ry) = 0 = ry = (MLZ)US, we see that
g (ro)As(ro) < 0, implying that A(rg) = 0 (since lim g'" = o0). In this way, we infer that A} ~ A} at
0

the horizon; that is, they are not independent. Plugging A;(r = r9) = 0 into (E.2.19), which we then
proceed to multiply by f, gives us,

0= 7/(r0)¢/ (1) 10} (10) + T30(r0) = 724/ (r0) + 739, (B221)

3
where we have used that M = % This can be rewritten as,

¢(ro) = —27047/(7’0), (E.2.22)

thus leading us to conclude that at the horizon r = r(, both ¢ and A; are described by one-parameter
families of solutions. A similar asymptotic analysis can be carried out for the boundary: assuming the
leading behaviour (at r — oo) for the fields to be of the general form,

P(r) =Kpre 4+, Ap(r) = K" 4+, (E.2.23)

where Ky, K4, are constants. We then insert the above into the appropriate equations of motion; for ¢,
(E.2.19) gives us (where we have expanded the coefficients around r = o0),

4 KyK3 L4 2
wp(ag — 1)Kpr™ 2 + ap Kpr ! (r + - ) i <¢r4 4o |+ Kpr®? (72 + - ) =0,

(E.2.24)
so, to leading order, we obtain
wg(ap —1) 4 4ap + I<124tL41’2"‘Ar_2 +2=0, (E.2.25)
which means that ap = 5 (-3 £ V1 — 4B214/%“4,~2)  Since we have constrained ¢ € R, we must
demand that ay, <1, 1mp1y1ng that (E.2.25) becomes
wgp(ap —1) +4ap +2=0. (E.2.26)
which means that
ap = —1,-2, (E.2.27)
so, since the equations of motion are linear, we can write the solution as:
¢ = 4)(1 4)(2 + ... (E.2.28)

7 2

Similarly, the equation (E.2.20) implies (after plugging in the solution (E.2.28) and getting rid of sub-
leading terms)

ap,(a, —1) + 204, =0, (E.2.29)
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so that w4, = 0, —1, and so
At:}l_§+"'/ (E.2.30)

where the density is determined by the condition A¢(rg) = 0, so that the charge density is given by
p = urg. Both terms in ¢ above are normalizable”. Now, recall that (cf. 2.2) m?L2 = A(A — 3). Since
we have chosen m2L2 = —2, this corresponds to either A = 1 or A = 2. Recalling our discussion in
section 2.4, we see that if A = 2, ¢(1) is interpreted as a source for the dual operator in the field theory,
whereas ¢(2) ~ (0,) is the VEV.

Similarly, if A = 1, the discussion of section 2.4 implies that the roles are switched: now 49(1) ~ (O1)
is the VEV, whereas ¢ acts as a source. In order to study phase transitions, we turn off the source
and look for solutions where the VEV acquires a non-zero value at some critical temperature—this
leaves a one-parameter family of solutions for both ¢ and A;. In summary, then, we have

<OZ> = \/§¢(l)/ i = 1/2/ 81]¢(]) =0. (EZBI)

where, following [5], we have chosen the v/2-normalization, which turns out to simplify subsequent
calculations. From now on, we also set M = 1 = L. Next, note that [p] = 2 and [T] = 1, implying that,
first off, <O}> are dimensionless quantities, and that T, ~ p'/2. Solving the equations numerically®
yields the curves of figure E.1.

00
T T
T T
(a) (b)

Figure E.1: The condensate as a function of O; exhibiting the usual second order Ginzburg-Landau behaviour
near the phase transition, (O); ~ (1 — T/T.)"/2.

Fitting the curves of figure E.1, we get:
TV ~ 02255012, T?) ~ 0.1184p1/2. (E.2.32)

Note further that at low temperatures, the condensate VEV (O;) begins to diverge. This is an artifact
of the probe approximation that we’re employing: for large values of the condensate, we can no
longer ignore backreaction to the bulk metric, so our scheme is invalid in this region. We shall see,
by studying the conductivity of the system, that (O;) and /(O;) can be interpreted as twice the
superconducting gap (which is conventionally denoted A, but since this clashes with the notation
we use for the conformal dimension, we’ll simply write it as “gap”). BCS theory predicts that at
T = 0, we have 2 x gap = 3.54T; [202]; for our holographic superconductor, twice the gap is either
infinite for A = 1 or 2 x gap ~ 8T for A = 2, which is a characteristic of strongly interacting high-T,
superconductors (see [202] for more details).

7 That is, their action is finite.
8 Christopher Herzog has provided a nice Mathematica document that does this on his web-page: click here.
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E.2.2  Conductivity in the Probe Limit

E.2.2.1  Conductivity and the Drude Model

In this section we discuss the physics of conductivity as it appears in condensed matter systems,
following [76, 203]. Consider a spatially constant electric field varying in time. After Fourier trans-
forming, Ohm’s law reads

j(w) = o(w)E(w), (E2.33)

where o(w), which in general will be complex, is the optical conductivity. Note in particular that if
we shake the electric field at some frequency w, the “system” responds at the same frequency: this
where linear response can be applied. The real part of the optical conductivity, Re[c(w)] describes the
dissipation of the current; in other words, it behaves as an actual conductivity, whereas the imaginary
part, Im[o(w)], describes the so-called reactive part. Next, let us briefly discuss the Drude model:
consider, therefore, a particle of mass m, charge q and velocity v, described by Newton’s second law
with a friction term linear in the velocity,

dv

E + —V = gE, (E.2.34)
where T is the scattering time (or mean free path); the average time the particle travels unhindered
before bumping into something. If we then turn on an AC electric field with frequency w, E(t) =
Re [Ege '], the solution to the Drude differential equation (E.2.34) becomes

Negligible in steady-state regime

v(t) = qt E( ) Const. x e /T , (E.2.35)

m1l—iwt

so, assuming we're in the steady state the regime where the second term can be safely neglected, the
optical conductivity becomes; according to (E.2.33)

2
% oy = g T, (E.2.36)

o(w) = 1 —iwt’ m

where we have used that j = ngqv, where n is the electron density and defined the DC (w = 0)
conductivity, op. At high frequencies, particle-anti-particle creation contributes to the conductivity,
but for low frequencies, the Drude model captures the physics nicely. In the superconducting limit,
where the mean free path is infinite, T — oo, we may use L'Hopital’s rule to obtain:

2 2
- ng _ .nq
1 = li = E.2.
Tgroloa(w) Tgrolo —iwm me' (E-2.37)

but since the conductivity is analytic, the real part can be determined® via the Kramers-Kronig rela-
tion,

Re[r(w)] = —73/ dw w (E.2.38)
— ”‘7 “p / e e (E2:39)
= n:f S(w). (E.2.40)

Let’s quickly prove this: consider the original integral

1= P/oo dw’; (E.2.41)
o W(W—w)’
and define for infinitesimal € and 7
=:(x)
-1 1 e 1
Iey = /_oo dw’m + [7 dw/m, (E.2.42)
9 Alternatively, one can observe that the integral [* Re[o(w)] = ﬂﬁlqz is independent of T, and thus infer the presence of the

o-function in the real part of the optical conductivity in the superconducting limit. This is an example of a sum rule; this
particular one is known as the Ferrell-Glover-Tinkham sum rule.
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which we have chosen such that I = 11111 Re[Ie,;]. Next, note that under a change of variables ' = —«”,
€10
we have
E.2.
/ dx’ 0 Fw—ie) (E-2.43)
so that
e 1 1
ley = ! E.2.
1 /,7 daw [w’(w’—w+ie)+w’(w’+w—ie) (E-2.44)
o0 2
= do/ —— " E.2.
/,7 w? — (w — i€)? (E:2.45)
, w'=c0
tanh™ (w le)
- \ . E.2.
w_ic (E.2.46)
w'=y
Taking the limit 7 — 0 and using lim tanh~!(x) = —Z, we find that
X—00
T
Ie:=lml,=—— E.2.
€ ;71?01 T i (w —ie)’ (E247)
the real part of which is
e
Re [Ig} - m, (E248)

which, as € — 0, converges to I = 726(w)—this can be seen as follows for some smooth test function

f

[ def(1) ey =" 7°° dxf(ex)l_:xZ (E.2.49)
6%0 / dx (E.2.50)
= 711f(0) (E.2.51)

This characteristic J-function behaviour of the conductivity in the superconducting limit is something
we will see reproduced by our holographic model.

