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Abstract

We study applications of the AdS/CFT correspondence to strongly coupled condensed mat-
ter theories. Specifically, we focus on Lifshitz spacetime, which was proposed as a gravity
dual to field theories with Lifshitz scaling symmetry. We first show that higher derivative
corrections, such as those arising from string theory, can resolve the apparent tidal singu-
larity of pure Lifshitz spacetime in the deep infrared. We do so by explicitly constructing a
toy-model of 4-derivative gravity coupled to Maxwell-dilaton theory to show that the singu-
lar horizon can be resolved into a nonsingular AdS; x R? geometry. Next, we demonstrate
that the non-relativistic Lifshitz symmetry leads to an effective tunneling barrier for matter
fields propagating in Lifshitz spacetime. In particular, the tunneling barrier causes scalar
modes to either grow or decay exponentially near the boundary. We investigate two conse-
quences of this behavior: First, we show that the boundary-to-bulk correlator, or smearing
function, is not well-defined in Lifshitz spacetime, due to a divergence at large momenta
and small frequencies. Second, we show that the boundary retarded Green’s function for
scalar operators is insensitive to small changes in the near-horizon geometry. This insensi-
tivity manifests itself in an exponentially small spectral function at low energies and large
momenta. We show that this exponential behavior of the spectral weight is robust with
respect to higher derivative corrections in the bulk, and is therefore a concrete prediction
of AdS/CFT for condensed matter systems. We conclude by giving a field theory interpre-
tation of the exponential behavior in terms of a non-perturbative resummation of Feynman

diagrams.

xi



Chapter 1

Introduction

1.1 The AdS/CFT Correspondence

One of the most remarkable recent advances in string theory is the insight that strongly cou-
pled field theories can be mathematically dual to weakly coupled gravitational systems.
This duality is known as the AdS/CFT correspondence, or sometimes more broadly as
gauge/gravity duality. The original AdS/CFT conjecture is motivated by constructing a
supergravity solution of a stack of N D3-branes, and taking the low-energy (or near-horizon)
limit [1, 2, 3]. In its strongest form, the conjecture states that 4-dimensional N' = 4 Super
Yang-Mills (SYM) with gauge group SU(N) is exactly equivalent to Type IIB string theory
on AdSs x S5 Quantities on the field theory side, in particular the Yang-Mills coupling
gy m and the number of colors NV are related to quantities on the string theory side via the

so-called holographic dictionary (see [1, 4, 5] for reviews). For example, we have
9s = Gy L' = 4wg,No?, (1.1)

where g, is the string coupling, L is the radius of AdS; (and S°), and o is the square of the
string length [,.

Since the full string theory in AdSs x S is not yet fully understood, it is often appropriate



to rely on a weaker form of the conjecture that arises from taking the ’t Hooft limit in the
field theory [6]. The limit consists of taking N — oo, while holding the 't Hooft coupling
A = ¢g&,,N fixed. On the string theory side, the 't Hooft limit corresponds to taking the
classical limit gs — 0 of Type IIB string theory, in which quantum effects arising from string
loop diagrams are suppressed by powers of gs.

An even weaker (or: more robust) version of the AdS/CFT conjecture is obtained by
first taking the 't Hooft limit, and subsequently taking A — oo as well. Using (1.2), we
see that on the string theory side, this corresponds to taking o’ to be small (in units of L),
so that the theory reduces to classical type IIB supergravity. Corrections to the classical
o/ = 0 theory arise as a tower of higher derivative corrections to the low-energy effective
action, with coefficients proportional to powers of o/. The exact numerical values of the
coefficients can be calculated by matching Feynman diagrams of the low-energy theory to
string scattering amplitudes [7, 8, 9].

In the @ — 0 or A — oo limit, a remarkable feature of AdS/CFT becomes apparent,
namely the fact that it constitutes a weak-strong duality. In the large N limit, the relevant
coupling in the field theory is not gy s, but rather the ’t Hooft coupling A = g%, N [6]. If we
take A — oo, the field theory becomes strongly coupled, while the gravity theory becomes
weakly coupled, with dynamics governed by Einstein’s equations. Since the two theories are
equivalent, this opens up a window for making predictions for strongly coupled theories by

carrying out relatively simple calculations in a weakly coupled theory.

1.2 Applying AdS/CFT to Condensed Matter Physics

Almost two decades after its initial proposal, the idea of AdS/CFT has matured to the point
where it can be extended to include a large set of theories that go well beyond the initially
conjectured case of N' = 4 SYM dual to AdSs x S°. Examples of such extensions include

applications of holography to QCD and heavy ion physics [4, 10], as well as to condensed



matter physics (see e.g. [11] and references therein). These developments have opened up the
possibility of applying AdS/CFT, and by extension the ideas of string theory and quantum
gravity, to real-world systems.

This thesis focuses on applications of AdS/CFT to strongly coupled condensed matter
theories, an idea known as AdS/CMT. The goal of this program is to identify gravitational
backgrounds that are dual to interesting condensed matter systems, and to extract predic-
tions about strongly coupled condensed matter theories using only the weakly coupled dual
gravitational description. While there has been some remarkable recent progress in this di-
rection, one of the most important open questions is whether or not AdS/CMT can make
universal predictions that hold for a broad class of condensed matter systems, independent of
the specific microscopic details. This is akin to the approach often taken in condensed mat-
ter theory itself, where one studies universality classes of theories, where models within each
class share common features such as symmetries, but may differ in some of their microscopic
dynamics.

In the known case of N' = 4 SYM, which posseses a (relativistic) conformal symmetry, one
approach to making such universal predictions has been the study of transport coefficients,
which has led, for example, to a holographic bound on the ratio of shear viscosity to entropy
density in strongly interacting relativistic quantum field theories [10]. Following a similar
approach in AdS/CMT is a promising path to making predictions for condensed matter
physics. However, it turns out that not all the known concepts of AdS/CFT carry over to
the non-relativistic case without difficulty, and a number of challenges arise when trying to
apply holography to condensed matter systems. One main challenge is due to the fact that
in contrast to relativistic AdS/CFT, where explicit constructions in terms of D-branes often
give a precise microscopic description of the duality system, such a “top-down” picture is often
lacking, or at the very least incomplete, in the non-relativistic case. Instead, one usually
employs a “bottom-up” approach to constructing holographic duals, by matching spacetime

isometries to symmetries of the field theory and postulating the duality to hold. The validity



of this assumption is later checked by comparing observables on both the field theory and
gravity side, and by trying to connect to some of the existing top-down constructions [12,
13, 14, 15, 16, 17, 18, 19]. Once sufficient evidence for the duality is established, one can
make new predictions using the techniques of AdS/CFT.

One example of employing the bottom-up approach mentioned above is the application of
AdS/CFT to theories with Lifshitz scaling symmetry [20, 21, 22|. Under this non-relativistic

symmetry, space and time scale differently, according to
T — AT, t — A°t, (1.2)

where z > 1 is called the dynamical (or critical) exponent. An example of a field theory
that exhibits the scaling (1.2) is the quantum Lifshitz model in 2+1 dimensions [23], given

by the action

2

S = / dPxdt B (0,0)* — % (V20)* |. (1.3)

This theory may be considered as the non-relativistic analog of a free scalar field theory.
Lorentz invariance is broken by the replacement V — V2, and the system is Lifshitz scale
invariant with z = 2. The quantum Lifshitz model represents a line of fixed points charac-
terized by k that arise, for example, in the description of (smectic) liquid crystals [23, 24].
In the context of the AdS/CFT correspondence, strongly coupled field theories with

Lifshitz scaling are conjectured to be dual to Lifshitz spacetime 20|, with metric

2 L\* L\ 2
dsg o = — - dt” + - [da5 + dr?] . (1.4)

The Lifshitz scaling symmetry (1.2), supplemented by a rescaling r — Ar is realized as an
isometry of the background metric (1.4).

Throughout this thesis, we will make use of suitable coordinate transformations to bring



L

;. (%)Z, we can write the Lifshitz metric as:

(1.4) into more convenient forms. Letting p =
I 2 I 2/z
dsi o= — | (=d® +dp’ — | dz 1.5
Sd+2 (zp) ( +dp?) + = Tq (1.5)
Finally, we may also write (1.4) as
ds3., = —e*"Ldt? + /1 dz, + di?, (1.6)

where 7 is defined by » = Le~"/F. Physical quantities in Lifshitz spacetime can be connected
to interesting observables in field theories with Lifshitz scaling by using the holographic
dictionary. For example, the behavior of matter fields near the conformal boundary of
Lifshitz spacetime can be used to calculate retarded Green’s functions of the field theory
[25].

Although there exist explicit brane constructions that provide evidence for the conjec-
ture that Lifshitz spacetimes are holographically dual to Lifshitz field theories [12, 16, 17,
18, 19, 26|, many aspects of the holographic dictionary are not as well understood as in
the relativistic case. This issue carries over to other examples within AdS/CMT, such as
Schrodinger spacetimes [21, 22, 27|, which are dual to field theories with non-relativistic
conformal symmetry.

In this thesis, we study Lifshitz spacetime as a concrete example of a non-relativistic
geometry within AdS/CMT, and analyze some of the unique features that arise due to its non-
relativistic isometry group. We show how some puzzles, such as the apparent tidal-singularity
at the horizon, can be resolved, and demonstrate how to extract universal predictions for
condensed matter physics using holographic techniques. In doing so, we provide a small step
towards completing the holographic dictionary for AdS/CMT, thus connecting the ideas of

string theory to the real world.



1.3 Outline

e In chapter 2, we begin our discussion of Lifshitz spacetime by studying a complication
that arises in the near-horizon region of the geometry. An observer falling towards the
horizon will experience infinitely strong tidal forces, indicating a physical singularity
in pure Lifshitz spacetime. We propose a resolution of this singularity by consid-
ering the effect of higher derivative corrections on the geometry. In particular, we
explore the effect of curvature-square corrections on Lifshitz solutions to the Einstein-
Maxwell-dilaton system. After exhibiting the renormalized Lifshitz scaling solution to
the system with parametrized R? corrections, we turn to a toy model with coupling
g(¢) x Weyl? and demonstrate that such a term can both stabilize the dilaton and re-
solve the Lifshitz horizon to a non-singular AdS, x R? geometry. As an example, we
construct numerical flows from AdS, to an intermediate Lifshitz region, and then to

AdS, x R? in the deep IR.

— Chapter 2 is based on previous work published in
G. Knodel and J. T. Liu, “Higher derivative corrections to Lifshitz backgrounds”,
JHEP 1310, 002 (2013) doi:10.1007/JHEP10(2013)002,
[arXiv:1305.3279 |[hep-th]], [28].

e In chapter 3, we study boundary-to-bulk correlators in Lifshitz and related non-relativistic
spacetimes. We show that the spectrum of scalar modes contains “trapped modes”
whose boundary imprint is exponentially supprssed. We use these modes to show that
no smearing function exists for pure Lifshitz spacetime, nor for any flow which includes
a Lifshitz region. Indeed, for any (planar) spacetime which breaks transverse Lorentz
invariance at any radius, we show that one cannot reconstruct the complete local bulk
data only from local boundary data. The inability to perform this reconstruction can
be interpreted as a restriction on locality in the transverse direction in non-relativistic

spacetimes.



— Chapter 3 is based on previous work published in
C. Keeler, G. Knodel and J. T. Liu, “What do non-relativistic CFTs tell us about
Lifshitz spacetimes?”, JHEP 1401, 062 (2014) doi:10.1007/JHEP01(2014)062,
[arXiv:1308.5689 |[hep-th]], [29].

e In chapter 4, we investigate the effects of trapped modes in Lifshitz spacetime on holo-
graphic two-point functions. We find that the boundary Green’s function is generically
insensitive to horizon features on small transverse length scales. We explicity demon-
strate this insensitivity for Lifshitz with z = 2, and then use the WKB approximation
to generalize our findings to Lifshitz with z > 1, and RG flows with a Lifshitz-like
region. Finally, we explore a physical consequence of this insensitivity, namely the fact
that the imaginary part of the retarded Green’s function (i.e. the spectral function) of
scalar operators is exponentially suppressed in a window of frequencies near zero. This
behavior is universal in all Lifshitz theories without additional constraining symme-
tries. On the gravity side, we show that this result is robust against higher derivative
corrections, while on the field theory side we present a concrete example where the
exponential suppression arises from summing the perturbative expansion to infinite

order.

— Section 4.2 is based on previous work published in
C. Keeler, G. Knodel and J. T. Liu, “Hidden horizons in non-relativistic AdS/CFT”,
JHEP 1408, 024 (2014) doi:10.1007/JHEP08(2014)024,
|arXiv:1404.4877 |hep-th]|, |30].

— Sections 4.1, 4.3 and 4.4 are based on previous work published in
C. Keeler, G. Knodel, J. T. Liu and K. Sun, “Universal features of Lifshitz Green’s
functions from holography”, JHEP 1508, 057 (2015) doi:10.1007/JHEP08(2015)057,
[arXiv:1505.07830 [hep-th]|, [31].



Chapter 2

Higher Derivative Corrections

Of course, simply knowing the form of the Lifshitz metric (1.4) is not enough to perform
holographic calculations. In particular, (1.4) is not a solution to the vacuum Einstein equa-
tions. To find a consistent framework in which to do non-relativistic holography, we first
need to identify a matter content that supports Lifshitz spacetime.