E.2.2.2  Maxwell Perturbations: Fluctuations of Ay in the Bulk

Consulting again the dictionary of 2.3, we see that if we want a current in our system, we need to
introduce a spatial component of our gauge field with some finite frequency w; following [5] we pick
Ay—this is of no consequence due to the symmetry of the problem. We are interested in the zero-
momentum (in the AdS-Sch geometry, the zero-momentum assumption decouples Ay from the other
polarizations; if we did not make this assumption there would be interactions between the fluctuations

that would have to be diagonalized, see [15]) conductivity and as such we take Ay(t,7) = ay(r)e™ ",
implying that the Maxwell equation for Ay reads:
2
VF' = 28" Acd? = ZAr’;(P , (E-2.52)
where
1
V FH = ﬁay [\/—88"¢" Fo] (E.2.53)
1
= ﬁay [f’zgngxl‘"ux} (E.2.54)
1 w?A
= ﬁar(fA;) + fo/ (E.2.55)
so the full equation of motion becomes (where we have divided out the common exponential)
f/ (OJZ 24)2 )
ay + al, + — —— Jay=0. (E.2.56)
froNe f)7
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To ensure causality, we must impose in-falling boundary conditions at the horizon, » = 1; this imposi-
tion of boundary conditions at the horizon implies that at the horizon, we have ay ~ f~“/3 (see [43,
204]). Similarly, performing the near-boundary analysis of a,, we obtain the equation (x4, +1)as, =0
implying that a4 = 0,1, and thus,

)
a, = A0 4 AT +..., (E.2.57)

where A% = ASCO) is the gauge field on the boundary (the source), satisfying 9;AbY = —E, = —iw A4
, where E, is the electric field on the boundary. The other term, (J;) = Ail), represents the expectation
value of the current. From Ohm’s law, then, we obtain the following optical conductivitys

(oAl
Ex oAl

(E.2.58)

Below, we plot the conductivity as a function of the frequency. At w = 0, a J-function appears when
T < T,: although it cannot be seen by the numerics, its existence may again be inferred by use of the
Kramers-Kronig relation (or, alternatively—as before—Dby the Ferrell-Glover-Tinkham sum rule),

o0 /
tm fo(w)) = =P [ dw N, (E.2.50)
from which we infer, from our previous considerations, that the real part of the conductivity contains
a d-function, Re[o(w)] ~ méw, provided that Im[o(w)] has a simple pole, Im[o(w)] ~ —1L; this is
indeed the case [5, 6]. It is interesting to note that had we not simplified our problem by considering
the probe limit but instead considered the full AdS-RN spacetime, the J-function is present even
when T > T,, which seemingly presents a problem: the DC conductivity is infinite even in the normal
phase! However, this infinite conductivity is not true superconductivity but rather an artefact of the
translation invariance of the system; fixing the background the AdS-Schw in the probe limit implicitly
breaks translation invariance by decoupling electric and energy currents [6]. It is, however, possible to
break the translation invariance of the AdS-RN setup by introducing impurities—this was considered

in [205].
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Figure E.2: Conductivities for O (left) and O, (right). At the origin, there is a /-function unseen by the numerics,
hile the horizontal line is the conductivity for T = Te.

The horizontal line in both figures represents the conductivity in the case T > T,—this is interesting
because it was shown in [15] the conductivity is independent of frequency in the normal phase is
characteristic of field theories with AdS, duals. The following curves describe successively lower
values of the temperature with fixed charge density.
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This appendix deals with additional approaches to holographic renormalization, as advertised in the
main text. We begin by reviewing the original FG approach in section F.1 and then proceed to discuss
the dBVV ansatz method in section F.2.

F.1 FEFFERMAN-GRAHAM HOLOGRAPHIC RENORMALIZATION

Following the review article [48], we describe the FG approach to holographic renormalizatoin. In this
section, we will use Euclidean signature AIAdS space (see appendix A), where the Fefferman-Graham
metric (A.2.6) assumes the form

ds? — 12 dp? 1 dxidx E
s° = E%—;gl](x,p) x'dx! ), (F1.1)
with an expansion for g;; entirely analogous to (A.2.8). Suppressing all spacetime and internal indices,
a generic bulk field F(p, x) has a near-boundary Fefferman-Graham asymptotic expansion of the form

Fx,p) = 0" (fio)(x) +pfi) (¥) -+ 0" [ from +log(0) fam )] 4+ ). (F12)

Generally, the equations of motion for F(x, p) are second order differential equations, which gives two
independent solutions with asymptotic behaviors p™ and p"*"—this is just a generalization of what
we saw in (2.4.9), where a similar solution arises for the scalar. Just as for the scalar case, we identify
f(0)(x), which multiplies the leading behavior, with the source for the dual operator. By solving the
equations of motion order by order in p (which is treated as a small parameter in the near-boundary
analysis), one obtains algebraic equations for fiy)(x) for k < n in terms of f(y)(x) and its derivatives
up to order 2k. This procedure, however, does not determine f(,,,), which is associated with the VEV
of the dual operator. In summary, the equations of motion imply that [48]

* f(0)(x) is the source of the dual field theory operator,

* foy - flan—2) and f(Zn) are uniquely determined by the equations of motion and are local
functions of f(g),

J f(2n) is related to conformal anomalies,
. f(Zn), which is related to the VEV of the dual field theory operator, is undetermined by the
near-boundary analysis.

Thus equipped with a generic asymptotic solution to the given field equations of motion, we proceed
to calculate the on-shell value of the bulk action. In order to do so, we need to regularize: this is
implemented by restricting the range of the p integration, p > € for € < 1. We then evaluate the
boundary terms at p = ¢, a finite number of which will diverge in the limit e = 0—thus, we can write
the regulated on-shell action in the following manner:

S;);gshell [f(o),e] = e ddx /g(o) [67'/61(0) + e*(v+1)a(2) + .= 10g(€) a(2v) 4 0(60)} , (F.1.3)

where v > 0 depends only on the conformal dimension on the dual operator, and the coefficients a,
are local functions of the source f(q), whereas a(,,) is directly related to the conformal anomaly [169].
The counterterm action is then defined as the divergent (in the e — 0 limit) part of the regularized
action,

Sct[F(x,€); €] = —divergent terms of ng‘;heu [fio)(F(x,€)), €], (E1.4)
where the divergent terms are expressed in terms of the fields F(x, €) living at the regulated hypersur-
face p = €. This is required for covariance of the counterterm action, and consequently it is necessary
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to invert the relation (F.1.2) up to the required order—this inversion is precisely what makes the FG ap-
proach so cumbersome. When the counterterm has been covariantized, we may define the subtracted
action,

Seub | F (x,€);€] = Spig ! [f(0), €] + Set[F (x,€); €], (F1.5)

in terms of which the renomarlized on-shell action is obtained as the limit € — 0,
Sean ! [f(0)] = lim Sup[F (x, €);€]. (F.1.6)
e—0
Using the renormalized on-shell action, we can define exact one-point functions (VEVs) of the field

theory operator O r dual to the bulk field F as the variation of SS;shell with respect to the boundary
source, and since g(g);; is in general non-trivial, we obtain (the subscript s stands for source)

(O5). 1 ospmshell[fio)] '
VB0 Sfo
It can also be computed in terms of fields living at the regulated boundary,

L 1 1 0Ssup[F(x,€);€]
<O.7:>s - lg)% <€d/2—m W 5f(x, €) > , (F18)

where 7;; = gij(x,€)/e is the induced metric on the regulated surface p = €. One can explicitly
evaluate this limit, which gives the result [48]

(OF)s ~ fan +C(f(0)), (F1.9)

where the scheme-dependent" function C(f (o)) depends locally on f(g), while the coefficient in front
of f(2,) is scheme-independent.

(F1.7)

k1.1 FG Holographic Renormalization of Pure Gravity in AIAdSs

To illustrate the application of the method described above, The Einstein-Hilbert action with the

Gibbons-Hawking term* for M = AlAdSs with A = —d(del) = —6,

5= / &x V=G (RO 112 +2f d*x /=7K, F1.10
y ( )+2d dxvy (F.1.10)
where Yy is the metric induced on the boundary, while K is the trace of the extrinsic curvature,

K =V, ;n™, where n™ is a unit normal vector to the boundary 0 M. The AlAdSs (with L = 1) metric
has the Fefferman-Graham form of (A.2.6),

m 3.1 de 1 A UV
Gndx™dx" = 4p2 + Bg;w(P, X)dx dx?, (F1.11)
where for d = 4, the expansion (A.2.8) reads
gHV(xrp) = g(O)yv(x) + pg(Z)yv(x) + p2g(4)yv + pz log(p)h(4)yv(x) + O(p ) (F1.12)

The boundary is located at p = 0, and the corresponding boundary metric’, therefore, is gy, (¥)-
The reason why we can’t use this metric immediately is, of course, that in the process of holographic
renormalization we need to introduce a cut-off hypersurface at § = €, so we need the full expansion.
The equations of motion from varying the action (F.1.10) produces the usual Einstein equation,

1
Ry — ERGW —6Gy, = 0. (F1.13)
In our calculations, we also require the inverse metric. In order to obtain it, we start with the ansatz

g = g?g) + pg?zv) "’ng}&) +ey, (F.1.14)

Since we have only subtracted the divergences, the scheme we have used to obtain (F.1.6) is, by analogy to the procedure in
quantum field theory, known as minimal subtraction.

The Gibbons-Hawking term is required to make the variational problem for gravity well posed, i.e. to ensure that we can
impose Dirichlet boundary conditions consistently; see [206].

Setting (g)uy = #uv corresponds to imposing AAdSs boundary conditions.
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where g’(‘ Z) contains logarithmic terms in g. We have that G, is block diagonal

L0
Gun= | * 1 , (F.1.15)
0 Eg‘m/

A2
G™" = <4P . 0 ) , (F.1.16)
0 pgh

which shows that g, (0 = cst.) acts as a metric on slices of constant p. In particular, it works for p = 0,
implying that the expansion component g is the metric on the boundary. Therefore, we can write

S0 its inverse is

0)puv
g = g" 8" 8o, (F1.17)
we—by inserting the metric expansion (F.1.12) and the ansatz (F.1.14)—get to lowest order in p:
A ~ U~
O(p°) : g?(l)/) = g’fo)g&‘)’)g(ow, (F.1.18)

implying that g"?é’) g(0)ar = 0); that is, g’&;’) is the inverse of g(g),, (as expected, since we argued that it
works as proper metric), so we’ll drop the tilde on this component. Similarly, to first order in p, we
get

Y 5(?;
v A ’_;L ’_A/h\ N
0p): gé) - gé) 80800 t8(2) 3?0)g(0)w +8’{o)8%f)8(z)m (F1.19)
so that
UV A v
g?z) = _3?0)&2))\08((70)/ (F.1.20)
and finally,
N UV ~UV A v A v R A~y A v Ty
O(PZ) : 81(14) = 2g’(4) + g](o)g(4)/\r7gc(ro) + gl(lo)g(g) IOg(p>h(4)/\(r + gé)g(g)g(o)/\g + g?o)g(g)g(z)/\a + g]ElZ)g Ug(Z)Am

(F.1.21)

which, upon insertion of the previous result for gz‘z"), gives:

~Hv Ay n A v o A
8la) = —8(0)8(0) 108 ayac — 8(0)8@Aw8(0) — 8(0)8 2Bt STE D18 (0)8Orr  (FL1.22)

A va A
+8(0)8 188 @88 (0)8 2170 + 8, g8 (F1.23)

N A A A
— —log(p)glo hno8) + &l0) 828 (5)82)px8’s) — 8l0)8ar 8l (F1.24)
and so the inverse metric takes the full form:
A HA N ~ A A A A A
8" = gy, — 8]0)8(108%) — P 108(P)8l0 o8l + 07 (80,8 @108 8288 — Bl 8(we8T) ) + O3,
(F.1.25)
Using the trace-reversed form of Einstein’s equations, the equations of motion take the form
RS — _4G,n. (F.1.26)

We begin by computing the Christoffel symbols T%,,; there are six classes of these distinguished by
their index structure

1—‘21// F‘;/)ll// réy/ rgul Fgﬁ/ rgp (F127)
Now, since G is block diagonal, T’ ;}1, = FL%,)A, where F;,gv)/\ is given entirely in terms of g. Block diago-

nality also implies that F‘gy =0T 2"3 = 0. The others evaluate to

; ) 1 1 51
r]pﬂ/ = ZgPW — Zpg;w, I"gv — Eg)uf <g;_v _ pg""7> , rgﬁ = —5, (F128)
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where we have defined g}, =: a% Suv- The (uv)-component of the Ricci tensor (for G) then assumes
the form
G
R = 9, — 9,T, + T,Tf, —TTL, (F.1.29)
=0 =0
0 0 (g)
= 9pThy — 3y T 5 + T, + T4, T, —Th Ty — T9,T0, + Ry (F.1.30)

Ao/

= 88" ghs — 28w P (Zg 8ou8hv — 28w — &8’ gw) + R — 457 g (F131)
This must be set equal to —4G,,, which will just eat the last term, producing the equation

88" 8he + 280 + P (28"78hughy — 28 — &g hr ) T R =0, (F.132)

There are two other equations corresponding to the Rég) and Réi) components. They read

gyvgyv - *gw\g)\agwg{/y =0 (from R(E))/ (F.1.33)
gVA (vi(l )gw\ - VE\ )g;/w) =0 (from R(G)) (F.1.34)

Considering the Fefferman-Graham expansion to be a perturbation in the small parameter (we're
eventually interested in the limit § — 0) p around g(),,, all indices are raised and lowered with
8(0)- Plugging the Fefferman-Graham expansion into the equations of motion using the Mathematica
package xAct [88] with the subroutine xTras [108], the coefficients work out to be

1 1
g(z)lﬂ/ = ER(O)g(O)}lV - ER(O)VV/ (F135)

where R(q),, is the Ricci tensor of the boundary metric g(g),,- The precise form of g4),, is undeter-
mined by this perturbative analysis, but we can say something about the trace and the divergence
using the equation of motion (F.1.34); the full expressions can be found in [86]. The trace, however,
will be important later—it is given by

1
wv _ M _ uv
808w = 8ayu = 18@m8(2): (F.1.36)
The coefficient h(4) v satisfies
gl(w) @pv — 0, (F.1.37)
v )Mh(4)yv =0. (F.1.38)

The next step in the renormalization procedure is to compute the regularized on-shell action; im-
posing R(G) = —20 and K = V,,n" with n#* = ndy', so normality requires n = 20, so that V,n™ =
\/%T;Bﬁ (6v/—G). Further, block diagonality of G implies that /—G = 217 v/—§, so that the regularized
Gibbons-Hawking term becomes

4% /.
— 25~ - /g P_G ; (p\fc) A (F.1.39)
\% p=€
— 459, ( vV_§ ) (F.1.40)
P p=e
= 4ﬁ_1ap (V=8) pme 4ﬁ_2\/—g‘ﬁ:€, (F.1.41)
which produces the on-shell action
€
slg e = §ate|- [Capa =g 49 (vg)|,_ 80V, |-
(F1.42)

In order to identify the divergent terms, we need to expand the determinant /—g, something we al-
ready did for the DBI action when “deriving” the AdS/CFT correspondence in section 2.3; replicating
our method, we obtain

Suv = S0yt |0 + A3y, + 078y + £2108(0) Iy, | (F.1.43)
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implying that

1 ) o A
V8= VA‘* A**’[gﬁm‘%z{gémgunf‘géwgém}]‘%szg“”hﬁmf*cxpﬁ

(F.1.44)

= Ho 52 LA v 1 Av A
=/ 8o /1t P8(2)A +p 7882w T 18@8(2) + O(p*) (F.1.45)
_ o 1 é A ﬁ A v LAV O A4 F 6
8o | 1+ 5801 T g [$@180p ~ 88| [ +0O7) (F.1.46)

where we have used the relations (F.1.37) and (F.1.36) for h(4)w as well as the series expansion

V1+x = 1+x/2—x%/8+ O(x%). The integration over p can now be performed, which leads to
the structure of the generic regularized action (F.1.3),

st el = [ a3 [ a0 +eap) —log(e) ay + O] Faag)
In particular, the log(e) contribution comes from the term () when plugged into the on-shell action
(F.1.42), from which we infer that
A4) = % (3?2)/\8](/2)1/ - g(sz)g(z)Au) . (F.1.48)
Performing the remaining integrations and derivatives and collecting orders of €, we find that
agy = —6, ap) =0. (F.1.49)

This is in agreement with [86]. Next, we determine the counterterm action, which, in order to ensure
covariance, requires us to express quantities at the boundary in terms of quantities on the regularized
hypersurface ¢ = €, which has metric 7, = e ! Suv(x, €). Inverting the expression for \/—g (F.1.46),
we find that

62
\/ 80 TV (1 ) Ly (g(Az))\gl(/z)u + ‘o’?z)vgl(/z)/\)) +0(e) (F.1.50)
62 v v
= V7€ (1 — 580+ 5 (8?2)/\8(2)1/ +gE\2)vg(2))\>> +0(e*). (F1.51)
Furthermore, taking the trace of (F.1.35) gives us the relation
1
gé‘z)A = _ER(O)' (F.1.52)

so we now need to express R(g) in terms of R("). We can now do a series expansion in , and contract
the resulting expression using the inverse hypersurface metric (F.1.25), in which case we find that

11 1 s 1 2 3
gE\z)A 6e (R( )t 5 [RL’L)R(“Y)V 5 (R(V)) ]) +0 ((R(7)) ) , (F1.53)
where terms cubic in curvatures do not contribute*. A similar analysis reveals that
v 11 s 2 2 3
8n8ln = 27 (RWR(”)” ~35 (Rm) ) +0 ((Rm ) ) : (F.1.54)

Using this, the counterterm action assumes the form

R RMmwRL)
Sctlg(x, €); €] :_/a/vz d*x /= { 6+ R() log(e)( 5 1 F . (F1.55)

This allows us to immediately compute various quantities such as one-point functions (VEVs) and
Ward identities (see e.g. [95] for details on how to do this in a FG framework).

4 This statement is valid in dimensions below six.
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F.2 THE DBVV ANSATZ APPROACH

Developed in [49] by de Boer and the Verlinde twins (hence the name, dBVV) and reviewed in e.g. [89,
207, 208], this method is the precursor of the approach discussed in chapter 3. It also makes use of
the fact that the radial direction of AIAdS normal to the boundary allows us to foliate the space into
slices of constant radius (at least near the boundary), which can be used to set up a radial analogue
of the ADM formalism [98, 209]. This method can be extended to Lifshitz space-times: starting from
a Einstein-Proca model, this was pursued in [25]. The drawback of this method, however, is the need
to specify a counterterm ansatz, and it is generically very difficult to specify a sufficiently general
ansatz.

F.2.1 Setting up the ADM Hamiltonian and the Hamilton-Jacobi Equation

For AIAdS manifolds (see appendix A, in particular (F.2.14)), we use the radial coordinate r, which
is normal to the boundary, to foliate the manifold into radial hypersurfaces (leaves) X, defined by
r = const.; these slices are diffeomorphic to the conformal boundary. Disregarding pathological topo-
logical complications, this is always possible (at least in the neighbourhood of the conformal bound-
ary). The normal vector to X, which points in the direction of increasing r, can be written as n”* = né;",
where the normalization is fixed by requiring g,,,n"n" = 1, allowing us to define a hypersurface pro-
jector hyy = gmn — Nwhy projecting onto X,. Restricting the indices on the projector also gives us the
induced metric, we may decompose the (Euclidean) metric as

ds? = guudx™dx" = N2dr? + hy, (dx* + N*dr) (dx" + N'dr), (F2.1)
where N is the shift and N* the lapse. The (Euclidean) Einstein-Hilbert action on a (d + 1)-dimensional
manifold M (with AIAdS boundary condition) and boundary ¥, = o M|, is given by,

S[g ] = /M a1 g (R —24) —2 [ a'x Vi, (F2.2)

where K is the trace of the extrinsic curvature on ;. The ADM-parametrized version of this reads,
[ee]
S[h, N] = / dr / dlx VAN (R =27 + KK — K2), (F2.3)
r

where the Gibbons-Hawking cancels out by partial integration of second derivative terms in the
expansion of the Ricci scalar. Classically, the action above is equivalent to the following action,