Exact Lifshitz geometries were constructed in [32] based on a simple model of a massive
vector field coupled to Einstein gravity. Turning on the time component of the vector breaks
d + 1-dimensional Lorentz symmetry in the ¢ and Z directions, and gives rise to a family of
backgrounds with z > 1. Alternatively, Lifshitz backgrounds may be obtained in the near
horizon region of dilatonic branes. A simple realization is to take an Einstein-Maxwell-dilaton

system of the form [33, 34, 35, 36, 37, 38|
_ 1 w
L= R J(00) ~ F(6)Fu P — V() (2.1)

Lifshitz scaling is obtained by taking a single exponential for the gauge kinetic function along
with a constant potential®

flo)=e"? V() =—A. (2.2)

!Backgrounds dual to systems exhibiting hyperscaling violation may be obtained by instead taking an
exponential potential.




The scaling solution has a running dilaton and a dynamical exponent given by the relation

(2.3)

In addition, full solutions that interpolate between AdS; s in the UV and Lifshitz in the
IR may be constructed. As a consequence of the running dilaton, the Lifshitz solution runs
into strong coupling either in the UV for the electrically charged solution or in the IR for
the magnetic solution (in the case d = 2). For the magnetic case, the possibility of quantum
corrections was investigated in [39] by constructing a toy model where the gauge kinetic

function picks up an expansion in the effective coupling g = e~zMé

f(9) = é+§1+§292+... (2.4)

Under appropriate conditions, these loop corrections will stabilize the dilaton and lead to
the emergence of an AdS, x R? geometry in the deep IR. The emergence of this AdS, x R?
region also has the benefit of resolving the Lifshitz horizon, which would otherwise lead to
tidal singularities? [20, 42, 43|. In contrast with the magnetic solution, the electric solution is
not expected to pick up quantum corrections in the IR, as the dilaton runs to weak coupling.
In this case, the Lifshitz horizon would not get resolved by the same mechanism. However,
in a stringy context (or in that of any UV complete theory of gravity), there is another
potential type of corrections, namely those arising from higher curvature terms. Although
Riemann invariants remain finite at the tidal singularity, this singularity is nevertheless felt
by strings [43]. Hence the Lifshitz horizon could be resolved in a consistent manner in a
stringy realization.

In this chapter, we provide evidence that higher curvature terms may indeed resolve the

Lifshitz horizon into an AdS, region in the deep IR. In particular, we add R? terms to the

2The dilaton can also be stabilized in the dyonic case [33, 38], as well as in models with multiple Maxwell
fields [40, 41].



Einstein-Maxwell-dilaton system (2.1) and seek electrically charged brane solutions that flow
from AdSz,» in the UV to Lifshitz and then to AdS,; x R? in the deep IR. As demonstrated
in |44], higher curvature terms do not necessarily destroy the Lifshitz scaling solution, but
simply renormalize the dynamical exponent z. Thus we expect that brane solutions with
a large intermediate Lifshitz region do exist. However, whether such solutions will flow
smoothly into AdSy x R? will depend on the parameters of the model. We investigate the
d = 2 case in some detail below, and in particular we confirm numerically that smooth flows

do exist that interpolate from AdS, to Lifshitz to AdS, x R2.

2.1 Lifshitz Solutions in Higher Derivative Gravity

Lifshitz solutions in the presence of higher curvature terms were previously investigated in
[45, 46, 47, 48, 49, 50, 51, 52|. Here we focus on the Einstein-Maxwell-dilaton system, (2.1),
and take the potential to be a constant, V(¢) = —A, so that Lifshitz scaling may be obtained
at the two-derivative level. The first set of corrections occurs at the four-derivative level, and
in the gravitational sector may be parameterized by three constants, oy, as and ag, where

the action is given by

S = / A2 /=g (R+ A — 1 (06)2 — f($) Fu F™ + a1 Ryppo R + a R, R* + a3R?) .
(2.5)

Using Bianchi identities, we may write Einstein’s equations as:

1
T,uu = R'LW — §gWR + 2051RMP)\URVP)\U + (40[1 + QQQ)RM)VARP)\ — 40[1RM)R5 (26)

—(20[1 + a9 + 20[3)VNVVR + (40&1 + OéQ)DRlW + 2@3RRMV (27)
1
_§g,ul/ [OélRp)\O'fiRpAo'K‘ + aQRuVRMV + Of3R2 - (062 + 4053)':|Ri| 5 (28)

10



where the energy momentum tensor on the left hand side is given by

1

1 1 1
Ty = B PO, + 2 f (®) (F;LpFup - ZguquanU) + §9MV(A - Eapgbaqu)‘ (2.9)

These equations need to be supplemented with the equations of motion of F},, and ¢:

Viu(f(o)F*) = 0, (2.10)

O¢ — f'(¢)Fu F*™ = 0. (2.11)

Our goal is to find a matter field background that supports the Lifshitz metric, (1.6). From

here on, we set L = 1 without loss of generality. Thus we have
dsi, o = —e**"dt* + e dF* + dr?, (2.12)

and we want to determine the form of F, and ¢. We first note that Maxwell’s equations,

(2.10), can be integrated to obtain an electric solution:

P9 g p dt, (2.13)

f(9)

where @) is an integration constant (the electric charge). Allowing ¢ to depend on r only,

the components of the energy momentum tensor are given by

2
Too = oo (— f%b)@mr - i(¢l)2 + %) )
2 A
TT,« = Grr (_%Qer + i(qﬁ/)Q + 5) )
2 1, , A
Tj = 9 (%em — Z((b )2+ 5) : (2.14)
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Invariance of T}, under Lifshitz scaling requires ¢ oc 7 and f~! oc €2¥". More explicitly, we

may rewrite Einstein’s equations, (2.8), as:

(¢')*> = 2(e"**"'RHSgy + RHS,,), (2.15)
A = RHS, +e *RHS;, (2.16)

Q2 —2dr 1 —2zr
WG = 5(6 RHSOO—FRHSH) (217)

The right hand side of each equation is a fourth order polynomial in z and does not depend
on 7. (The curvatures are computed in appendix A) After integrating out the electric field,

the dilaton equation of motion reads

Ui / f,(¢) Q2 —2dr __
¢(r)+d¢(r)—l—2f(¢) f(¢)€ = 0. (2.18)

2

Plugging in f oc e72%" and recalling that ¢ is linear in r, we now find that the gauge kinetic

function has to be a single exponential f (¢) = eM?.
Before we write down the final solution, let us change to a more convenient basis of higher

derivative terms by writing the corresponding Lagrangian as
Ehd — O{WC!“,po—Cu/Vpo- + aGBG + OfRR2, (219)

with the Weyl tensor

1

Cluvpe = Ruvpe — (gu[ﬂRU]v - gl/[pRU}u> +

d )g,u[pgo]uRa (220)

1
d(d+1
and the Gauss-Bonnet combination

G = Ryypo R"" — 4R, R + R*. (2.21)

The Gauss-Bonnet term is topological in four dimensions and vanishes in fewer than four

12



dimensions. Hence we expect the equations of motion to be independent of agy for d < 2.

The coefficients in (2.19) and (2.5) are related via

Q1 = Qg+ Qy,
4
ay = —dogs — an’
Qa3 = Qgg + m&w + aR. (222)

In this new basis, the final solution is given by the Lifshitz metric (2.12), the Maxwell field

(2.13), and the dilaton
2d

o=—"r+C, (2.23)
A1

where C is a constant of integration. The gauge kinetic function is f(¢) = eM?, where

d(z +d)

The electric charge () and the cosmological constant A are given in terms of z according to

A(d - 1)
d+1

Q%N — %(2 —1)(z+d) [1 - awz(z—d) —2(d—1)(d — 2)0@3}

1 1 1
—2ap {z‘* +2(d — §)z3 + ;dzz + 5d(d? —2d—1)z — 5d?(d + 1)} , (2.25)

A = (z—i—d)(z—ird—l)—%awz(z—l) (”’*2%1)

—2(d —1)(d — 2)aes [22 +2(d — 1)z + ld(d - 3)}

2 2
3 5 3 1 1
dag | 22— 2d(d — 2)22 —d(d? — 2d — =)z — —~d>(d + 1)(d — 3)| (2.2
—l—ozR[z Sd(d = 2)2* = d(d* = 5d = 5)z = 7d*(d+ 1)(d 3)]( 6)

As expected, for d = 1 and 2, the Gauss-Bonnet combination does not contribute to the
equations of motion. Notice also that due to the shift symmetry ¢ — ¢ + C, F,, —

1 . . _ .
F,,e72M% only the combination Q%~*¢ is fixed.
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We see that the higher derivative action (2.5) admits Lifshitz solutions with an electric
background gauge potential and ¢ o r. The “running” of the dilaton has physical conse-
quences: The effective gauge coupling f’% runs from weak coupling in the IR (r - —o0) to
strong coupling in the UV (r — oc0)?.

The above solution is the straightforward generalization of the previously known Einstein-
Maxwell-dilaton background to the case of four-derivative gravity. The effect of the higher
derivative corrections is to renormalize the cosmological constant and electric charge by
inducing corrections of order z%. We will demonstrate below that this leads to some nontrivial

features of the solution.

2.2 Lifshitz Solutions in Einstein-Weyl Gravity

Let us now focus on the special case of Einstein-Weyl gravity. This theory will be of particular
interest to us in the following section, where we will construct smooth flows from AdS, to
Lifshitz to AdS, x R2. Lifshitz solutions in pure Einstein-Weyl gravity without additional
matter fields have also been studied in [52].

Setting aep = ai = 0, the solution (2.25), (2.26) simplifies to

Qe MO — %(z —1)(z+d) (1 - %awz(z - d)) , (2.27)
4(d —1)*

A= (z+d)(z+d—1)— Wozwz(z -1) <z — 2%) : (2.28)

This solution has some interesting features. For d = 1, the Weyl-tensor vanishes identically
and so there are no higher derivative corrections. Next, notice that if Q% — 0, \; — oo,
¢ — const., the matter fields decouple and we recover a purely gravitational solution. There

are two distinct ways to achieve this: The first one is the case z = 1, corresponding to

3In four dimensions, we can use electric-magnetic duality to obtain a magnetic solution, F = f(o)«F =
Q.mdx A dy, with magnetic charge @Q,,. Since the duality transformation also requires f — f~!, the dilaton
now runs towards strong coupling in the IR.

14



pure AdSg, o without matter fields. Note that because the Weyl tensor vanishes in AdS, the
cosmological constant is not renormalized.

As a second possibility, we may choose

d+1
= ) 2.29
WA - 1)z —d—2) (2.29)
In this case we recover purely gravitational Lifshitz solutions, with
QQef)qC — 0
¢ = const.,
z— 2%
Z — JE—

It is interesting to consider the limit of conformal gravity, where ayy — co. From (2.29), we
expect the scaling parameter to take two possible values, z = 0, or 2 = d + 2. However, in
the latter case, A blows up for general d. It is only in the case d = 2 that the second solution
with z = 4 is well behaved. Finally, notice also that for any given o and )\, there may be

multiple solutions for z.

2.3 Smoothing out the Singularity

The Lifshitz solutions of the previous section have a physical singularity in the infrared. For
z # 1, an infalling extended object, such as a string, experiences infinitely strong tidal forces
as r — —oo [43|. Hence pure Lifshitz solutions are IR incomplete. However, one might
argue that this kind of pathological behavior is simply a signal that our solutions should not
be trusted in this particular regime, and the singularity would presumably be resolved in
a more complete string theory picture. Some compelling evidence supporting this point of
view has been presented in [39, 53, 54].

The analysis of the previous section suggests a straightforward way of resolving the
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Lifshitz singularity: In general, a nonzero coupling of the dilaton to higher derivative terms
will generate corrections to its effective potential. In this section, we will use a simple
toy model in four dimensions to show that by choosing such a coupling appropriately, the
dilaton can be stabilized at some finite value ¢q. As a result, the geometry flows smoothly
from Lifshitz to AdS, x R? in the deep IR, which is free of physical singularities.

In order to imitate the effect of generic higher derivative corrections from string theory,

we consider the following theory:

5= [ d'ay=g (R4 A= 106 = 1 (0) FurF" + 9(6)CoupnC") . (2.31)

Since the Weyl tensor vanishes in AdSy, the higher derivative terms do not source the dilaton
in the UV. We therefore expect a smooth flow from AdS, to Lifshitz, much like the domain-
wall solutions found in [33, 37|. As we flow further towards the IR, the Weyl-squared term is
expected to become more important, and the dilaton-Weyl coupling, g(¢), may then stabilize

the dilaton. To be concrete, we choose g(¢) to be

9(6) = Sa+ ) (2.32)

For Be*? < a, g(¢) is approximately constant and we expect to find Lifshitz scaling solutions
of the form described in the previous section. With an appropriate choice of parameters,
the exponential becomes more and more important as ¢ runs towards weak coupling and it
eventually stabilizes the dilaton in the deep IR.