S, NNV = [ dr [ dfx Vi [0+ NH = NV, (F2.4)

where \/En”” is the canonical momentum conjugate to the induced metric hyv on X,, whereas

H=R" —2A + 7", — dlilnz, HI = 2D, T, (F.2.5)
where D, is the covariant derivative on the hypersurface ~,. On a general hypersurface ¥, such
a derivative is defined via D, T" = W% ---h,-- ~himViTk'"]‘m for Tk"']-m € X and satisfies, in
particular, metric compatibility with the hypersurface projector, D;;h,,, = 0. Upon noting that the Wick
rotated Legendre transformation changes sign—schematically H = } ; p;4; + L—we may construct the
radial Hamiltonian on an equal-r slice X, as follows,

H= [ d% Vi (NH+N'H,), (F2.6)
Jz,

The radial Hamilton-Jacobi equation then takes the form

1 6§
S+H=0, "=——,
' VSl
where S is the on-shell action—which is known as Hamilton’s principal function in analytical me-
chanics (see [91])—where it is understood that the value of 7"V given above is inserted into the HJ
equation. Since S cannot depend on 7 (see [207]), the H] equation reduces to

(F2.7)

H=0, (F.2.8)
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implying the Hamiltonian constraint and the momentum constraint
H=0 Hy,=0. (F.2.9)

Alternatively, these are the equations of motion obtained from (F.2.4) by varying with respect the
Lagrange multiplicators® N and N¥—a point of view favoured in [51]. Note that the momentum 7"
is directly related to the Brown-York stress tensor (see [210]) on X,

™ = v, (F.2.10)
F.2.2 Counterterm Action Ansatz

As in the FG approach, we write the renormalized on-shell action as Syen = S 4 Sct, where the coun-
terterm action is specified by the following locally covariant ansatz®

Sct = /Z dx \/E[CO +RM + Cgl)R(h)z + CEZ)R%/)RU[)W (E2.11)

3)p(h
+ Cé )Riw)paR(h)WpU + O(RB)] ’ (F.2.12)
which, by (F.2.7), implies that the momentum splits up as 7#' = rje, — 7t , which is useful since
covariance of our ansatz means that the momentum constraint associated with the counterterm van-
ishes identically by covariant conservation of the associated Brown-York (quasi.local) stress tensor,
Dy rh = D, T!'. Thus, the momentum constraint reduces to the d-dimensional diffeomorphism Ward

identity on X,
0=H!'= DyTr’gﬁ. (F.2.13)

Employing domain-wall coordinates’, where the pure AdS metric reads ds? = dr? + 2 (17,,dx"dx"),
we see that the AIAdS boundary condition on the induced metric reads

Oy = 2hy, + O (e77). (F.2.14)

Now, following [49], we use the diffeomorphism invariance to gauge fix N = 1 and N* = 0; when this
is done, the imposition of the asymptotic behaviour (F.2.14) is achieved via the Hamilton equation,

1 6H

2
uv == %W == 27‘[},“/ - mﬂh}w (FZIS)

r
Now, want to impose (F.2.14), which is, of course, an asymptotic condition. Near the boundary,
therefore—by assumption—only the counterterm action gives a contribution to 7,,; in particular,
by varying (F.2.12), we obtain:

1 65 -
e == e O 7) (F216)
1
= Eh]wco +0 (™), (F2.17)
where none of the curvatures contribute, that is, we effectively only vary [ d?x v/hey. This means that
o A d—1—-d o
arh}w = h’,n/co - d — 1h/\ph ph;ﬂ/ == hMVCO <d—1 = _mhyy (F218)
The asymptotic boundary condition of (F.2.14) thus requires that:
cg=—-2(d—1). (F.2.19)
Let’s just check the variation of the next term, f dx VhR, which becomes
1 }
5 (\/ERU”) = Vil o R + R sn /3, (F.2.20)
implying that the contribution to 71" takes the form
1
) = —5 ROy + R = (R+K) hy ~ € 2y, (F2.21)

where K is a constant, so this will not contribute. The same goes for the higher order curvatures.

5 That is, non-dynamical (no kinetic terms).
6 This expression becomes more involved if we were to include more fields in our model.
7 The boundary in domain-wall coordinates is located at r — oo since it is obtained from the usual Poincaré patch metric by

r — e~ ’; in Poincaré coordinates, the boundary is located at r = 0.
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F.2.3 The DeWitt Bracket

Having fixed the asymptotic boundary condition, which determined cy, we’re now ready to solve the
Hamiltonian constraint, H = 0. In order to accomplish this, it is convenient to introduce the following
piece of notation—which we shall call the DeWitt bracket which is symmetric and bilinear—for the
kinetic part of H,

0S5 0S
{S, Stpw == Guvpr— i 5hPU (F.2.22)

where Gy is the DeWitt metric, given by

1 1
Guvpr = 4 (hu(pha)v T a1

In terms of the DeWitt bracket, the Hamiltonian constraint in our gauge takes the form

hwhpg> . (F2.23)

H ={S,S}pw + R" —2A. (F.2.24)

Bilinearity and symmetry of the DeWitt bracket implies that upon writing S = Sren + Sct, the Hamil-
tonian constraint becomes

H = {Sren, Sren Ypw + {Sct, Sct }pw + 2 {Sct, Sren }pw + R" —2A = 0. (F.2.25)

The next step is to sort the Hamiltonian #H by the number of radial derivatives n; schematically

H= Z H (2, (F.2.26)

n>0

As before, this means that each H (") vanishes in isolation. An analogous derivative expansion for
/8Lt gives us that, in domain-wall coordinates, the asymptotic radial scaling for AIAdS geometries
depends on the number of derivatives n as

\/gﬁgf) ~ eld=mr, (F.2.27)

As before—by assumption—the renormalized action Sren has a finite limit as ¥ — oo; thus the relevant
DeWitt brackets scale asymptotically as

{53” sy }DW ~ e mEm)r (F.2.28)
{Séi”, Sren}DW ~ el (F.2.29)
{Sren/ Sren}DW ~ e (F2.30)

The lowest-order Hamiltonian constraint, therefore, takes the form

0=HO = {sﬁ?),sﬁf) }DW —2A. (F.2.31)
In particular, we find that
c3 1
{SEE)/S&)}DW = ﬁo <hu hﬂVhPV) i (F2.32)
2
- CZO (hl‘ hwhw) Y he? (F.2.33)
2 2
c5 (1 d
= Z <2 h},phm/ + hy(fhpu) RV RPT — d_ 1> (F234)
_d(, .
vy .2.35)
2 /g2
_ ¢ (d7—d
= < P ) (F.2.36)
2d
- (F.2.37)
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This should be equal to

2A = —d(d—1), (F.2.38)
implying that

co=+2(d—1), (F.2.39)

which agrees with our previous boundary condition analysis, provided we choose the negative solu-
tion. It is amusing to note that this only fixes the square of cy; we need the boundary conditions to
fix the sign. The next Hamiltonian constraint (assuming d > 2—if we did not assume this, there’d be

additional contributions from {Sg?), Sren}DW ; we’ll have more to say about this later when discussing

the holographic Weyl anomaly), which has two derivatives, consequently reads

0 2
0=#® =2{s{,s¢ }DW +R®™, (F.2.40)
where®
0 ¢@) _ _ca(d=2RM
2 {SCt rSet }DW N 2d-1) c1(d = 2)RT, (F2.41)
implying that
- L (F.2.42)
1= i_2 .2.42
The next constraint reads:
0) (4 2) (2
R ) RS R Fa

The first of these brackets work out to be,

4—d 2
(o5} A (s R ) -
+ dcf 1 ([2(1 +d)cy + c3) V;h)v(h)}tR(h) + [4eg + c3(d — 2)] V;h)v,(/h)R(h)W) /
(F2.45)

while the second takes the form:

L dRMW?
{Séf)lsg)}DW _ C% <R§£‘/)R(h),ﬂf _ m . (F2.46)

From these, we immediately infer the equations

d 1
2T o@- D@27 °T @-aa-27 47" (F2.47)

Setting d = 4, we reassuringly obtain the result we also got the the FG approach to holographic
renormalization. It is worth noting, however, that the above is not the whole story. We have ignored
certain additional terms involving covariant derivatives (produced by xAct), which do not cancel,
suggesting that the ansatz employed is not sufficiently general. Curiously, the authors of [207] find
similar terms, but claim that they cancel precisely.

F.2.4 Holographic Weyl Anomalies

In the Hamilton-Jacobi approach to holographic renormalization, a d-dimensional Weyl anomaly'®

appears when {SE?), Sétd) }DW vanishes identically, which is the case when d is even. However, since

These variations are now somewhat tedious to perform, but they can be evaluated efficiently in xAct, which turns out to be
admirably suited for this.

10 For a cool cohomological approach to Weyl anomalies, see [211, 212].
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ct 7

{S(O) Sren}Dw ~ ¢~ the Hamiltonian constraint (9 = 0 is non-trivial, and, in particular, involves

the Weyl anomaly via

) gy _ 295 — T
—2{s{,s¥} = T e = I Tl

In two and four dimensions, the Hamiltonian constraints read
0
0=H®? =R—2{s§t>,sren}DW (d=2)
2) o2 0
0=H® = {0, s} —2{sQ S}~ (@=12),
which gives us, straightforwardly, the Weyl anomaly in the dimensions considered above,
hyw Tlen = —R™ (d=2)

(n)?
hWTIfgr/l = _i (Rgf/)R(h)Hv _ R3> (d=4).

(F.2.48)

(F.2.49)
(F.2.50)

(E2.51)
(F.2.52)

(F.2.53)
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G.1 HOLOGRAPHIC RENORMALIZATION OF EINSTEIN-PROCA THEORY WITH LIFSHITZ BOUND-
ARY CONDITIONS

It is the purpose of this appendix to describe the process of holographic renormalization applied to
Lifshitz space-times arising from Einstein-Proca models. The notation differs slightly from the one
used in the main text (cf. chapter 3); we hope this will not cause any confusion.

G.1.1 The Einstein-Proca ADM Hamiltonian

The Lifshitz space-time arises as a solution to the Einstein-Proca action with a Gibbons-Hawking term,

S = /dd+1x V3 (R —2A— iﬁz - ;M2A2> —2 [ dx VK, (G.1.1)
Xy
where we have used hats to distinguish (d + 1)-dimensional quantities from d-dimensional ones. In
domain-wall coordinates, the pure Lifshitz solution has the form

ds? = dr'? — %' df? + ¥ di?. (G.1.2)

Since the FG theorem does not apply to asymptotically locally Lifshitz, we must use either (i) the
dBVV-deWitt method, which was done in [25], or (ii) the HJ approach described in chapter 3—this
was done in [27, 96]. It is to this second approach that we will now turn our attention.

First, we sketch the derivation of the Einstein-Proca ADM Hamiltonian, starting from (G.1.1). First,
we’ll need to set up a codimension-1 foliation of M = AlLif in terms of radial hypersurfaces (as we
pointed out when renormalizing AIAdS, it is sufficient to assume this can be done in a neighbourhood
of the boundary). In general [213, 214], a non-zero one-form w on M generates a codimension-1
foliation of M if and only if it is integrable, that is, it satisfies the Frobenius condition,

wAdw =0. (G.1.3)

which, in particular is satisfied by vectors n normal to some hyperplane, n A dn = 0. In our case, the
Vi

vector normal to ¥,—which is defined by r = const.—is' nf* = Ty
VrVypr

7z, and the foliation one-form

constructed from the normal vector is
np = gﬁﬁnﬁ = N@ﬁr, (G.1.4)
where the normalization N is the lapse function. The hypersurface projector, which pulls back tensors
on M onto X, is given by,
hpo = gpo — npnyp, (G.1.5)

whereas 1,1y projects onto %;-. The Proca field is thus decomposable in the following manner,

Aﬁ = CIDnﬁ + Aﬁ/ b = nﬁAﬁ, Aﬁ =h 01417. (G.1.6)

Next, we introduce the flow vector 7 defined implicitly via rﬁnﬁ = N. The hypersurface tangential

part of the flow vector is called the shift function, N g 171’17, which means that the flow vector is
decomposable as

r* = Nnt + N (G.1.7)

Eventually, we’ll want to express the action (G.1.1) in terms of canonical velocities. We define these as
the Lie derivative along r¥,

hao = £hgo,  Ap = £ Ay (G.1.8)

In principle, one has to be careful about the sign, but ¥, is time-like, i.e. n,,n" = +1.

146



(G.1 HOLOGRAPHIC RENORMALIZATION OF EINSTEIN-PROCA THEORY WITH LIFSHITZ BOUNDARY CONDITIONS 147

If rft = 55 , as will be the case eventually when imposing radial gauge on the shift and lapse, the Lie
derivative reduces to the radial derivative. The extrinsic curvature Ky of X, is given by

’A\W;\nﬁ. (G.1.9)

Carrying on these calculations (see Appendix A of [25]) to the end and imposing the Gauss-Codazzi
equations, we get the familiar expression

H = /2 dlx Vi (NH + NFH,,) (G.1.10)

Diffeomorphism invariance allows us to gauge fix N’ = 1, N* = 0, leading to the result
H= [ dtx Vi [(Komv + 20,00 ) 4 R—28 = Lp o M (92 a,a0)], G
=L, X w7t + QQMQ +R—-2A— atw + > ( — Ay ) , (G.1.11)

where @ is the radial component of the Proca one-form, A = ®dr + Aydx! and is constrained by the
Proca constraint,

D= —%DHQ”. (G.1.12)

Note that in domain-wall coordinates, the Proca field supporting the vanilla Lifshitz solution has the
form [22]

A = we¥dt, (G.1.13)

for some constant &, which depends on both d and z. When considering the Proca field on a radial
hypersurface %,, the hypersurface tangential part of has the form A = &dt. Restricting our attention
to timelike Proca fields, we introduce an auxiliary field ¢, which measures the deformation away from
the pure Lifshitz Proca field value, that is,

A= (&+y)dt. (G.1.14)

Y corresponds to the source of a relevant operator for 1 < z < ds; for ds = z, it becomes marginally
relevant [215]. The canonical momenta are given by the usual relations:

1 6S " 1 4S

=== = G.1a
N Vi A, (G115
Note that any AlLif metric may be written as (in domain-wall coordinates)
ds? = dr® + hyy (r, x)dxdx?, (G.1.16)

which, in order to set up the ADM Hamiltonian (G.1.11), was decomposed in a radial ADM-manner,
i.e. by writing

ds? = N2dr? + hyy (r, x) (dx* + N*dr) (dx¥ + NVdr), (G.1.17)

where N is the radial lapse function, whereas A is the radial shift. We shall as in the case of AlIAdS,
we will gauge-fix—by means of foliation preserving diffeomorphisms—the shift and set the lapse
equal to one. On the leaves X, of the radial foliation, we introduce a temporal foliation, allowing us
to write the induced metric on %, as

T (r, x)dxtdx? = —N2d£2 + (dxi n Nidt) (dxf n Nfdt) ) (G.1.18)

where N is the temporal lapse on ¥, and N’ the temporal shift. We use indices from the middle of
the Latin alphabet, i,j,k,I,m, n to denote spatial directions on X,. The validity of such a foliation in
terms of leaves of constant (absolute) time ties in nicely with our non-relativistic interpretation of the
boundary theory. The gravity field multiplet then consists of the fields,

N, N, Yijs (G.1.19)

More information about this double-foliation scheme may be found in [96]. Note that foliation pre-
serving diffeomorphisms on %, allows us to set N' = 0, while we choose to keep N general. This,
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then, allows us to introduce the following vielbeine, where we use lower-case Latin letters from the
beginning of the alphabet to denote flat indices, i.e. a, b, ¢, d. Since we’ll be working with vielbeine for
the most part, it is convenient to introduce the following objects

w165 145

M= ﬁ@' Ty = ﬁﬁ (G.1.20)

We now proceed to derive a couple of useful relations involving the objects above. Writing e = /I,
we see that

168
_ I
T, = eZT .= 352@, (G.1.21)
so, writing
Ap = €A, (G.1.22)
we find by virtue of the functional chain rule (note that r is fixed!),
168 1 d 5S  Ohpe(X) 0SS  Ap(x')
a—- "2 _ a : d ! [ p G.1.
‘e oeh (¥ r)e(x,r) / x <5hpg(x’) oeb (x) + Ap(x") deb(x) (G.1.23)
- / A6 (x' — x) (e (1) (x'eq (505 (x) + 87805 ) + () Q° (x') Ac (') 550
(G.1.24)
= Zﬂadﬂdb + Q%A (G.1.25)
=21, + Q" Ay, (G.1.26)
so that,
T, =2n1", + Q" Ap. (G.1.27)
Now, since 6A;, = (51/)(52, we get
Q' = myd), (G.1.28)
which means that
Q= nlpef,ég = TTyep. (G.1.29)

G.1.2 Boundary Conditions & the dp Expansions

We now introduce spatial flat indices as a. There are now two ways of imposing boundary conditions.
Either we linearise the field equations as done in [27, 131], in which case we find the asymptotic
behaviour for the vielbeine and the Proca deformation field?,

eg =eley e, (G.1.30)
e = ere;(lo)ﬁ 4o (G.1.31)
Y= e_AJt/J(O) +--, (G.1.32)
where
1 2
A_—2<Z+D—\/(Z+d—1) +8(z—1)(z—d+1)). (G.1.33)
Using the chain rule, we find that
) ; 0 .6
5:/dd 0~ 167 = 4+ p— |, G.1.
= x <6V562+e”5e;+¢61p> (G.1.34)

2 Note that these conditions differ from those in [27, 96] due to our usage of domain-wall coordinates.
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where a dot denotes radial differentiation. Similarly, the dilatation operator becomes

5 5 5
_ d
op = /z,d % (Aley(s 7+ Aol ; Agu&p) , (G.1.35)

where the coefficients in front of the various terms in ép are the leading scaling behaviour of the field,
and will be fixed by imposing the HJ equation. Now we’ll want to impose the asymptotic boundary
condition é, = dp, but before we do that we’ll rewrite both 6, and ép, using that 2K, = %arhw

5, = / dx Vi <21<Hb \/ih’ r 51‘2 ) (G.1.36)
which is identical to (G.1.34), since
2K et 305; = (egéyb +e£éw) e e‘,% (5’* Hbeg (5F‘ewe ) 5};; (G.1.37)
= 26ua€y— (5h ﬂgbé;ZeZ% =¢,(x) /27 ddx/5§1;£((x)) (5hvj(x’) (G.1.38)
= é"’l%. (G.1.39)

Note also that

1) . o
Zewep (Sh hwm, (G.1.40)

which shows how J; in (G.1.34) is obtained from the corresponding expression involving the metric
rather than vielbeine in the first place. Now, the relation

Ag = (a+1) 00, (G.1.41)

implies that the implicit radial derivative reads

1 4 .1 0
) :/ ddx\/ﬁ<2K e”eh + A ) G.1.42
r 5, ab af&hpg H\/E(SAV ( 4 )
1 1)

= dde (ZK e e — ) G.1.
/d"lxN\f 2K pesel O LQL (G.1.44)
- ab U[&h \/E uéAu . 44
—/ddefz et L0 4 L2 (G.1.45)
= ab (7\/»5],1{7 O\/>57~P -1.45
—/ dlx N7 (2K + Qorty ), (G.1.46)

and thus,
. 1
ot = = (T - AbQ) = 2 (T”b — Ay (G1.47)
= % (Tﬂb — P (a+ 1/1)59(587%¢) (G.1.48)
1 /.4 .