Since we have introduced a Weyl-squared correction, it is convenient to choose the fol-

lowing parametrization of the metric*:

ds* = a*(r) (=dt® + dr® + b*(r)(da® + dy?)) (2.33)

“We will work in units where L = 1 in what follows.
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With this choice, the Weyl-invariance of the higher derivative Lagrangian is manifest as
a rescaling of a(r). In practice, this means that only b(r) will receive higher derivative

corrections in the equations of motion. Fixing A = 1, the AdS, solution is given by
a=—, b = const., (2.34)

r

while the Lifshitz solution takes the form

: b o< 7. (2.35)

For this metric, the scaling symmetry (1.2) becomes

t— At r— N, r— AT (2.36)

In changing from the more common form of the metric, (2.12), to the Weyl form, (2.33), we

need to make the following identifications:

1
T 1oy
L
L — -,
1—2
a — (1-2)3. (2.37)

As before, we choose a background electric charge:

= idr A dt. (2.38)

b2f(¢)
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Einstein’s equations are:

a b a 2 b 2 a'b
Ty = —2(L+2 ) () —422
" ( v b)*(a) (b> ab
4 (4) 3)y (N2 "\ 2

o) [0 W v v
b b2 b3 2\ b

p®) 4% 1% 3 / b b 2 7
(o)) (- () 2] e
a’ Y\* ol
T, = 3|— — 4—-

<a +(b) N ab
4 by 1B\
3 T *5(3) *

Ty B 2@’/+b’/_ a 2+2a/b/
v o Ta b a ab

1/ 2 b 3 by /
(@R8] o

4g(¢) 1@ 1/ 4 (b/)2 b 1 (v 1% 2 q , q" L
‘57[5 b *5(3) T T2 r(z) (—¢ *‘W)

g g
(2%
with
Ty = %W) T (2.42)
e e (.43
% = 4 (%}f(@ - % (@) + (127/\) . (2.44)

If we demand that ¢ depends only on r, the dilaton equation of motion simplifies to

!/

¢ +2 (% + %) ¢ + a*Vie(¢) =0, (2.45)

where

vy 28 S0 <d210g(b)) o)

T atht f2(¢) | 3at\ dr? (2:46)
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Hence the effect of the higher derivative terms on the dilaton is to generate corrections to
its effective potential.
We would like to find out which choices of g(¢) allow for an emerging AdS, x R? geometry

in the deep IR. Corresponding to AdS, x R?, we make the ansatz

1

a(’f’) - ;7

b(r) = bor,

o(r) = ¢o. (2.47)

Solving (2.39) through (2.41), we find

A =1,
2 4
Cg_g _ f(;bo) (1_59(%))‘ (2.48)

Since only the ratio Q/b3 is fixed, we are free to set by = 1 in what follows. Equation (2.45)

gives us the condition

/"(¢0)

(90 = F050)

(1= 39000) + 500 =o. (2.49)

Let us now specialize to the case f (¢) = e*1?. Since the dilaton runs towards weak coupling
as 1 — 00, this ansatz is valid even in the deep IR. With our choice of g (¢), the solution to

(2.48) and (2.49) is given by

Q2 _ (a—1)>\2
A — Ay
1 )\1 11—«
Po Agog(Al—A2 3 ) (2:50)

Clearly this solution only makes sense for a certain choice of \;, o, 8. We will discuss the

constraints on these parameters at the end of the next section.
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2.3.1 Perturbations around AdS, x R?

We would like to find numerical solutions that smoothly interpolate between AdS, and AdS, x
R?2, with some intermediate Lifshitz regime. This is most easily accomplished numerically
by using the “shooting” technique, starting in the deep IR (r — o0). The initial conditions
have to be chosen such that we follow perturbations that are irrelevant in the IR. These are
perturbations that fall off faster than the background solution as r — oo. In other words,
they allow a smooth flow away from AdS, x R? as r decreases. Requiring the existence of
such perturbations will introduce nontrivial constraints on the parameters of our model.

We start by perturbing the AdS, x R? solution, (2.47), in the following way
1
a(r)=—+da(r),  br)=r+0b(r),  ¢(r)=do+0d(r). (2.51)

Using the conditions (2.48) and (2.49) repeatedly, the linearized equations of motion may be

written as

3 (r*éa’) v fogh OV gh (10 gl o
i Sl opB3N o200 (7 ) _JoN TV JOTE 2.52
290 12 + (rb™) Jogo \ 7 go T * go ? 0, (252)

3 0\ o Jogq g )
= (r*3a) + 1?0 — 220205 — 20 (r5p) = 0, (2.53
290 (r0a) Jogo 90 (ro@) (2:53)

/ 3 s\ ob 5o
2¢ /1 2 4 2 / 11 o

N
oo + Vi on) 55~ S () = 0. (259)
where fo = f(¢0), etc. The presence of the db term in the last equation emphasizes the
fact that the higher derivative corrections generate a gravitational effective potential for the
dilaton. This is different from the case of a quantum-corrected f (¢), and will in general
lead to a nontrivial mixing of ¢ perturbations with gravitational perturbations. Since the
first three equations are related via a Bianchi identity, it is possible to eliminate the §b(¥

terms and reduce the system to a third order coupled ODE. Hence there are only seven

20



independent solutions:

da = —r, 5b =13, d0p = 0; (2.56)
3
2 4]
Sa = —“—Zg(r), b = log . 56— & (2.57)
r r
da = —Ti?, ob=1, 0p = 0; (2.58)
Sa = Agr’ 1, §b = Bor’ 1, d0p = Pyr”. (2.59)
Here

T M) (a—1) 20— N)

and the constants Ay, By and Py in (2.59) are related by

290 ( 90 Jo
Ay = — (= PR +25% ) — —-1))B 2.61
8 go(v+1)(v—2)
P = - . 2.62
0 3V (g) +v(w—1)"" (2:62)
There are four solutions for the exponent in (2.59):
v = 547,
1
. 1 8(gp)° Los@)® )16 (@)
2 = — |V - + " S A A S A1)
D 1 4
p o= 2 L4l (2.63)

For our choice of ¢ (¢), given by (2.32), we find

~ 1 (1-0[))\2 4
= +—|1— —12\] — — + 2a)
v 5 1—041\_? [ 1 3)\1—1- QA9

NI

2 4 4\ 2
+ (/\‘1l + 202 + (a?X3 — 4) AT + ga)\lAQ + 5) H (2.64)
1

21



Regardless of the form of the effective potential, there always exist two irrelevant per-
turbations, (2.57) and (2.58). Whether or not the solutions (2.59) are irrelevant depends on
the choice of parameters. Although in general there is a mixing of ¢ with a and b due to the

dilaton coupling to C?

o> One can check that for g (¢) = 0 the ansatz (2.59) reproduces the

purely dilatonic perturbations of the two-derivative theory [39]. Although not technically
correct, we will therefore still refer to those perturbations as “dilaton perturbations” in what
follows.

To find the desired numerical solutions, we impose the following set of conditions:

1. Ao/A; > 0: This ensures that g (¢) ~ const. during the Lifshitz scaling stage and in
the deep UV. Thus ¢’ (¢) only becomes important in the IR, where it stabilizes the
dilaton. Since (2.31) is invariant under ¢ — —¢, A\; — —\;, we shall assume without

loss of generality that A\; > 0 and Ay > 0.

2. Vi (o) = 0 for some ¢ (see (2.49)): The effective potential stabilizes the dilaton and

admits an AdS, x R? solution.

3. We focus on the case g (¢9) > 0. For negative g(¢), we numerically find either singular
solutions or solutions with ¢’ <« 0 as we approach AdS,. It remains unclear whether
the sign of higher derivative terms has a physical interpretation in terms of unitarity

or causality or a generalized null energy condition.
4. @Q* > 0, i.e. the vector potential is real-valued.

5. Our numerical analysis, as well as the analysis performed in [39, 53| strongly suggest
that we need at least one of the dilaton perturbations to be irrelevant in order to “kick”
¢ out of its local minimum in the IR and roll towards large negative values in the UV.
We therefore demand that v < 0 for at least one of the dilaton perturbations. Notice

that there can be at most two solutions that satisty this condition.

6. We require v to be real-valued; that is, we exclude oscillating perturbations. We
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take the existence of complex eigenvalues as an indication of a dynamical instability.
However, due to the higher-derivative nature of our theory, a more detailed analysis of
the time-dependent perturbations would be needed in order to determine whether the

theory is truly unstable for complex exponents.

Let us now find out what these conditions imply for our parameters a, 3, A1, As. Conditions

3 and 4 allow for two possible choices:

1) a>1, 04& <1
A1
A2
2) 0<a<l, s > 1. (2.65)
1

In both cases, condition 2 then requires that 5 < 0. Recall that in the electric case ¢ < ¢,

so choosing the sign of g(¢) in the IR determines the sign everywhere®

. Finally, we would
like the dilaton perturbations to be non-oscillating (condition 5) and demand that at least
one of them should be irrelevant (condition 6). The details of the corresponding calculations
can be found in Appendix C. Our results are summarized in Figures 1 and 2. In the green
region, all of our conditions are satisfied. The gray region is inconsistent with conditions
1-4, while in the red region g (¢) < 0. The yellow region has g (¢) > 0, but has either no
irrelevant dilaton perturbations, or oscillating modes.

For o < 1, we find either one or no irrelevant dilaton perturbations, while for a > 1 we
find either two or none. This result seems to be related to the fact that in the a > 1 case,
A2 (2) is not injective, i.e. there exist two possible scaling parameters zj, Z, for any given
A1 (see Appendix B). We will address this issue further at the end of the following section.
Notice also that while for @ < 1, all values of A\; and Z are allowed, for o > 1 there is a
lower bound on A; and an upper bound on Z. These bounds stem from the condition that

A? > 0 and equation (B.5). We conclude that for a given choice of «, there exists a large

region in parameter space that is consistent with our conditions and hence satisfies all basic

% Although we will not consider the case of negative g(¢), let us point out that in this case we would also
have to take 8 < 0 to satisfy condition 2, so this is a universal result.

23



Figure 1: Plot of different regions in parameter space, characterized by the number of irrel-
evant dilaton perturbations (a = 0.9). The regions are bounded by the curves (C.1), (C.2),
(2.65) and Ay = A\;. They are colored as follows: ¢ (¢) < 0 (red), g (¢) > 0 but no irrelevant
perturbations or oscillating modes (gold), g (¢) > 0 and at least one irrelevant perturbation
(green). In the gray area, at least one of the conditions 1-4 is violated.

Figure 2: The same plot for a = 3. Now the green region has 2 irrelevant perturbations.
There is a lower bound on A; and an upper bound on Zz, as indicated by vertical lines.
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requirements to admit the desired AdS,; — Lif; — AdS, x R? solutions.

2.3.2 Numerical Results

In order to find numerical solutions to our equations, we proceed as follows: We set initial

conditions at large r by adding irrelevant perturbations to the exact AdS, x R? solution:

) 3(4)
= = D.6
a(r) ﬁ; i0a;,
3(4)
b(r) = r+ ) Db,
=1
3(4)
¢(r) = ¢o+ Y Dido. (2.66)
=1

We focus here on the case a < 1, for which there are three irrelevant perturbations. The
case > 1 is discussed briefly at the end of this section. The amplitudes D; have to be
tuned in order to find a solution that has both an intermediate Lifshitz regime and a smooth
flow to AdS, in the UV. In practice, it is however easier to choose a different basis for the
perturbations in (2.66), which allows us to specify o', b, ¢’ directly. The role of the three

initial conditions is then roughly the following: The value of ¢’ determines how long the

/
min

solution stays approximately AdS, x R?. There is a minimum value ¢’ . that is required

to “kick” ¢ out of its local minimum and run logarithmically during the Lifshitz stage. The
transition stage from AdS, x R? to Lifshitz is shifted towards the IR as we increase ¢'. The
value of @’ determines the duration of the scaling stage: We find that in the space of initial
conditions, there exists a two-dimensional submanifold (a.., (¢'),V,¢") with attractor-like
behavior. As we approach this critical plane, we observe the emergence of an intermediate

!
crit

Lifshitz stage, which gets wider and wider as a’ approaches a.;, from below, while for a’ > al
the solution becomes singular. Therefore, by tuning o’ we can in principle make the Lifshitz
stage arbitrarily long. Finally, the value of ' needs to be tuned in order to achieve a smooth

flow to AdS, in the UV.
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] 1 2

¥ 1.2 1.1
A2 2 0.24
a 0.9 3

3 —1 —1
Q 0.20 4,55
%o —0.95 3.1

a | —49-10°%| —-1.5-10"
b | —5.8-107%| 2.0-10~*

@ 81077 1075
b// B 10—5

3 0.73 0.78
K 0.91 0.82
Puv —19.8 —7.6
boy | 1.5-107T [ 29.1078

Table 1: Parameters, initial conditions and fit parameters for numerical solutions.

The parameters and initial conditions of our numerical solutions are summarized in Ta-
ble 1. Figure 3 shows the evolution of the metric components goo (black) and g;; (blue) for
solution #1. (The individual metric functions a(r) and b(r) as well as the dilaton ¢(r) are
plotted in Figures 4 and 5.) We chose to plot dlog g,, /dlogr versus logr so that power-law
relations are clearly visible as horizontal lines. The solution is asymptotically AdS, x R? with
goo X 72, gi; o< 70 for large r. At r ~ 107%, the solution approaches an approximate Lifshitz
scaling stage with goo o< 772, g o< 723~ where it remains for several decades. This stage
is characterized by an effective scaling parameter Zg ~ 0.73 (or z =~ 3.7). Notice that Z.g
decreases slowly towards the UV, as indicated by the slightly positive slope of dlog g;;/dlogr.
This is due to the fact that e*?? is small but nonzero: Effectively, the coupling constant o
is reduced, which in turn increases Zeg (see Figure 29). We expect that as we approach the
attractor, the solution will take the exact form (2.35) with the predicted value of Z ~ 0.71
for » — 0. Finally, it is worth mentioning that both g; and gy initially overshoot slightly
before flowing to Lifshitz.

The dilaton starts out at some large negative value ¢yy for small » and runs towards

weak coupling during the scaling stage. In this intermediate regime, e*?? < 1 and ¢ grows
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-0.52
-0.53

-0.54

dlog(gh.)
dlog (r)

-0.55

-0.56

-0.5H

-2.51 ‘ ‘ ‘ ‘ ‘ ‘ -0.58U—— ‘ ‘ ; ; ;
1004 10712 10710 10% 10¢ 10°* 102 10" 101 10 1008 1007 107

r r

Figure 3: Plot of the metric components ggo (black) and g; (blue) for solution #1 (see
Table 1). The figure on the right is a magnified view of the Lifshitz region for g;;. Constant
values of dlog g, /dlogr indicate a power-law relation. One can clearly see the emergence of
an intermediate Lifshitz geometry with goo o< r~2 and g;; o 7261, The dotted lines indicate
the exact AdS, x R? solution with ¢;; oc % in the IR and AdS; with g;; oc ¥=2 in the UV.

1.45
1.44{
1.43
1.42|
a(r)-r 14Y4

1.4

1.38

10714 1072 10710 108 106 104 10°2 10711071 10 10°% 107 1076
r r

Figure 4: Plot of a - r for solution #1. The figure on the right is a magnified view of the

Lifshitz region. The dotted lines represent the exact AdS, x R? solution with a-r = 1 in the
IR and AdS, with a7 = v/6 in the UV.
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Figure 5: Plot of the metric function b (left) and the dilaton ¢ (right) for solution #1. The
dotted line represents the asymptotic value ¢ given by (2.50).

approximately logarithmically, as in (B.2). As ¢ increases, the e*??-term becomes more
and more important until at large r, the higher derivative corrections eventually modify the
effective potential and stabilize the dilaton at ¢y.

In the case of @ > 1, there are two possible dynamical exponents z; < Z; (see Ap-
pendix B). There is one additional dilaton perturbation, which we can use to fix the value
of 0" in the IR. Numerically, we were only able to find flows from AdS, x R? to Lif?, with
Zo & 0.78 (29 &~ 4.4). The metric components for this solution are shown in Figure 6. The
corresponding values for the exact analytical solution are z; ~ 0.38 and Z; =~ 0.73. Although
a simple counting of dilaton perturbations would suggest that there is one irrelevant defor-
mation leading to each of the two Lifshitz solutions, we were not able to numerically shoot

to Lif]'. It therefore remains unclear whether flows to Lif;' exist.

2.3.3 Flow to AdS, in the UV

Our numerical analysis suggests that the solutions exhibit some interesting behavior as they

approach asymptotic AdS, for r — 0. It is worthwhile to analyze this asymptotic behavior
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Figure 6: Solution #2 (« > 1): Plot of the metric components g (black) and g;; (blue).

analytically. To lowest order, the solution to the linearized equations of motion is given by

V6

a(r) = —

r

(1 +a "t +a r’ + asr® + aqrt + - - ) 7

b(r) = byy +bar" +b_r" 4 bgr® £ byt + -

P(r) = dov+ g3’ + dart +-- -, (2.67)

where as, ¢3, ay are free constants and

a, =
by =

by =

by =

¢y =

vy =

L Q? (9 + 29 (duv))
180 b1, f (duy) (14 29 (duy))’

—2byvas,

1 Q*
121429 (bov)) f (Duv) b3,
—wavaia
1@ 6w

1268, f (dov)”

3 1 1
-+ —4/1 - 0 .
2 2 9(¢UV)

(2.68)

The leading order perturbations r” are purely gravitational. They survive in the limit of

pure Einstein-Weyl gravity (i.e. @ — 0) [52]. For g (¢vv) < 16, v becomes complex and the
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Figure 7: Flow to asymptotic AdS; in the deep UV. The first graph shows the metric
components goo (black) and g;; (blue). While the metric functions a and b oscillate according
to (2.69), the dilaton decreases monotonically.

perturbations oscillate as

a ~ pRe=1 g (Im (v) log (1) + ©a)

Re(v)

b ~ r*Wcos(Im(v)log (r) + ), (2.69)

where ¢, are constant phases. Notice that for o — 0, the imaginary part of v blows
up, so these perturbations do not decouple in the two-derivative limit. Figure 7 shows the
asymptotic behavior of one of our numerical solutions (parameter set #1). One can clearly
see that a and b oscillate according to (2.69), while ¢ simply decreases monotonically.

As it turns out, the oscillating nature of our solutions makes it necessary to switch to

a “stiff” method when trying to find exact numerical solutions in the UV. In addition, the
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attractor-mechanism of the Lifshitz stage tends to “wipe out” initial conditions, which makes
it more and more difficult to exactly hit AdS; numerically as the scaling stage gets wider.
We therefore content ourselves with presenting the asymptotic behavior for a solution with a
relatively narrow scaling stage. A more efficient way of studying the UV-asymptotics would

be to directly shoot from the UV.

2.4 Summary and Discussion

In this chapter, we first showed that Lifshitz backgrounds are renormalized in the presence of
higher derivative corrections, and in particular Weyl-squared corrections, according to (2.24)-
(2.26). We then demonstrated in a toy model that higher curvature corrections, such as those
that arise from the string o/ expansion, may resolve the Lifshitz horizon into AdS, x R2.
In particular, we have constructed numerical flows from AdS; to an intermediate Lifshitz
region and finally to AdS, x R? in the deep IR in the Einstein-Maxwell-dilaton system with
a four-derivative correction of the form

(2.70)

pvpo”

SL = %(a + Be?)C2

The dilaton coupling 3 is introduced to stabilize the dilaton, so that an emergent AdS, x R?
may appear in the IR.

The existence of flows to AdS, x R? is not universal, but depends on the parameters a,
B, A1 and \o. For o < 1, there is at most one irrelevant dilaton perturbation that can induce
a flow from AdS, x R? in the deep IR to an intermediate Lifshitz region. We have presented
a numerical example of such a flow for @« = 0.9. On the other hand, for a > 1, if any
irrelevant dilaton perturbations exist, then they necessarily come as a pair. Furthermore,
in this case there are two possible dynamical exponents, Z; and Z; (where we take Z; < Z5),
allowed in the Lifshitz region. We have constructed a numerical example for a = 3 that

flows from AdS; x R? in the deep IR to an intermediate Liff}. However, we were unable to
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find numerical flows to Lif;'. It remains unclear whether such flows are possible. From a
simple counting of irrelevant perturbations, we expect that these flows should indeed exist.
In any case, the natural question that arises is whether or not the additional irrelevant
perturbation that appears for a« > 1 leads to an interesting geometry. To make a definitive
statement about the flows that are allowed, a study of perturbations around the different
Lifshitz backgrounds would be required. A similar analysis was carried out for the massive
vector case in [55, 56]. It would also be interesting to see if one can find numerical solutions
that interpolate between the two Lifshitz solutions.

It would be desirable to explore whether a realistic string model would lead to either
o' or string loop corrections of the form needed to resolve the Lifshitz horizon. The o/
corrections extend beyond the gravitational sector, and for example may include RE? terms
at the four derivative level. Even in the gravitational sector, one would expect to have a
more general form of the four-derivative corrections, similar to (2.19), but also with possible
dilaton couplings. We expect that the mechanism to resolve the Lifshitz singularity in the IR
will also work in the more general case with ay # 0 and agg # 0. However, the smooth flow
to AdSs in the UV observed here relies on the fact that the Weyl tensor vanishes quickly
enough so that it does not source the dilaton for small r. It is unclear whether the UV
asymptotics would remain unchanged for generic higher derivative corrections.

In the case of an electrically charged brane considered here, there is another source of
corrections that might modify the UV dynamics: Since the dilaton runs towards strong
coupling, we expect quantum corrections to the gauge kinetic function f(¢) to become
important and modify the effective potential in this regime. In addition, there is a priori no
reason why magnetic solutions should not be equally sensitive to o’-corrections. We therefore
expect our mechanism to be relevant also in the magnetic case. Since in this case the dilaton
runs towards strong coupling in the IR, a consistent approach would be to consider both o/
and quantum corrections at the same time.

We expect that our analysis can be easily extended to geometries with hyperscaling
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violation. These backgrounds can be parametrized by a metric of the form
ds?, | = (e lqt? 2l d? 4 dr?). (2.71)

For v # 0 this metric is invariant under the scale transformation (1.2) only up to a rescaling
of ds. One may construct solutions of this type by choosing an exponential potential for the
dilaton, which as a result runs linearly with r. Flows to AdS, x R? were constructed using
a quantum corrected gauge kinetic function f(¢) in [53].

Finally, although an emergent AdS, x R? geometry provides a non-singular resolution of
the Lifshitz scaling solution, the presence of a non-contracting transverse R? leads to non-
zero entropy density at zero temperature in the dual non-relativistic system, thus violating
the third law of thermodynamics. A more satisfying situation where the entropy density
vanishes at zero temperature may potentially be obtained by flowing into AdS, in the deep
IR. Thus one may imagine constructing flows from AdS, to Lifshitz to AdS,. This would
be a special case of an AdS to AdS domain wall solution, in which case the holographic
c-theorem would apply [57, 58, 59]. It would be interesting to see whether such flows may

be constructed in a toy model admitting AdS, solutions with two distinct AdS radii.
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Chapter 3

Boundary-to-Bulk Correlators

In the previous chapter, we provided evidence that Lifshitz spacetime is indeed a physically
meaningful geometry by showing that the potential IR divergences can be resolved in a UV
complete theory of quantum gravity. Having gained more confidence in Lifshitz spacetime
as a consistent geometry, we are now ready to ask interesting questions about the details
of holography for non-relativistic field theories. In particular, we would like to continue to
develop the holographic dictionary, a mapping between observables on the bulk and boundary
site of the duality.

In the well studied case of relativistic AdS/CFT, an important part of this dictionary is
the correspondence between normalizable modes, which scale as 7+ near the boundary, and
states in the Hilbert space of the dual field theory. In particular, a quantized bulk field ¢

can be mapped to its corresponding boundary operator O via
¢ O =limr “+¢. (3.1)
r—0

The remarkable fact here is that both operators can be quantized in terms of the same
creation/annihilation operators, which implies an isomorphism between the Fock space rep-
resentations of bulk and boundary Hilbert spaces [60, 61]. Moreover, the map (3.1) can

be inverted in position space. As a result, local quantum fields in the bulk can be ex-
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pressed in terms of boundary operators with the help of a so-called smearing function K
[62, 63, 64]. Consequently, we can study CFTs to learn something about their gravitational
duals |65, 66, 67].

If AdS/CMT is to be understood as a true equivalence between a field theory and a
gravitational theory, rather then just a set of prescriptions to compute condensed matter
quantities, one should expect that a similar statement can be made for non-relativistic sys-
tems. In other words, the field theory should somehow contain all the relevant information
about the gravitational theory. In this chapter, we address this issue by investigating the
extent of reconstructability of bulk information from boundary data in non-relativistic space-
times. Specifically, we examine the equivalent of the map (3.1) for such spacetimes, and show
that it is in general not invertible in position space.

A simple argument why this reconstruction procedure is not straightforward can be made

by studying geodesics in the corresponding backgrounds. For Lifshitz spacetime, the effective

Vig(r) = (é)zzm + <£>Q(H) k2. (3.2)

r

potential is given by

Null geodesics (k = 0) with nonzero transverse momentum k turn around at finite r and
never reach the boundary (see Figure 8). This is a result of the non-relativistic nature of
the dual theory, which manifests itself in the fact that the effective speed of light g4/
diverges as r — 0. Therefore, in the classical (i.e. geometric optics) limit, information about
the transverse direction of the bulk geometry can never reach an observer at the boundary.

Quantum mechanically the picture is different. In general, wavefunctions are allowed
to tunnel through any classically forbidden region to reach the boundary, so there is hope
that bulk reconstruction is possible after all. However, as we will demonstrate, at large
momenta the imprint these tunneling modes leave at the boundary is exponentially small
and as a consequence, a smearing function cannot be constructed. Our arguments closely
follow those of [68, 69|, where first steps towards generalizing smearing functions to spaces

other than pure AdS were made.
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Figure 8: Effective potential (3.2) for null geodesics (kx = 0) in AdS (z = 1) and Lifshitz
spacetimes (z = 2, 3,4). In Lifshitz, light rays sent from the bulk in any nonradial direction
have to turn around at finite » and can never reach the boundary.

Our analysis for the case of pure Lifshitz spacetime can be easily generalized to show
that smearing functions do not exist for any geometry that allows for “trapped modes”,
that is, modes that have to tunnel through a momentum-barrier in the potential to reach
the boundary. In [69], the authors show that the smearing function in their spherically
symmetric spacetimes can indeed become well-defined, at least in some bulk region, once they
change from an AdS-Schwarzschild solution to a nonsingular asymptotically AdS spacetime.
Our case, however, does not allow such a resolution. Importantly, the smearing function in
Lifshitz remains ill-defined everywhere if we resolve the tidal singularity into an AdS, x R?
region, as we did in chapter 2. Similarly, the replacement of the near-boundary region with
an asymptotic AdSy, o region does not resolve the issue either.

The problem we encounter when trying to construct a smearing function is related to
modes with large transverse momentum. At the end of this chapter, we will argue that we
can make limited sense of smearing functions in Lifshitz spacetime after all, provided we
are willing to introduce a momentum-cutoff A. This of course has the consequence that we
forego the idea of using Lifshitz spacetime to calculate holographic observables at arbitrarily
small transverse length scales. We will see in section 4.3 that a cutoff at large momenta

(or equivalently small frequencies) is forced upon us when considering the effect of higher
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derivative corrections.