=3 (T”h + (& + 1p)5853n¢) . (G.1.49)

With this, we obtain the result with all indices flat:
5 = /2 d'x Ny (Kabfah + [Qo + (a + ) Koo] ﬁlp) . (G.1.50)

Now, the asymptotic boundary conditions are implemented as

6y = 0p. (G.1.51)
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The non-derivative part of the counterterm action must [25], due to general covariance, necessarily be

of the form

s= [ dix VhU () + derivative terms.
Jx,

(G.1.52)

Now, the next thing we require is a way to relate the quantities above to the extrinsic curvature. This

is achieved through the relation

Ty = Ky — K,
the flat version of which simply reads

Ttap = Kap — apK.
In particular, we have that

m=K(1-(ds+1)) =dK,
and thus
b — gab _ Wabd% — K — ab _|_17ahd77z.

Now, we use that

o = % (T —@oat) = 2 (T + U/ ()« +$)50)

N~

In particular, we have that

1 S
(- — oM
T, = \/Eéeﬁ =e, U(y),

where we have used that de = ee; éeZ, implying that
Tub — Uabu(w)’
and thus
7 = 2 (1) + U () o+ )33}
Now, we can find the extrinsic curvature,

T
nab — Kab ab*/
+7 i

where
1 /
7= 3 (@ + DUE) - U @)+ y)),
so that
ab u’ ab
Kab:nab_nab%:_zidsu(lp)_i_ (lp)(zlx"'lp) <5S§g+7zis>
_ U+ DU (04 ) gy | W)+ 0+ L)

Next, note that
1 4S8
:——(qu/ 5ﬂ:> :_ul .
T 8= U WIS = Q= -Uy)

We now want impose the boundary conditions, which implies that

Qﬂ

r—r00

K T™ + (Qo + (& + $)Koo) Aty = 210 + 17, — A_ypry.

(G.1.53)

(G.1.54)

(G.1.55)

(G.1.56)

(G.1.57)

(G.1.58)

(G.1.59)

(G.1.60)

(G.1.61)

(G.1.62)

(G.1.63)

(G.1.64)

(G.1.65)

(G.1.66)
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Comparing scaling weights and writing K, Tab = Kb aT“b writing out scaling expansions in terms of

dilatation weights, e.g. Qo =3, Q((]w> with ép Q((]w> = —wQ((Jw). This procedure immediately gives us

KO o, = 2700+ 77, = KO = —26050 + 5,36250, (G.1.67)

and, similarly,
ol + k¥ =, (G.1.68)
IPK((J?J) + "‘K(()gi) + Q(()Af) =-A9. (G.1.69)

To proceed, we write U (1) as a series in ¢:
Mmax
Uuy) =y uny", (G.1.70)
n=0
and thus we find for the quantities above, using (G.1.64)

ug + a(ds — 1)uyg uy + (ds — 1) (2aeup + uq)

0) _ (A-) _
Ky = 24 , Ky ' =9 24 (G.1.71)
0 —up +au 0 A
KD = %%, QW = —uy, Q) = —2uyp. (G.1.72)
Combining the results above with egs. (G.1.67)~(G.1.69) then gives us—since Kég) =—z
Q(()O) + ocKég) =0=u = —az, (G.1.73)
which we can plug into the relation Kég) = J; to obtain for ug the expression
uy = —a’z — 2ds. (G.1.74)
Similarly, plugging the value of u; into the relation K(()g) = —z gives us the equality uy = —2zds +
#?(ds — 1)z. Equating the two expression for 1 gives us the following result for a:
2(z—1
o= ( ), (G.1.75)
z
which we in turn can plug into (G.1.74) to obtain:
up = —2(z+ds — 1). (G.1.76)
Finally, plugging all the above results into (G.1.69), we obtain
_ozds(2z—-1—-A")
Uy = 2(ztds—1) " (G.1.77)
which implies that the first couple of (non-derivative) counterterms are given by
4 zds (2z—1—-A_) ,
= -2 —1) — zap — ). 1.
Set /Zrdx\/fl( (z+ds —1) —zay 2(1di— 1) P+ (G.1.78)

Expanding the Hamiltonian density H extracted from (G.1.11), we can expand # in scaling weights,
H =Y, H®) with spH @) = —wH (@), Note the symmetry property (which we derived in chapter 3)

KU prlmab — gelm) q(mjab, (G.1.79)

which has to be taken into account when writing

HO = Y <K<m> b Lo0m oma qu)(mq)(m)) L) (G.1.80)
n+m=w ab 2 2 ’
where V(®) is the part of
2
Y =R—-2A— 11a,b1?ﬂb M Ay A (G.1.81)

2 2
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with dilatonic scaling weight w. With this at hand, we can solve the Hamiltonian constraint recursively
as we did for AIAdS boundary conditions®. The next step will be to determine a useful relation, which
allows us to find the terms of the on-shell Lagrangian L. The idea is to do exactly the same as we did
for AIAdS boundary conditions in chapter 3: we expand the (unknown) counterterm Lagrangian in
eigenmodes of ép and relate the terms to the Hamiltonian constraint. We follow the approaches taken
by [27, 96]. By the same arguments as for AIAdS boundary conditions, we must now include a linear
term (logarithmic in Poincaré-type coordinates), i.e.

La=— Y £ _ plztds), (G.1.83)
0<A<z+ds

As before, the individual terms satisfy the scaling relations:

5D'C(w) e _wﬁ(w), w # z + dS/ (G184)
Sp L) — —(z+ ds)£(2+d5) + Lletds) (G.1.85)
op LEHs) — —(z +ds)£~(z+d5). (G.1.86)
As we have seen:
(z+ds+0p)L =zT0 + T, — A_pry, (G.1.8y)

which we can expand in scaling weights to get

(z4+ds — w)ﬁ(w) = zT(Zg)O + T(zfl-])ﬁ — A_¢N;W7A7), w#z+ds, (G.1.88)
while for w = z + d;, we get instead
(z+ ds + 8p) LET8) = L4 = g0y qErdIT A yrlitd=ts) (G.1.89)

Now the Hamiltonian constraint, which we have now seen multiple times, is obtained by varying the
bulk action with respect to N (before setting it equal to one). In particular, using 77, = Ky — 755K
and the Proca constraint for ® (recall A = ®dr + A, dx"), which reads ® = —ﬁvy QH, we can write
rewrite the Hamiltonian constraint as

1 M?

(V.Q°)> =R—2A — Epﬂbpﬂb — A", (G.1.90)

1
2M2

which we can expand dilatation weights and plus into (G.1.89), culminating in the following expres-
sion, valid for all w ¢ {0,A_,2A_}

1
KZ _ KﬂbKub o EQﬂQu _

(z+ds —w) L™ = Q) 4+ &), (G.1.91)

where the quadratic term Q(®) has the form

Q(w) _ Z |:2K[(12)7T(w)\)ab + ng\)Q(wf)\)a + % (VHQLZ)()\) (VaQa)(wM] (G.1.92)
0<A<w/2
wE{A_20_}
i [K[E?f)T(wa,)ub + K(()é*)Q(w*2A—)O¢ + QéA*)Q(w*Af)ﬁ} (G.1.93)
+ |:K£ZU/2)7T(w/2)ab + %Ql(lw/Z)Q(w/Z)a + zlﬁ (ang)(w/Z) (VHQ”)(W/Z)] (G.1.94)

where we have conveniently grouped terms in accordance to general scaling behaviour; i.e. the terms
in the first bracket involve A but not A_, the next involves A_ but not A, while the last involves neither.
The contribution from the source term is the part of

1 ab m? a
G =R—-2A— EFabP — TA[;A ’ (G195)
A good consistency would have been to take A_ = A to be general and then combining §, = p along with the Hamiltonian

constraint. Doing this, one finds that H(®) and H(*) vanish identically, while %?* only vanishes when

Ay = % <z+ds:|:\/(z+ds)2+8(z—1)(z—ds)>, (G.1.82)

where we must pick max(—A+) = A_, since it will be leading.
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with scaling weight w. For w € {0, A_,2A_}, we find instead

(z+ds) L =2,£0), (G.1.96)
(z+ds —A LB = (A — Z)l[Jﬂl(pO) +64-), (G.1.97)

(z+ds — ZA_)L(ZA*) = (A- — z)t/;nl(f’) + KEE?*)H(A*)”Z’ + %Q,(ZA*)Q(A*)” + &) (G.1.98)

Now, expanding & in dilatation weights, we find that R has terms of weight 2 and 2z, F,;F*’ has
terms of order 2,2+ A_,2 4+ 2A_, whereas A; A" has components of order 0, A_,2A_:

2
60 = —2A + MTaZ =(z+ds)(z+ds — 1), (G.1.99)
2 2 2
@ _g@ _ L (p pao)? _ gy _2V°N 2% (VN
& =R — <FﬂbF ) R 5 () (G.1.100)
6% = R®) = Kj; K — (K)? + total derivatives, (G.1.101)
s-) = Mzt)cl[J = dszatp, (G.1.102)
M? dsz
s — 7#)2 — %#,2, (G.1.103)
24A- i ,

s+a) — _i (FahFub)( +A-) _ %I(va), (G.1.104)

242A_ i ,
S2+2a) _ 7% (PabFub)( +28-) — w (G.1.105)

Note that we have already determined £(%-) and £(22-) by imposing the asymptotic equality J, = dp.

G.1.3 Finding the Counterterms

The considerations above have enabled us to finally begin extracting the actual counterterms. In par-
ticular, at the non-derivative level at zero weight, we get

(0)
£0 = chj_d =2(z+ds—1), (G.1.106)

in agreement with our previous findings. Reassuringly, the terms £(2-) and £(?2-) also give what we
found by imposing the asymptotic equality J, = ép, although this way of determining them is rather
more cumbersome. Noting that a weight two, the quadratic term vanishes, i.e. Q(®) = 0, we find that

) 1 a*VNV;N
£ _ PR R 4+ —z ) (G.1.107)

In this manner, all the counterterms can be calculated. For details, see the appendices of [96], which
presents extensive calculations of the counterterms.



DIMENSIONAL REDUCTION

In this appendix, we describe Kaluza-Klein reduction and Scherk-Schwarz reduction. We then apply
the Scherk-Schwarz reduction to the uplift: a five-dimensional Einstein-Dilaton theory that reduces to
a four-dimensional EPD model admitting z = 2 Lifshitz solutions. The uplift is the precursor of the
electromagnetic uplift discussed in chapter (6).

H.1 KALUZA-KLEIN REDUCTION

Kaluza-Klein (KK) reduction was originally introduced by Kaluza and Klein [216, 217] as a way to
unify gravity and electromagnetism. They showed that by compactifying a fifth dimension, it was
possible to obtain gravity coupled to electromagnetism with a small caveat: this produced an addi-
tional scalar particle, the dilaton. In this section, we describe the generalities of the method, following
[218-220].

Starting from a generic theory containing gravity ¢; (indices 1,7 = 1,..., D + 1) and matter fields
collectively denoted ®, described by the Lagrangian

E:\/—gAIA{+~~, (H.1.1)

we assume that (D + 1)-dimensional spacetime can be written as a direct product Mpy 1 = Q441 X
Cp_g4 with Cp_; a compact manifold. This product manifold will thus be a solution to the equations
of motion obtained from (H.1.1), exhibiting what [220] terms spontaneous compactification, which just
means that the metric respects the product structure

g(xy) = (gwo(x) 3 O(y)> (H.1.2)

where x# are the coordinates on the Lorentzian Qj,1 and y™ the coordinates on the compact Rie-
mannian manifold Cp_;. The metric is naturally dynamical, so the metric above is the background
ground state solution of the theory. Generally, the fields on Q4 are taken to depend trivially on the
coordinates of Cp_4, as we see happens automatically in (H.1.2). The fields on Cp_4, on the other
hand, must be truncated in a consistent manner. Typically, this involves keeping only certain modes
of a Fourier-like expansion. To be specific, let the compact manifold be S, in which case we have the
decomposition Mp,1 = Qp x Sl. Let y be the compactified coordinate, which is thus periodically
identified,

y=y+2nlL, (H.1.3)

with L the radius of the circle, which is usually assumed to be small. In this case, a generic field
(including the metric) of our theory can be expanded in Fourier-like modes on S?,

&(x,y) = qu(”)(x)ei”y/L. (H.1.4)

The modes n # 0 correspond to massive fields, while the mode n = 0 represents a massless field, as
can be realized by considering a massless scalar ¢ on flat (D + 1)-dimensional space, which satisfies
the Klein-Gordon equation,

O =0, (H.1.5)

where [ = aﬁaﬁ, which, when compactified on S! admits an expansion of the form (H.1.4), gﬁ =
Y, dMem/L 5o the Klein-Gordon equation implies that

2

PO n .

0=0",p=Y (D<p<"> - L2> e/l (H.1.6)
n

so linear independence of the exponentials implies that the mass of the n’th mode is

1]

my = T (H.1.p)
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which, due to the infinity of every increasing masses, is known as the Kaluza-Klein tower of states.
Thus, when L < 1 (in practice, one takes L to be of the order of the Planck length), the non-zero
modes will be immensely heavy and can be safely neglected. This corresponds, as we claimed, to only
keeping the zero-mode of the generalized Fourier expansion and thus truncates the Kaluza-Klein
spectrum. This is sometimes known as the Kaluza-Klein reduction ansatz, since, generally’, we have
to worry about the consistency of our truncation, that is, whether ours setting all massive modes equal
to zero solves the (D + 1)-dimensional equations of motion. In general, if the fields in the Kaluza-Klein
expansion (H.1.4) have a global symmetry group G, then the truncation will be consistent if we keep
all G-singlets (that is, modes that do not transform under G). Clearly, in the case of the massless
field on flat space, the expansion ¢ = Y, (™ e¥/L and spectrum (H.1.7) has a G = U(1) symmetry
rotating modes n = £m into each other, implying that only the n = 0 mode is invariant under G, and
thus our truncation is consistent. See [44] for more details.

H.1.1 Kaluza-Klein Reduction of Pure Gravity & the EMID Model

Now, let’s try our hand at an explicit example: let’s compactify (d + 1)-dimensional pure gravity over
S!, following the analysis in [218]. Heuristically, the reduction of $ao results in the following fields

* Suv, which is the metric of the reduced theory,
* $uy, a one-form, which seems likely to become a U(1) gauge field,
* ascalar gyy.

In order to perform the reduction, we employ the following KK ansatz for the (D + 1)-dimensional
metric,

dg? — o249 gs2 +ezﬁ4’(dy+¢4)2, (H.1.8)

where &, B are constants that we’ll choose in a convenient matter shortly, and A = A, dx". The reduced
fields we discussed earlier may then be expressed in terms of the quantities appearing in (H.1.8) in
the following manner,

S = eZo«ng + ezﬁ(PAy-Av, Suy = 62"34)-/4#/ Syy = o, (H.1.9)
The metric (H.1.8) is admits the following description in terms of vielbeine,
& =g, dxt = e, & =ePP(dy + A). (H.1.10)

where Latin letters represent D-dimensional flat indices. Introducing capital Latin letters for (D + 1)-
dimensional flat indices, we can write our vielbeine in matrix form,

By PP
= (e ¢ A”) . (H.1.11)

0 e"“l’eﬁ

é

=N

Noting that this matrix is triangular, the determinant is just the product of the diagonal elements, i.e.
\/jg = ¢ = e(Datp)g, Requiring that we be in Einstein-Frame (i.e., that the Einstein-Hilbert action
retains its canonical form, S ~ f /—&R), we should choose p = —a(D — 2), since, as we shall shortly,
the Ricci scalar carries a factor e~2*¢. Similarly, by requiring that the kinetic scalar term, which comes
from the reduced Ricci scalar, is canonically normalized, we get

a? = 2(D—1§(D—1)’ B=—(D—2)a. (H.1.12)

Now we proceed to calculate the Ricci scalar. Since our connection is symmetric, the spin connection
is determined via

ded + oty net =0, (H.1.13)

Except for the case of compactification over tori, where keeping only the massless mode is always consistent, note in particular
the (trivial) isomorphism T' =~ S, so that keeping only massless modes
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which gives us
1
@ = W 4 e (et — et — D FobelP2re, (H.1.14)
O — _5("‘4’(“‘1’8‘147@?/ _ %]:ﬂhe(ﬁ*%é)(l’éb, (H.1.15)

where F = d.A. Now, the curvature two form is given by
Rup = ddap + @ac N, (H.1.16)

the trace of which can be computed using the explicit results for the spin connections (H.1.14)-(H.1.15);
the result is [218]

. 1 1
R=e¢2¢ {R - 5(84))2 + (D - 3)04D4)] - Ze*w"“”}'z, (H.1.17)
and thus, combining our findings, we obtain the reduced action®
1 1
5 — /dD\/jg (R _ E(a(l>)2 _ 46—2(d—1)ﬂ¢¢]:w]_“lw> , (H.1.18)

for which we can readily determine the equations of motion; they read

1 1 »p_ 1
Ruy = 50updvg + 7e 2AD-1)ep (J:;«AfvpgpA - 2<D_2)J:2gw> , (H.1.19)
0=V (3*2(D*1)“¢_7rw) , (H.1.20)
O¢ = —%(D —1)ae~2P-Nap F2, (H.1.21)

In particular, we note that the equation of motion for ¢, (H.1.21) implies that setting ¢ = 0 would be
an inconsistent truncation.

Thus, reducing pure gravity in (D + 1) dimensions results in D-dimensional Einstein-Maxwell-
Dilaton theory.

H.2 SCHERK-SCHWARZ REDUCTION

The Scherk-Schwarz reduction’, which was introduced in [221, 222], is a generalization of the KK
method. The main idea of Scherk-Schwarz reduction is use certain symmetries of the higher-dimensional
theory to generate masses in the reduced theory.

This is achieved by allowing the higher-dimensional fields to depend on the compact direction* u
in a manner consistent with the symmetries of the higher-dimensional action, which ensures that the
u—dependence drops out of the equations of motion of the reduced action. These symmetries fall into
two categories

* Global/internal symmetries: phase, scale and shift symmetries etc.

¢ Local/external symmetries: space-time symmetries, e.g. translations or rotations in the compact
manifold.