3.1 Scalars in Planar Backgrounds

The geometric optics picture of figure 8 shows that a classical observer sitting at the bound-
ary of Lifshitz spacetime cannot receive light signals from an observer in the bulk that
carry nonzero transverse momentum. This indicates a potential difficulty of reconstructing
bulk informatino purely from boundary data, in the spirit of AdS/CFT. However, to fully
analyze the problem, we need to go beyond the classical approximation and consider the
reconstruction of scalar field modes via a boundary-to-bulk correlator.

Instead of focussing only on Lifshitz spacetime, let us consider a more generall class of

planar backgrounds, given by the following metric:
ds?l+2 _ €2B(T)[_62W(7‘)dt2 + df?l] + €2C(T)d7’2. (33)

For W = 0, the (d + 1)-dimensional metric at constant r is Lorentz invariant. This encom-
passes the pure AdS case as well as Lorentz invariant domain wall flows. The W # 0 case
allows for ‘non-relativistic’ backgrounds such as pure or asymptotic Lifshitz backgrounds as
well as for planar black holes. In this case, we may interpret e~ as the gravitational red-
shift factor!. The global behavior of the metric is constrained by the null energy condition

(subsequently NEC; for previous work see [70, 56]). The two independent conditions are

—R\,+ R, =de" 90, (-e"""“9,B) >0, (3.4)

_Rtt 4 R:ill — e—W—(d+1)B—CaT (6W+(d+1)B_CaTW> Z 0. (35)

Here x; is any one of the & transverse directions. If we choose a gauge where A = C, or

!Note that this assumes that there is an asymptotic reference region where W = 0, so that (d + 1)-
dimensional Lorentz invariance is restored. This would occur, for example, in an AdS to Lifshitz flow.
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equivalently W = C' — B, these conditions simplify to

((e—B)/e—QW)’
(WledB)’

v

0, (3.6)

v

0, (3.7)

We now consider a minimally coupled scalar in the background (3.3). The Klein-Gordon

equation is given by
[eW—(@+DB=Cy JWHA+DB+CMN g 21 — (), (3.8)

Since the metric (3.3) has Killing vectors % and %, the wave equation above is separable

and we can write

olt, &.r) = ¢TI f (). (3.9)
The Klein-Gordon equation (3.8) then becomes

dW+(d+1)B—-C)
dr

LW*BC) (83 + ar) +E? - W2 - 2B F = 0. (3.10)

Let us choose a gauge where A = C', or W = C' — B. Equivalently, starting in any given

gauge we can introduce a new radial coordinate p such that
B Wdr = dp. (3.11)
Note that p is a tortoise coordinate for our metric ansatz. This gives

0% + dB'9, + B> — Wk — 2WEPDy2] f — o, (3.12)
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where primes denote derivatives with respect to p. If we now let

f=eBPy, (3.13)

we end up with a Schrédinger-type equation

— )" + Uy = E*, (3.14)
where
U - Vm + ‘/;c + ‘/;OS7 (315)
with
Vo= WHBm2 v = eWE2 V= (d/2)B" + (d/2)*B>. (3.16)

The effective potential U can be interpreted as a potential that timelike /null geodesics would
see, plus an additional “cosmological” pontential V.. To see this, note that we can simplify

the geodesic equation by defining conserved quantities along the Killing directions,

E = e, k=P (3.17)

where a dot indicates a derivative with respect to the affine parameter \. Geodesics then

obey

2
—m? = (;l_i) = e 2WHB 2 | o2B2 4 2052 (3.18)
If we define

Vg = 2WHBI2 4 2W g2, (3.19)

with m? = 1 for timelike and m? = 0 for null geodesics, then we find

62(W+B+C),';2 — E2 o ‘/eff~ (320>
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This is of the form of an energy conservation equation, Fi., = Eyi, + Vog, where
By = 2WHB+0);:2 (3.21)

and the effective potential is given by Visr = V,, + Vi, see (3.16). The additional potential
Veosis a familiar correction term for the scalar potential in curved space. In AdS; it plays a

crucial role in the derivation of the Breitenlohner-Freedman bound [71].

3.2 Scalars in Lifshitz Spacetime

For Lifshitz backgrounds, the Schrodinger potential can be written as

L\? d(d + 22) L\
[ 2 D0 Y = 2 3.22
(zp) (m T ) " (zp> ’ (3:22)

where we introduced a new radial coordinate according to (3.11), to bring the metric to the

form (1.5). Explicitly, we have

,= L (1) (3.23)

Note that both V,, and the entirety of V. contribute to the 1/p? blowup as p — 0 (cor-
responding to the boundary). The fact that these two pieces scale with the same power of
p is a feature of Lifshitz spacetime; it will not continue to be true for more complicated
spacetimes such as the AdS-Lifshitz flows studied in chapter 2.

The qualitative behavior of solutions to the Schrodinger equation is roughly as follows:
The wavefunction starts out oscillating deep in the bulk (p — co) and crosses the potential
barrier at the classical turning point py. For p < pg, the mode must tunnel under the barrier,
and thus the wavefunction will in general be a superposition of exponentially growing and
suppressed modes. We will only be interested in the mass ranges where the growing solution is
non-normalizable. In this range, the normalizable modes relevant for canonical quantization

are exponentially suppressed in the area of this barrier at small p.
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For z = 1, V} is a constant, but for z > 1 it blows up near the boundary, although less

fast than the other terms in the potential. Specifically, V}/V,, e 2B. For spacetimes with

-0.(3)"

Pbdy
> (0 throughout the spacetime. Near the boundary, the mass term

Lifshitz asymptotics,

9, (e7?) >0 (3.24)

Pbdy

Consequently, 9,e~F

V,, will always dominate, but V}, will increase in relative importance as we head in towards
the IR region. Because of the different behavior of the mass/cosmological and momentum-
dependent terms, it is crucial to distinguish between two qualitatively different “types” of
tunneling. If at a given energy, the momentum ks sufficiently small, the wavefunction
crosses the barrier at a point where V}, is subdominant compared to the other terms in the
potential. Consequently, the 1/p? part of U will control the suppression near the boundary.
We shall refer to those modes as free modes. This name is justified, because even though
they are tunneling, classically they correspond to null geodesics that can reach the boundary.

If k is large, the wavefunction crosses the barrier already at a point where U ~ V},, and the
wavefunction will receive an additional suppression by an exponential in E, due to tunneling
through this thicker barrier. We shall refer to this class of solutions as trapped modes. They
play a crucial role in our analysis, as they are the quantum equivalent to nonradial null-
geodesics that cannot reach the boundary, which we encountered in the introduction to this
chapter.

We may study the behavior of these free and trapped modes by solving the Schrédinger
equation (3.14) in a Lifshitz background. It is convenient to scale out the energy E by

introducing the dimensionless coordinate

¢ = Ep. (3.25)
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Then (3.14) becomes —¢"(¢) + (U — 1)¥(¢) = 0 where

2 _
U= ”Zg—;/4+%, (3.26)

with

-

v, = %\/(mL)2 +(d+2)2/4, a= (%)7 (%)2 y=2(1-1/z2). (3.27)

z

Since the null energy condition demands z > 1, we generally focus on the case 0 < v < 2.
(The v = 0, or pure AdS, case is familiar and can be treated by standard methods.) In this
case, the boundary (¢ — 0) behavior of U is ~ 1/¢?, while the horizon ({ — o) behavior is
~1/¢.

Near the boundary, we have

v:i—1/4

govs0 > U ACP 4 B (3.28)

_w/l +

Using (3.23), (3.25) and (3.13), we can express the behavior of the original Klein-Gordon

field in terms of the original coordinate r as

S (TNA- LT\ B
6~ A (E) 4B (E) , (3.29)
where
. EL 1/2—v . EL 1/2+v d d 2

We will consider only the mass range where the first solution (related to A) is non-normalizable
with respect to the Klein-Gordon norm, while the second solution (related to B) is normaliz-
able. Via the AdS/CFT correspondence, non-normalizable modes represent classical sources

of an operator O at the boundary, which redefine the Hamiltonian of the field theory [1, 3, 2|.
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Normalizable fluctuations are placed on top of these classical sources and they correspond
to different states in the field theory, or equivalently expectation values of O [61, 60]. We
will only be interested in the situation where the boundary Hamiltonian is fixed, so we will
consequently treat non-normalizable solutions as non-fluctuating. The fluctuating modes to
be quantized are thus the normalizable modes given by B. As a result, we will end up setting
A = 0 and investigating the consequences of doing so. Note that this is in contrast with the
computation of AdS/CFT correlators, which we will discuss in chapter 4. In this case, B is
interpreted as the response to turning on a source A.

Turning now to the horizon, we see that both terms in (3.26) fall off as ( — oco. Hence

the horizon behavior is given by?
—)" —p a0 = Y~ ae’ + be . (3.31)

In terms of the original r coordinate, this becomes

EL r\* EL rr\*
oo (5 (0)) e (<22 (1)), »
Y aexp(zz <L>>+ exp(zz 7 ) (3.32)
so that

7\ %2 EL /r\> r\ 42 EL r\=
o~a(g) e (Z? (z) ) +b(g) ew (—7'7 (z) ) - (3:33)
The horizon modes correspond to infalling and outgoing waves, given by a and b, respectively.
Since the wave equation is second order and linear, the boundary data (A, B) must be linearly
related to the horizon data (a,b). AdS/CFT correlators are generally computed by taking
infalling conditions at the horizon, corresponding to b = 0, while bulk normalizable modes

are given instead by taking A = 0 at the boundary. Of course, the precise relation between

boundary and horizon data can only be obtained by solving the wave equation. While this

2For simplicity, we have assumed 1 < k& < 2. For 0 < k < 1, the horizon falloff ~ 1/¢* is insufficiently
fast, and the potential becomes long-ranged. This introduces a correction to the horizon behavior of the
wavefunction. However, this is unimportant for our discussion, as we have no need for the asymptotic phase
of 9 in the classically allowed region.
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cannot be performed in general, the exact solution is known for z = 2, where the potential U
is analytic. We now turn to this case, as it provides a clean example of the behavior of trapped
modes and in particular the exponential suppression that they receive when tunneling under

the barrier in the potential.

3.2.1 A Specific Example: z = 2 Lifshitz

For a pure Lifshitz background with z = 2, or v = 1, the potential (3.26) is analytic in ¢

and the Schrodinger equation takes the form

2-1/4
o <V _ /_+3_1>¢:0, (3.34)
¢ ¢
where o = EZL/ZE. As this is essentially Whittaker’s equation, the solution can be written
in terms of the Whittaker functions M_;q /5, (—2i¢) and W_;4/2,(—2i(), or equivalently in
terms of confluent hypergeometric functions [20]. Expanding for ( — 0 and demanding that

1 satisfies the boundary asymptotics (3.28) for normalizable and nonnormalizable modes

gives

([ Akt i\ D(—2v)l(53+v+%) A
e (5) oo (5> T2 —v+ %3) Al Meiaz2(~2iC)
ALRANCE A .
" (%) %‘4 Wiaz,0(=2iC). (3.35)

For the horizon, we expand for large ¢ and compare with (3.31) to obtain

IG+v+%2)
—mo/4” \2 2 2—204/26 M. . —9
|:6 F(l T 2]/) :| 7104/2,1/( ZC)

o LG TV +5)

+ |:eﬂa/42ia/2a+eiﬂ(é_ e i 2_ia/2b W—ia/Q,V(_2iC)' (336)
L(z+v—13)
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Comparing (3.35) with (3.36) gives the relation between horizon and boundary coefficients

1 ia
A = <2Z)§—V . F(2V> — e7|'Oc/4 (2—ia/2b . eiﬂ(%-‘ru)r(? + v — Z)Qia/Qa) :
IG+v—-1%) Fz+v+%)
(-2 (L —py—fay
B = (2i)2"—; (=2) e (2—““/% e (2v) (3 " >2m/2a) . (3.37)

Although we are primarily interested in normalizable modes in the Lifshitz bulk, we first
note that the usual computation of the retarded Green’s function proceeds by taking infalling

boundary conditions at the horizon, namely b = 0. Then (3.36) immediately gives

winfalling ~ W—ia/Z,u(_2iC)- (338)

We now demand that the coefficient of M_;,/2,(—2i¢) in (3.35) vanishes, from which we

obtain
B (ELN*B (EL\"T(-20)[(3+v+%)
GrlBP)~7=\5 ) 2=\ 7 : - 3.39
w5 ) A (2> A <z) Fv)D(E —v+ i)’ (3:39)

in agreement with [20] when continued to Euclidean space. Note that in the large momentum
limit, K — oo (or more precisely for a > v), the Whittaker function W_;, /2, (—2i¢) is only
large near the boundary, and decays exponentially into the bulk. This matches with the
heuristic picture of AdS/CFT, where the CFT “lives” on the boundary. In the relativistic
case, corresponding to an AdS geometry, the boundary data has a power law falloff as it
penetrates into the bulk. However, for this Lifshitz geometry, the falloff is exponential.

Of course, for the bulk reconstruction that we are interested in, we actually want to
consider the space of normalizable modes, as they are the ones that span the Hilbert space
in the bulk. From the Hamiltonian picture, the natural norm is the Klein-Gordon norm,
which is in fact compatible with the norm for the Schrédinger equation (3.14). Normalizable

modes correspond to taking A = 0, so that

77bnormalizable ~ Mfia/Z,y(_QiC)- (340)
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Comparing (3.35) with (3.36) then gives the relation between bulk and boundary coefficients
for normalizable modes
1 .