We will deal only with symmetries of the first kind. .
Consider a global U(1) symmetry acting on the fields as ® — ¢A® for some A € R. The general-
ization of the periodicity condition (H.1.3) then reads

cl(1)
. o o
&(x,u+2mL) = 2 d(x,u), meR, (H.2.1)

i.e. we identify the two fields up to a global phase transformation, which is sometimes known as a
twist. By using this twisted periodicity, we may obtain the following Fourier decomposition

S(x,u) = ™Y Dy (x)e/ L (H.2.2)
n

2 We ignore the extra factor of 277L arising from the integeation over the compact dimension.
3 Sometimes the procedure is known as generalized dimensional reduction or fwisted reduction, for reasons we will see shortly.
4 We change our notation in this section so as to match the one used in chapter 6—we hope that this will not cause any confusion.
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In the limit L — O—just as for the KK case—the massive modes decouple (i.e. become infinitely
massive and can be ignored), leaving us with the ansatz,

&(x,u) = ™ Py(x), (H.2.3)

which is a local U(1) transformation (A = mu) acting on the zero-mode; in this way, the global
U(1) has been gauged. This allows us to unravel the general structure (see also [223]): if the higher-
dimensional action has a global symmetry group G acting on the fields as & — g(®) for ¢ € G, The
generalization of the reduction ansatz (H.2.3) then involves an element g, = g(u) € G with an explicit
dependence on the compact direction u, i.e., schematically,

(x,u) = g:((x)), (H24)

where it can (and usually will; cf. (H.2.3)) happen that only certain modes are included on the right-
hand side. This results in a reduced theory independent of u and, as we saw in the case of global U(1)
symmetry, gauges the group G. Now, since g(u) is not periodic, going around the compact coordinate
results in a twist, also in this context known as the monodromy,

G > M(gu) :=g(2rL) (H.2.5)

which is just the generalization of the twist in (H.2.2). The exponential map allows us to express g, in
terms an element M of the Lie algebra g of G,

g(u) = erit, Me g. (H.2.6)

M € g spans a one-dimensional subgroup H of G. These considerations imply that the monodromy
may be expressed as

M(g) = eM, (H.2.7)
whereas M, which is in fact the mass matrix of the reduced theory, can be written as
M =2rLg '9,g. (H.2.8)
By demanding that M does not depend on u, it is possible to determine the function g.

H.2.1 Scherk-Schwarz Reduction of the Uplift

In this section, we give the details of the reduction alluded to in section 6.2.1. Consider a five-
dimensional Einstein-Dilaton model of the form

_ 1 (e (RO 1101 M
S5d2K§/d v/ g(R +12- SouypMy ), (H.2.9)

with k2 = 87Gs and M = (u, M). The reduction ansatz is the one we used in chapter 6; it reads

Form we’ll be using for the reduction

2 2
dsg = gMNddexN = Cl—}; + 'yAdeAde = ef‘bgMNddexN + 62(1) (du + AdeM)

(H.2.10)

dr? 2
=e® (eq’rz + hwdx”dxv) +e*® (du + Audxt)”, (H.2.11)
¥ = 2u+ 28, (H.2.12)

where the four dimensional fields gan, Ay, & and & do not depend on the compactified u—direction,
which—since we’re reducing on a circle of radius L—is periodically identified, u ~ u + 27L. Note also

that since our normalization is such that ﬁ = 1, the five-dimensional Newton constant satisfies

2L 1
T6nGs -
The renormalized on-shell four-dimensional EPD z = 2 action has the schematic form

Sten = S+ Sgh + St (H.2.13)
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where Sy, = 2 d3x /=K is the Gibbons-Hawking boundary, which, as per usual, is required to
make the variational problem well posed, while the counterterm is the dimensionally reduction of the
expression found in section 3.2.1 with the additional Maxwell field set to zero.

The reduction ansatz reads in components:

OMN = e*q)gMN + ezq)AMAN, Omu = ezq>AM, Guu = 2@, (H.2.14)
while the inverse becomes

GMN — (PMN  gMu _ _ @AM guu _ =20 | @MY, (H.2.15)
as we now demonstrate. The requirement G g G~V = (Sj\\//l is equivalent to

GumGMN = oW, GumGM =1, GumGMM = 0. (H.2.16)

To check this, we observe that

Gum G = GurGRN 4 G, N (H.2.17)
= (e_quMR + eN’AMAR) qugRN — 3P AyAN (H.2.18)
= gmrg"™ (H.2.19)
=0, (H.2.20)
and

GumGM" = GuuG" + GumG™" (H.2.21)
= 2@ (e_ZCD —l—M) —M (H.2.22)
=1, (H.2.23)

and finally,
gu/\/l gMM = guuguM + guNgNM (H.2.24)
= —3%AM ¢ em’ANgMN (H.2.25)
=0. (H.2.26)

So what we have found is indeed the inverse. Alternatively, we could have used the block matrix
inversion identity

(A B)l _ ( (A-BD"'C)" —(A-BD"'C)~'BD!

. (H.2.2y)
C D -D'C(A-BD'C)"! D '4+D'CA- BD1C)‘1BD1>

In a similar vein, 2 x 2 block matrices for invertible D satisfy the following determinant relation,

det (A B) — det(D) det (A - BD_1C) ) (H.2.28)
C D
implying that
det(—G) = ¢*® det (_e_q)gMNw = e *®det(—g),  (Hz229)
i.e.
V-G=e% /-3 (H.2.30)

From this, we may immediately identify the KK scalar k (in the language of [219]),

k=e2. (H.2.31)
Following [219], we now proceed with the reduction of the Ricci scalar; starting off with the Christoffel
symbols, we find that

1

o = EgRS (OMmIGNs +InGms —IsGmw ), (H.2.32)
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SO
1
iy = EQRS (OMGNs + INGMs — IsGmN) (H.2.33)
1 1
= EQRS (OMGnNs +OnGms — 9sGuN) + EQR“ (OMGNu + INGMu) - (H.2.34)

This means that the five-dimensional Ricci can be decomposed in the following manner [219],

Rl = &30, ® + %e@FMNFMN , (H.2.35)
Ryt = Riii Au + %VN (R ). (H.2.36)
R = ARG + ANRY) — A ANRE) + R — %aMcpaNcb + %gMND(g)CD = %63¢FMPFNP.
(H.2.37)
Hence, the five-dimensional Ricci scalar can be written as
RO = gMVRI) — guR(Y) 1 26"MR) 4 GMNRE) . (H.2.38)
We compute these contributions individually. First up is
guR'Y) = (e*Z‘I’ + e‘I’AMAM) <—e3¢m(g)c1> + ieéq)FMNFMN > ) (H.2.39)

whereas
ZQ”MREBV)I = —2:2AMA, <—e3®D(g)<I> + ieéq)FMNFMN> — e AMYN (e?"bFMN) , (H.2.40)
and, finally,
GMNRIT) = 2p® (—e3¢D(g)<I> + 3166®FMNFMN ) AM Ay + e® AMYN (e3<1>PMN) (H.2.41)
—W—F e®RE) — geq)aMd)BMCI) (H.2.42)
+ 2eq>D(g)<I> — %e@FMNFMN (H.2.43)
—o® (e3¢m(g)q> + %eéQFMNPMN ) AM Ay + e® AMYN (e3<DFMN) (H.2.44)
+¢®RE) — %eq’&MCDBMCD +2¢P0()® — %eM’FMNFMN . (H.2.45)
Combining everything, we obtain
R(9) = (R — %eéan,an) - ie“‘DFMNPMN +eP0,) . (H.2.46)

Next, we consider the reduction of the scalar term, for which the ansatz (H.2.12) gives us

SO = G DY — G Mo — LG Nayany (H2.47)
= —2G"" — 4G"Mayp — 26MNappany (H.2.48)
=-2 (e_ch + 4e¢AMAM) + 4e® AM9 8 — 2eP9M =9, 2 (H.2.49)
= —2BMBy; — 2729, (H.2.50)

where By = Ay — I E.
Turning our attention to the Gibbons-Hawking term, we note that, first of all

1
Kap = —§£n7AB/ (H.2.51)
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where 1M = —r§M is the normal vector to radial slices. From the definition of the Lie derivative, this
gives us

1 r
Kup = E”MaM'YAB = 59rYaB- (H.2.52)
The trace of the extrinsic curvature is given by
K =948k 5. (H.2.53)

To determine the inverse metric 78, we apply the inversion identity (H.2.27): since

-® 20 20
e Chy +ePALA, ePA
YAp = ( qu) pllv o V) , (H.2.54)
e“T Ay e
we get
Dy uv D Av
AB eCht —eV A
= . H.2.
! (—e%ﬂ e 2® +eq’A”AH> (.25

Therefore, we find that
K= szB 9rYAB = [%'viar')’uv} + {r" 0y } + (17””877%) (H.2.56)
_ {_a@ LDy + 1P ALAT D+ wﬂ (H2.57)
— {21’(33‘I> 110, P —i—%} (H.2.58)
+ (rarq) +W (H.2.59)

r r
= —Earcp + Ehwarhw, (H.2.60)
and so
2/ =7K = v/—h ( nMa @ + 2K >) (H.2.61)
where nM = ¢=®/26M. We note that the first term precisely cancels out out the boundary term pro-

duced by the Laplacian term present in the expression for the reduced Ricci scalar (H.2.46).
The reduction of the counterterm proceeds completely analogously, and gives the result

St =2 / d*x vV—h ( e®/? [R[h] - %aycpa#cp — %”FWFW — 2B, B! + 10e¢]>
(H.2.62)
—logr /E)M d3x V—he ®/?A. (H.2.63)

Combining our findings, the reduced renormalized action becomes—after integration over the com-
pact direction u and using 3 2"L =1

Sren = /d4x V-8 (R[g} - %aMcbaM@ — %e3¢FMNFMN —2BMBy, — V(q>)> (H.2.64)
42 / Px vV—=IK + Sei, (H.2.65)

where

V(D) =273 — 127, (H.2.66)
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