B o (2N TGG+rv+ %

= g-ia/2 z u(;m/@ (3.41)

b i I'(1+2v)
Note that M_;q 2, (—2iC) is essentially a standing wave solution in the classically allowed
region ¢ > (p, where (j is the classical turning point. Since this interval is semi-infinite, the
wavefunction must be normalized by fixing the amplitude b of these oscillations. Hence the
ratio B/b is a direct measure of the amplitude of properly normalized wavefunctions at the
boundary.

Recall our previous distinction between the two different types of tunneling solutions:
“free” vs. “trapped” modes. Modes with small momenta k at fixed £ (o« < v) are “free
modes”. For these modes, we have, up to an overall phase

1B 2v*sT (L +v)

BT T(+2w) (3.42)

The tunneling process produces the typical scaling behavior ~ p®+ at the boundary, but
there is no exponential suppression. For large momenta (o > v) the modes are “trapped”,

and we find instead (o)
—(v+d

% ~ —F4ZT16+ %) le T2, (3.43)

These modes have to tunnel not only through the 1/p? potential near the boundary, but also
through the wider momentum barrier Vj, ~ k?/p at larger p. This causes the solution to be
exponentially suppressed when it reaches the boundary. We conclude that the z = 2 Lifshitz
metric allows for trapped modes, which have arbitrarily small boundary imprint for large k.
Clearly, we could have obtained the exponential suppression factor e=™/2 in (3.43) by

simply setting V,,, = Ve, = 0 in the Schréodinger potential. More generally, since the size

of V; is controlled by k2, in any interval [py,ps] away from the boundary, i.e. in any region
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where the potential U is bounded, at large enough k the difference in amplitudes between
the points p; and py will always be governed by an exponential relation like (3.43). For the
purpose of determining whether or not trapped modes exist in a given spacetime, it will
therefore be enough to study the equivalent tunneling problem in the potential U = V). We

will come back to this issue later.

3.3 WKB Approximation

In order to study the existence of trapped modes in spacetimes beyond exact z = 2 Lifshitz,
it will be useful to have a formalism that provides a qualitative description of the behavior
of tunneling modes even for cases where an analytic solution might not exist. This will allow
us to study Lifshitz with z # 2, as well as more general backgrounds (3.3) with nontrivial
W, B and C. The WKB method provides us with just such a formalism.

Applying the WKB approximation to the effective Schrédinger equation in Lifshitz space-
time, and other spacetimes in which the potential falls of as 1/p* near the origin, is not
straightforward, and some subtleties arise. It is therefore necessary to carefully develop a
formalism that will allow us to find approximate solutions, and furthermore to quantify its
shortcomings by performing an error analysis.

We would like to find approximate solutions to equations of the form

V" + Q2O =0, (3.44)

with Q2 > 0 as ( — oo and Q? ~ —(~2 as ( — 0. Furthermore, we shall assume that for a
given energy, there exists only one classical turning point with Q2 (¢y) = 0. To capture all

of these properties explicitly, we may write
2 2 1 2 1
=K —-——= v —=+ulQ)), (3.45)

¢? 4
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with lime o4 (¢) = 0 and v > 1/2. Notice that for v < 1/2 the qualitative picture would
change considerably: The wavefunction becomes oscillating again close to the boundary,

which requires a different treatment. For Lifshitz spacetime, we have K = 1 and p = a(?*77,

where ¢ = Ex (see (3.26)). We now make the standard WKB-ansatz

T 31

Plugging into (3.44), we arrive at a differential equation for P ({):

2
2 2

This equation can be solved perturbatively, assuming that the frequency Q2 is slowly-varying:

P2 =Q+eQ) + Qo+ -, (3.48)
where
Q = @,
o = ()
etc.,

and we introduced an explicit parameter € that counts the number of derivatives and needs
to be set to 1 at the end. To lowest order, P? ~ Q2 and the error can be estimated by
comparing the size of the first order to the zeroth order term. Away from the classical

turning point (p, the full solution can be written as:

. e e 3.50)
5(0) = 3.50
(92)7+ [t Ko VO e g VO] ¢> G
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As is obvious from (3.49), the WKB approximation always breaks down near the turning
point. As usual, this can be dealt with by approximating the potential in the region close to

(o by a linear function

~B(C—G), ﬁ—ﬁ§mﬂ (351)

In this region, the solution is then given in terms of Airy functions:
Yo ~ BLA (85 (G — Q) + EaBi (81 (6= ©)) - (3.52)

It has the following asymptotics:

1
=04 [Elefg,f(ﬁo O 4 9p,e2 VB *O%}, ¢ < Go;
(A VT
2 PRY (=42 —¢)s
I ) R
(3.53)

On the other hand, for ¢ close to, but not too close to (o, the exponent in (3.50) can be

written as

Njw

¢ —2VB (G =07, ¢<G;
/dg"\/\m\z ’ (3.54)

3
; WBC-G? (>
Matching (3.53) and (3.50), we find
C = ( %a—i—e’%b),
D=3 (e ia—e). (3.55)
Near the boundary (¢ < 1), we then have
$(Q) = (CeRO 4 PelE) (3.56)
)
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where

o
So(Q) = / d¢'v/—Q2. (3.57)

¢
Hence the solution near the boundary is determined entirely in terms of Sy, which is given
as an integral over the effective potential.
As a check of the validity of the WKB approximation, let us determine whether ), in
(3.48) remains small compared to Qg for all (. Consider the slightly more general case where

02~ —(%as (— 0. We find
s(s—4)

RS TTE

(3.58)

For s # 0,4, this term blows up near the boundary. For s < 2, it blows up faster than
Qo = 2 itself, thus rendering the WKB approximation invalid. For s > 2, it blows up
slower than 2, so the relative error approaches zero and we should expect WKB to yield
accurate results. In the borderline case s = 2, which is the one that is interesting for us, the
first order correction is in general comparable to the zero-th order term. Hence the lowest
order approximation will a priori not give very accurate results.

Stated differently, for s = 2 the perturbative expansion (3.48) of P is not consistent,
since in general the order n and order n+ 1 terms will mix. To avoid this mixing, we need to
find a way to explicitly move the term Q; = —1/(4¢?) to one lower order in the expansion.

Obviously, we could just declare

1
2 _ 2
This is equivalent to making the somewhat ad-hoc substitution v? — v? + 1/4 in (3.48). A

more rigorous way is to perform the following change of variables:

Il
)

<=
Il
9]
NI
I

(3.60)



The Schrédinger equation then reads
u” + wiu =0, (3.61)

where

wr=e® — 12 — p(w). (3.62)

It is easy to see that in these coordinates, the effective frequency is indeed slowly varying
both in the deep UV and the deep IR. In fact, one can check that the first order term (@,
becomes much smaller than Q2 in both limits. We see that in the new variables (3.60), the
expansion (3.48) is consistent and the WKB solution is a good approximation everywhere,
except in the vicinity of the turning point.

Repeating the steps (3.50) through (3.56) for (3.61) and changing back to our previous

variables we arrive at

= ( % )2 (Ce5©) 4 D5 | (3.63)

o
S(C)E/C dg’,/—92+4§,2. (3.64)

Not surprisingly, the effect of the coordinate transformation (3.60) is indeed to add an

with

effective potential AU = 1/(4¢?) to (3.45). Therefore, all we need to do in practice is to
replace 2 — 12 4+ 1/4. Let us emphasize that (3.61) is in fact equivalent to (3.44), so this
substitution is now on a rigorous footing.

The exponential growth/decay of the solution in the classically forbidden region is mani-
fest in the dependence on S in (3.63), which roughly corresponds to the area of the tunneling
barrier. The wider/higher the barrier, the larger the corresponding factor e® is. We are only
interested in the normalizable, or decaying solution near the boundary, so we will have to set
C = 0. Up to a finite error, the WKB approximation then accurately captures the boundary

behavior of this solution, and in particular the exponential suppression between bulk and
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|B / 1b]
14

Figure 9: Plot of the WKB (dashed) and exact (solid) boundary normalization factor |B|/|b|
as a function of av. Here we have taken z = 2 and v = 1. The large o behavior is exponentially
suppressed, |B|/|b| ~ a¥e /2,

boundary amplitudes.

We can compare this WKB approximation with the exact solution for z = 2 from sec-
tion 3.2.1. Figure 9 shows a plot of the WKB solution for z = 2 Lifshitz, compared to the
exact solution. As we can see, the WKB approximation accurately captures the exponen-
tial momentum-suppression at large «. In section 3.5, we will use the WKB formalism to

investigate for which spacetimes smearing functions exist.

3.3.1 Example: AdS (z =1)

We can use the WKB approximation to analyze the near-boundary behavior in various planar

spacetimes. For AdS, z = 1 and we have

1
—4 (3.65)
where

¢ =VE? — k2. (3.66)
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Computing the integral (3.64), we find

_ 2 _ /2
S(C)= /- gbg (Zﬂ/%) . (3.67)

Near the boundary (( < v),

N (%) e (3.68)

Plugging this result into (3.63) and rescaling back to the original field ¢ we arrive at the

familiar-looking result

¢ (x) = Ap™ = + Bp®, (3.69)

where A = (d+1)/2+ v, and

A=Ce 2"z (E® — k2)%_% ,

1, v
B=iDe"2 "y (B2 — k)12 (3.70)

Notice that the inclusion of the correction term AU was crucial to obtain the correct bound-

ary behavior.

3.3.2 Example: z = 2 Lifshitz

For Lifshitz with z = 2, we have

(3.71)

The classical turning point is at

14+ 4/1+ (Q—V)Q . (3.72)
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In this case, the WKB integral (3.64) can be evaluated to give

C(QI/Q +CKCO)
S=—+12+al—_—vlog
Co <2u2 +al 4+ 2v\/v?+ af — CQ)

T« a—2¢
+ — + —arcsin [ ————) . 3.73
4 2 (\/4y2 + a2) ( )

In the near-boundary limit ¢/v — 0, with a//v held fixed, we find

e ~ (%@) B exp {—u + % (w — arctan (%”))} -l (3.74)

For a/v < 1 this can be approximated as

¢S ~ (%) e, (3.75)

which is exactly what we found in the AdS case.

Hence high energy/low momentum modes do not “feel” the Lifshitz background, but
instead behave like they would in the AdS case. Those are precisely the “free modes”, defined
in section 3.2, which only have to tunnel through the p~2-part of the potential. Notice that
for finite momenta, the definitions of ¢ in AdS (3.66) and Lifshitz (3.25) differ slightly. They
do however agree in the o — 0 limit.

We are interested in the normalizable mode, which may be obtained by setting C' = 0;

this furthermore implies D = e~*ib. Using (3.63), we see that

% — ﬁ(a2 + 412" exp {—% (W — arctan (%))} : (3.76)

WKB

This may be compared with the exact z = 2 solution (3.41)

|_B’ — %"‘V |F(% +v+ Z%)‘ e—ﬂa/4
1b] (1 + 2v) ‘

(3.77)
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WKB error

0.08

0.06 |

0.04]
i y=3
0_02¥
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. . . | . . Tii‘i‘ . | . . . | . . . | CK/V
0 2 4 6 8 10

Figure 10: Comparison of the WKB amplitude factor with the exact result for z = 2 and
v = 1, 3 and 10. The fractional WKB error is given by (wkB — 7exact)/Mexact, Where

n = |Bl/[bl.

As an example, we show the behavior of the WKB and exact solution as a
v =1 in Figure 9.

It is straightforward to examine the behavior of the WKB and exact
small and large « limits. The a/v < 1 limit was already considered above

limit o/v > 1, we find instead

Thus we obtain

|B| (5) v ), fors <1
ol e : o
‘ ’ WK ﬁ&V€77, for% > 1.

This may be compared with the exact solution in the same limits

v +3T 4y
|B| F(1JS22u) )’ for 7 < 1;
bl o
P e e

function of « for

solutions in the

. In the opposite

(3.78)

(3.79)

(3.80)

Our result demonstrates that the WKB solution gives the correct o behavior for both small
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and large a. Note that the v dependent prefactors are different for finite v, although they
coincide in the large v limit. This is illustrated in Figure 10, where we plot the fractional

difference between the WKB result and the exact solution for several values of v. In par-

ticular, while the asymptotic behavior |B|/|b| ~ a”e™™%/2 is reproduced as a/v — oo, the
fractional error approaches a constant for fixed v
o(|B|/|b (14 2v)e 1 1
UBYBY PO+ 1 1 (3.81)
|B/|b] VATv(20) 24v ' 1152

One should keep in mind, however, that this will not affect our results on the absence of
smearing functions for the Lifshitz background, as what is important is the exponential

suppression near the boundary, and not the exact form of the prefactor.

3.4 General Lifshitz Spacetime

For the general Lifshitz case, we consider the effective potential

Y

2— —_——— ——
Q=1 2o

(3.82)

where we recall that v is related to the critical exponent by v = 2(1 — 1/z). We restrict
to the case z > 1, corresponding to 0 < v < 2. While the exact WKB integral may be
performed numerically, it is in fact possible to extract the asymptotic behavior in the large
a limit.

More precisely, we note that Q2 introduces several scales for ¢, depending on the relative
importance of the three terms. In the UV, as ¢ — 0, the ©?/(? term will dominate, while in
the IR, as ( — oo, the constant term will dominate. If & < v7, then the a/{” term is not
important. In this case, the 1/¢? piece of the potential leads to power law behavior in the
UV, but no exponential suppression in the wavefunction. On the other hand, for a > 17,

an intermediate region (v?/a)Y/?=") < ¢ < al/7 opens up, where the a/¢7 term leads to
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tunneling behavior.
For a > 17, the UV and IR regions are well separated, and we may approximate the

WKB integral according to

Go 12 a Cx 12 o o o
S:/ d¢’ —+——1z/ d’,/—+—+/ A’y | — —1=81+85,, (3.83
C ¢ NG, C ¢ NG, . ¢ G 1 2 ( )

where (v2/a)Y?™) « ¢, < a'/7. The first integral may be performed by making the change

of variables u = (a/v?)¢*77. The result is

(/)2

S =— {2\/1+u+log 1+U_1]

1%
Yo 3.84
2—7 Vitu+1 (3.84)

(a/v?)¢

Expanding for the lower limit near zero and the upper limit near infinity gives

2 2
[ 10g<4y)—ulog§+2\_/a§j_k/2<1— v +) (3.85)

2—79 ae? 2—7 QO[CE*'Y

This gives the correct near-boundary behavior
¢WKB ~ C1/26—S ~ CV+1/2- (386)

For the second integral, we let u = /7, so that

al/'Y

a/cl
Sy = / u Y — 1du. (3.87)
Y J1

Although this integral can be expressed in terms of the incomplete Beta function, we only

need the expansion for large a/¢?. The result is

VYD) W (220 O
== aragm e ) o

When S; and S, are added together, the leading terms in (, cancel, while the rest vanish in
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WKB error

Figure 11: Comparison of the asymptotic WKB amplitude factor with the exact (numerical)
result for v = 1, and z = 1.5, 2, 3 and 4. The fractional WKB error is given by (nwks —
Nexact )/ Mexact; Where n = |B|/|b|. Note that the asymptotic WKB result (3.89) is only valid
in the large « limit. The fractional error approaches a constant (dependent on v) as o — 0.

the asymptotic limit. We thus obtain

2\ ¥/(2—7) _
oyttt (§5) oo (Y ) o

This agrees with (3.78) for v = 1, corresponding to z = 2. We have confirmed numerically
that this WKB result for o« > /7 reproduces the correct asymptotic behavior in a. As an
example, we show the fractional error for several values of z at fixed v = 1 in Figure 11.
As in the z = 2 case discussed above, for fixed v, the exact prefactor is not reproduced by

WKB. However, the exponential suppression is confirmed.

3.4.1 Error Analysis

In addition to the explicit numerical analysis of the previous section, we would like to in-
vestigate the domain of validity of the WKB approximation analytically. In particular, this
allows us to identify potentially problematic regions that yield a large error when integrated

over, and identify when and where the WKB approximation breaks down.
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In the coordinates (3.60), the effective frequency is given by

w? = e — ae v _ 2 (3.90)

The relative error can be estimated by

111 1
g(l) _ = Ze4w + 22w + 16&2 (2 N 7)2 62(2—"/)111
1 1
+¢ (V247 —2) et v — Zzﬂa (2 — )% 1w, (3.91)

Clearly, Q1/Qo — 0 as w — —o0, so the WKB approximation is always valid in the deep UV.
The matching procedure near the turning point is only valid if there is some finite overlap
between the matching region, where w? is approximately linear, and the semiclassical region,

where |Q1]/|Qo| < 1. Let us consider two separate cases:

1. o < v: We can write w? ~ e?¥—12. The condition for the potential to be approximately

linear is

) (w — wp) < 1. (3.92)

Since the left hand side is of order |w — wy|, the matching region is approximately

1

given by e € [ve ', ve]. To check if there is some overlap of this interval with the

semiclassical region, let us plug the upper and lower bound into our error estimate:

o3 - O{%a e =ve (3.93)
ol 02l ev = pe
ve ’

We see that for small v (more precisely, for v < 1/2), the error becomes of order one
and there is no overlap between the matching region and the semiclassical region. In

this case, the matching procedure fails.

2w (2—k

2. a> v: We can write w? =~ e2* — ae®*% for w near the turning point at e ~ /7.
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The condition (3.92) now gives ¢” € [a'/Ye™! a'/7¢e| and the error at the boundary
points is Q/Qy ~ a~%7 - const. Hence for o large enough the matching always yields

good results.

Even though for large o the matching procedure works for all v, one needs to be more careful:
As we have seen previously, there are three different regimes of (, corresponding to each of
the three terms in (3.90) dominating. In the region where ae®>* dominates, the relative
error grows as w decreases (see (3.58)). If v = 0, the error continues to grow to infinity as
we approach the boundary. However, for v # 0, the v?/p? part of the potential takes over
at ae® " ~ 2 and the relative error decreases again. Hence there is a local maximum of

order

@] 3

|Qo| e

(3.94)

For small v, the WKB approximation breaks down in this region. We speculate that since
e~ ~ 12 is precisely where the potential changes from k?/p to v?/p? behavior, there is
some nontrivial mixing between growing and decaying modes that the WKB approximation
cannot account for. This mixing is stronger for small v, as the difference between the relevant
exponents, A, — A_ = 2zv, becomes small. Nevertheless, we can conclude that our WKB
approximation can be trusted as long as v 2 1/2. Most importantly, the approximation

becomes more and more accurate at large /v, which is precisely the regime we are interested

n.

3.5 Smearing Functions in Lifshitz Spacetimes

In this section, we introduce smearing functions as a way to reconstruct bulk physics from
boundary dynamics. Using the WKB formalism developed previously, we will show that for
Lifshitz spacetimes, and more generally for any flow involving Lifshitz, such reconstruction
is not possible.

First, recall that the normalizable solutions of the Klein Gordon equation can be used
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to construct the Hilbert space of the bulk theory in the following way: We decompose the

scalar as

6 (t,7,r) = / ABd"k~— (6rn (43, 1) g + 05y (67,7 by ) (3.95)

Ng

[NIE

where agj are operators, Ngj = (¢pk, ¢px)2and (-, -) is the Klein-Gordon inner product,

defined by
(fg) =i / dhedry=gg® (£ — (O0f) 9) (3.96)

Here, the integral is to be taken over a spacelike slice . This norm is designed to be
preserved by the effective Schrodinger equation in (3.14).

If we choose <¢E7k, ¢’$Ek> =0, i.e. pick definite frequency solutions, the a and a' are the
usual creation/annihilation operators for particles with wavefunction ¢p ;. We can create
all possible states in the Fock space by repeatedly acting with a on the vacuum |0) AdS-
In Lorentzian AdS/CFT, the bulk-boundary dictionary states that there exists a boundary
operator defined by

O(t, %) = limr 2+¢ (t,Z,7), (3.97)

r—0

which is sourced by the classical, non-normalizable solution ¢ behaving as r*- at the

boundary. Taking the above limit in (3.95), we arrive at

. 1 L . L
O (t,7) = /dEddkm (@E,k (t,Z) apy + @py (t, ) aTE,k) : (3.98)

Here pp ) = lim,_ r‘AuzﬁEJg. The remarkable fact is that the boundary operator can be
expanded in terms of the same a,a' as the bulk field. Thus, to create an arbitrary state in
the bulk we can use either bulk operators or boundary operators that are “smeared” over ¥

and t in an appropriate way. For example, for a single-particle state we have

apk = /vCllf/CZdI/]VE’kQO*EJC (t/, f/> O (t/, f/) 5 (399)
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so the state |E, k), can be built entirely out of boundary operators, and so on. Here we

need to assume that the ¢ are normalized such that
/ AEd kg, (1,7) pps (. 2) = 6 (t — )6 (T — 7). (3.100)

Notice that (3.100), and not (3.96), is the relevant inner product here. This is because
the g are not solutions to any equation of motion at the boundary; rather, they are a
set of complete functions®. The condition (3.100) is not in tension with the Klein-Gordon
normalization condition in the bulk, since we have explicitly factored out Ngy in (3.95).
Equation (3.99) induces an isomorphism between the Fock-space representations of the
bulk and boundary Hilbert spaces. The question we would like to answer is whether we
can express any operator in the bulk entirely in terms of boundary operators. In particular,
we would like to reconstruct ¢ from its corresponding boundary operator O. We make the

ansatz

6 (LT,r) = / Al K (4 F, v, ) O (8, 7). (3.101)

where K is called a smearing function. We can plug (3.99) back into (3.95) to obtain:
K(t,zrlt,2) = /dEddkgb (t, &, r) o5, (t, 7). (3.102)

Note that this K differs from the usual bulk-to-boundary propagator in that it is a
relationship among normalizable modes. Throughout this chapter, we will assume that K
has a well-defined Fourier transform, which allows us to interchange the order of integration
above. We will comment on some mathematical details and the precise definition of K in

section 3.7.

3In other words: O is an off-shell operator.
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In Lifshitz spacetime, the normalizable solutions are given by

Dpp = efi(E‘tfk.g‘c’)fEk _ o i(Bt-RE) — ¢Ek- (3.103)
Near the boundary,
(O BE,kC%+V = BE,M“Z(%W), (3.104)
so that
Pk =lmr g = ¢ i(BkE) g (3.105)
The normalization condition (3.100) then requires |Bgi| = (2r)" ™2 Let us now use
the WKB approximation. For normalizable solutions, we have C' = 0, or a = —ib, so the
normalization of the wavefunction is fixed by
b = vzzzt” (27T) hmy S, (3.106)
y—0
The properly normalized WKB solution is then given by
o (9 (27) Sty Y (U + AU — E?)" 1 lim,,_,o y”e @50 p < po;
Exk\P) =
% (o) F L Lat (2 At veSW) [o=i®(p) _ ei®(p)
(2m) vazzt (B2 — U — AU) 7 limy_,oye’® [e — @] p> py,
(3.107)

U—AU and AU = 1/ (2p')

fpodp\/U—i—AU E? fpdp\/E2

(see appendix D).
Using this result, we can write our candidate smearing function as

where S (p

dE  d%  (pw—n -t
P i(B@-)-F@ *f”)zpm. (3.108)

d
2

d
-4pB

K=e S
(2m)* (2m)

We recognize this integral as the inverse Fourier transform of 15 ,. We will now show that

this object does not exist? because 1 grows exponentially with momentum p

4For a precise definition of what we mean by nonexistence, see section 3.7
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First, let E and p be fixed. We then choose k large enough so p < po, i.e. so the p we are
considering is in the tunneling region. This choice is possible for any p. For concreteness,
we can choose

k* > E?p. (3.109)

po 2 L2 , ( )
= lim y” exp / dp'y | —= + —= — E? |, 3.110
y=0 y () ()

and the integral is real-valued. Now let 0 < A < 1 such that y < Ap < p and split the

/p:/Aij/Ap. (3.111)

Roughly speaking, the first integral provides the boundary data with the correct asymptotic

Then

lim y” S50
y—0

integral accordingly:

y-dependence, while the second integral is responsible for the exponential behavior in p. In

the first integral, using (3.109), we find

Ap
[
Yy

In the second integral, for p large enough® we can find a constant 0 < ¢ < 1 such that

p 2 k2 p ck L )
do/y | — + ——= — B2 > / dp'—— = czpz (1 — Nz ) k. (3.113)
/Ap \/(p’)2 () o () (1-2)

Putting everything together, we conclude that for E and p fixed, there exist ¢, A € (0,1) and

V2 k? Ap
Tk + Wy E? > vlog (;) . (3.112)

ko such that

lim y*eSW =50
y—0

> (A\p)” exp [czp%(l — Ak, (3.114)

for all £ > py. Hence the function ¢ g j grows exponentially with £ and the smearing function

defined in (3.102) does not exist®.

SFor concreteness, choose e.g. p> > E?pF/(1 — ¢?).
6This exponential behavior in p is distinct from the behavior of |B|/[b| in « (see e.g. (3.43)), since here
we are interested in the amplitude of the wavefunction at a fixed radial location p, and not its overall
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The inability to construct a smearing function is due to the existence of trapped modes,
which have to tunnel through Vj to reach the boundary. The boundary imprint of these

modes is suppressed by a factor of e~°*

, where ¢ is some positive constant depending on
the geometry. However, the normalization condition (3.100) turns this suppression into an
exponential amplification: For any given mode the smearing function takes the corresponding
boundary data and amplifies it by an appropriate factor to reconstruct bulk information.
Consequently, trapped modes receive a contribution et in the smearing function integral.
As k — oo, the boundary imprint of trapped modes becomes arbitrarily small, and as a
result the smearing function integral diverges.

The splitting of the domain of integration into a near-boundary region [0, Ap] and a bulk
region [Ap, p] is crucial for our proof: In the near-boundary region, we use the fact that no
matter how large k is, we can make p’ small enough such that the cosmological- and mass-
terms in the potential dominate over V; and we can approximate U = v?/(p’)%. Modes that
tunnel through this part do not contribute an exponential factor ~ €*, but rather produce
the correct boundary scaling y~". This scaling is consequently stripped off by the y* factor
in (3.110). In the bulk region near p, however, there is a minimum value that p’ can take, so
as we drive k to infinity, eventually U ~ k*/(p')" becomes a very good approximation. This
is what produces the exponential factor in (3.114).

We see that there are two qualitatively different limits of the potential: p — 0 and
k — oo. Both of them are important for understanding the behavior of (3.110), which is
why we need to pick 0 < A < 1 to get a lower bound that reflects this behavior. Simply
setting A = 0 corresponds to approximating U =~ k?/(p’)” everywhere. However, in doing so
we would be neglecting the boundary scaling y~¥, and consequently the lower bound (3.114)
would be zero. Similarly, A = 1 corresponds to approximating U =~ v*/(p’)? everywhere.
While this is certainly true for small p/;, we would be missing the fact that the momentum

part Vj of the potential can still dominate in any interval away from the boundary (i.e.

normalization.
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close to p) and lead to exponential growth. The bound (3.114) would just be a constant
independent of & and we would not be able to make the same conclusion about the smearing

function.

3.5.1 Momentum-space Analysis

It is instructive to analyze the behavior of the integral (3.108) at large momenta in the (E, |k|)-
plane. We already saw that for fixed energy F, the smearing function diverges exponentially
with |k|, as the tunneling barrier becomes arbitrarily large at high momenta. However, this
is not necessarily the only direction along which the integral diverges. Let us introduce polar

coordinates

|k| = qcosb

E = gsiné. (3.115)

Figure 12 shows a sketch of the spectrum in the (E,|k|)-plane: The solid line divides trapped
modes, which have to tunnel through V) from free modes, which only tunnel through U ~
1/p% If we imagine cutting off Lifshitz at some small value A\p with A < 1, all modes with
E < (/\,0)_% |k| (yellow region) are trapped modes’. Let us study the integral which defines
the smearing direction. If we perform this integral along any direction 6 over these modes

(i.e. tanf < (x\p)fé)7 the exponential term in the integrand behaves as

a2 L an? 2 cos?
Re (S (y) —S(p)) = /y dp \/(p’)2 + ((p/)v t 9) q 6. (3.116)

For ¢ large enough, this term grows linearly and the smearing function is exponentially

divergent. We see that the variable that controls the suppression (or amplification) due to

"Notice that the choice of \ is arbitrary. In particular, along any line E = tan6|k|, there is a choice of
A such that all modes are below the momentum-barrier for large enough |k|. Nevertheless, because of the
subtleties discussed at the end of the previous section, we should not simply take A — 0 but instead work
with a small but finite value.
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Figure 12: Sketch of free (F) and trapped (T) modes for general case (energy E vs. momen-
tum p = |k|). Deforming the geometry in the IR may introduce a cutoff (dotted line), but
this line will always remain below the solid line, and some trapped modes survive.

tunneling is in fact ¢ = v E? + k2, as opposed to just |k|.

3.5.2 No Smearing Function < Singularities?

The divergence of the smearing function is due to trapped modes, which correspond to clas-
sical geodesics that cannot reach the boundary. However, those are precisely the trajectories
that start and end at the tidal singularity at p — oo, so their fate is not well-understood
even on the classical level. Therefore, one might wonder if the inability to construct smearing
functions is simply due to the presence of singularities. This question has been raised before
in the case of black hole solutions in AdS® [68, 69]. Fortunately, as we have seen in chapter
2, in our case there are known ways to resolve the singularity in the IR, so we can directly
test the conjecture that non-existence of smearing functions is related to singularities. Thus
we can use the numerical flows constructed earlier to test whether resolving the singularity
can make the smearing function well defined.

As a warm-up, consider the following analytical toy-model describing a flow from AdSy.

8However, we should point out that the two types of singularities encountered here are qualitatively
different. In the Lifshitz case, the singularity is ‘mild’, in the sense that all curvature invariants remain
finite. It is, however, felt by strings that fall towards the horizon [43].
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to Lifshitz to AdS, x R%:

1
24 ?’
)
pi27 0< p < Rla
2B _
e = #; Ry < p < Ry;
| M <p
C = A. (3.117)

The last condition is a gauge choice, which fixes our radial coordinate to be p, as defined in

(3.11). The potential is given by

_1
V%p—f + k2, 0<p< Ry
p2_1 v
Ulp) = %4+W(%), Ri < p < R; (3.118)
p2 1 v 2
e (2) (2), R<o

where v, was defined in (3.27), and 0 < 7 < 2. All modes with & > E, or equivalently
tanf < 1 are trapped. It is interesting to note that since the potential goes to zero as
p — 00, there are now modes that are below the barrier in the AdS, o region. For pure AdS,
this is not possible, as the wavefunction cannot be below the barrier everywhere.

Let us see if a smearing function exists for any point p in the bulk. For 0 < p < Ry, we

need to compute

y—0

p 2
= lim y” exp Re/ dp/\/y—/l2 + (1 — tan?6) g2 cos? 0 | . (3.119)
y—0 y P

Naively, one might expect that since we are integrating all the way up to the boundary
at p = 0, the 1/p?>-term will eventually dominate and there is no g-divergence. However,

we have seen before that it is necessary to split the integral into a near-boundary region
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and a bulk region, according to (3.111). The near boundary integral will then produce the
typical boundary scaling y~", while the bulk integral will grow linearly for trapped modes.
In complete analogy with (3.114) we find that there exist constants go,¢ > 0 and A € (0,1)

such that

y—0

> (Ap)™ e, (3.120)

for all ¢ > qo. Again, even though the 1/p? part of the potential dominates near the
boundary, there is still an exponential divergence due to trapped modes, and the smearing
function does not exist in the AdS region.

For points within the Lifshitz region (R; < p < R»), the relevant integral contains an

integral over the AdS,,, region, which is divergent by itself, plus an additional term

P 2 k
/ dp/ % + ((%) — tan? 9> q2 cos? 0. (3.121)
Ry

This integral gives a real contribution for tan 6 < (R;/ p)W/ ? which grows linearly with large

q. Hence the smearing function still grows like e“?, but now ¢’ > ¢ and it diverges even faster
than in the AdS, 2 part.
The same logic can be applied to a point within the AdS, x R region in the IR (p > Ry).

In this case there is a contribution from both AdS;,s and Lifshitz, plus a contribution

dp' | == + — — ) —tan?0 | ¢?cos? 4. 3.122
/R2 P P ((Rz P 1 ( )

Modes with tan@ < (Ry/R,)"? Ry/p begin to tunnel already in the AdS, x R? part of the

potential, and so the smearing function will diverge even faster at large q. The final result
is that there is no smearing function for any point p in the bulk. The trapped modes lead
to an exponential divergence which becomes worse the deeper we try to reach into the bulk.

Let us now check that the result obtained for the toy-model (3.117) is indeed correct also
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Figure 13: Effective potential U for the numerical flow found in section 2.3.2, for m = 1 (note
that p = |k|. The momentum increases from bottom to top, with & = 0 (black), 10* (blue),
10* (red), 105 (green). At large momenta, the potential is well approximated by V;, = *"V k2.

for the exact numerical solution found in section 2.3.2 (here d = 2). The effective potential is
plotted in Figure 13. As k increases, the potential becomes better and better approximated
by Vi (shown in Figure 14). The metric coefficients and potential are of the form given in
(3.117) and (3.118), except that now there is a smooth transition between the three regions.

Figures 15-17 show the real part of S (y) — S (p) in the (E,|k|)-plane. Instead of taking
y to zero we choose y ~ 107!, which we may think of as disregarding the near-boundary
region of the p'-integral and starting at y = Ap. The thick line divides free (blue) modes
from trapped (yellow) modes. The contours represent lines along which Re (S(y) — S(p)) is
constant. If we keep E fixed and increase p, we cross the contours at approximately equal
distances, so the integral grows linearly in p. This is not only true for lines of constant F,
but for any line within the trapped region (i.e. any line that stays below the black solid line).
Hence the integral indeed diverges linearly with ¢ = vE2 + k2, as was anticipated in section
3.5.1.

Figure 18 shows Re (S (y) — S (p)) for three points representing AdS,, Lifshitz and AdSs x
R?. The energy is held fixed at £ = 10'® | such that at small p, the wavefunction is oscillating
everywhere. As we increase p, the mode eventually becomes trapped and the real part of the

integral grows linearly. Note that in the log-log plot used here, the three curves lie nicely

70



104"
1020

1016_

T T T T T 1
10713 1012 10°° 1076 1073 10°
P

Figure 14: The factor e for the same numerical solution. The solution flows from AdS,
(2" ~ const.), to Lifshitz (e ~ p'4° corresponding to z &~ 3.68) to AdS, x R? (e2VV ~
p~2).

on top of each other. This fact confirms our prediction that the smearing function diverges
faster the deeper we try to reach into the bulk.

We conclude that resolving the tidal singularity is not enough to make the smearing
function well defined. The AdS, x R? region in the IR can be thought of as the 2 — oo limit
of Lifshitz spacetime. As a consequence, Vi, ~ p~2, and there are still trapped modes with
arbitrarily small boundary imprint.

It is also worth commenting on the addition of an AdS region in the UV, as in (3.117),
which may seem desirable to make the holographic renormalization procedure better-defined.
We have seen explicitly that the integral over (3.119) is still divergent at large momenta and

a smearing function does not exist, even for points close to the boundary.

3.5.3 Other Flows Involving Lifshitz

The AdS, x R? geometry considered in the previous section is not the only possible IR
endpoint of the RG-flow for Lifshitz solutions. Ref. [55, 72, 73] have considered flows from
Lifshitz an AdS4. o fixed point in the IR. These flows are of particular interest to us, since
V, does not go to zero as p — oo, but reaches a constant value corresponding to the AdS

geometry at the horizon. Consequently, some of the problematic trapped modes never oscil-
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Figure 15: Plot of Re (S(y) — S(p)) for a point within the AdS, region (p &~ 1.3-107'%). The
black solid line represents Vj, = E? and divides free (blue) from trapped modes (yellow).
Contours indicate lines of constant Re (S(y) — S(p)), with a linear increase between different
contours.
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Figure 16: Plot of Re (S(y) — S(p)) for a point within the Lifshitz region (p ~ 9 -107%).
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Figure 17: Plot of Re (S(y) — S(p)) for a point within the AdS, x R? region (p =~ 1).
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Figure 18: Plot of the real part of S(y) — S(p) vs. p = |k| at three different positions within
the AdS, (p ~ 1.3-107'%), Lifshitz (p ~ 9-107%) and AdS,; x R? (p &~ 1) regions (from
bottom to top). The energy is fixed at £ = 10'% and we chose m = 1. For large momenta,
the solution begins to tunnel and contributes an exponential factor in K.

late, and are thus removed from the spectrum. To see how this works, consider the following

toy-model of such a Lifshitz to AdSy, o flow:

1
o2A — E’
};_QY; p > Rl?
cC=A (3.123)
The potential is given by

Vgpj + ’;—27 0<p< Ry

Up) = (3.124)
v2-1 2
1/)24 + 1’;_]1@, ,0 > Rl
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To compute the smearing function at some fixed p < R; we again split the interval [0,p]
into a near-boundary region [0, \p] and a bulk region [\p, p|, where A < 1. In the bulk
region, the potential can be approximated by V;, = k%/p” for p large enough. Then, modes
with £ > ()\p)V/2 E are trapped by Vi. For p > R, the potential takes a constant value. In
pure Lifshitz, modes with k& < Rg/ *E would have been oscillating in this region. However,
these modes are now completely under the barrier and therefore have to be excluded from
the spectrum. The AdSg,s region in the IR thus introduces a natural (energy-dependent)
momentum cutoff.

Nevertheless, there is still a finite wedge of trapped modes with Rl_w2 < tanf < ()\p)_w2
(cf. Figure 12) and integrating up to ¢ = oo will produce the same divergent behavior as

before. In section 3.6.1, we will give a general argument as to why this has to be the case,

and show that no smooth IR-deformation can remove all trapped modes from the spectrum.

3.6 Smearing Functions for General Planar Backgrounds

We have seen that the construction of smearing functions can fail if there are modes that
have to tunnel through a momentum barrier in the potential. The integral (3.102) diverges
if such modes exist at arbitrarily large ¢ = v/E? + k2. In this section, we will generalize our
previous findings to prove that smearing functions do not exist for any geometries that allow
trapped modes.

Consider a background that satisfies
9,V < 0 for p € [p1, pa]. (3.125)

We would like to compute the smearing function at a bulk point p > p;. All modes with
Vi (p1) > E? have to tunnel through some part of V} and are therefore trapped modes.
Let us write the integral defining the smearing function in (3.102) as [ dEd|k| [ d24—1 and

focus on the integral in the (F,|k|)-plane. The domain of integration is shown in Figure 12,
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where free and trapped modes are separated by the solid line E? =V}, (p;). Choosing polar

coordinates (3.115), we find that the exponential part of the integrand satisfies

P2
Re (S (5) = S (0)) > Re [ dpfy/Va (/) + Vew(p) + (2010 — tan 6) cost 2. (3.126)

p1

Since the integration domain does not include the boundary, the first two terms under the
square root are bounded. Thus, for tan@ < eV the integral grows linearly with large ¢
and the smearing function diverges exponentially. The divergence appears not only at fixed
E, but under any angle in the yellow region of Figure 12.

Consequently, if a geometry has trapped modes that are below the barrier at some py,
a smearing function does not exist for any p > p;. Using the null energy condition (3.7),
one can show that once 8peW is negative for some py, it cannot be positive for any p < p;.
Thus, once the wavefunction is below the V}, barrier, it will stay below it as we go towards the
boundary. Using the terminology introduced earlier, trapped modes cannot become free near
the boundary. Therefore, when computing the smearing function K (¢, x, p|t’, 2"), there is an
exponential contribution from trapped modes regardless of which bulk point p we consider.

The condition (3.125) makes it is easy to identify geometries without smearing functions.
Clearly, Lifshitz has @,eW < 0 everywhere, and as we saw earlier, K does not exist. If
we instead consider flows that involve only a finite region with broken Lorentz invariance,
such that (3.125) is satisfied in some region, we still have trapped modes, and the smearing
function will not exist. This analysis includes flows involving a Lifshitz region, as well as
hyperscaling geometries with Lifshitz scaling. Our analysis above shows that none of these

geometries admit smearing functions, provided the spacetime satisfies the NEC.

3.6.1 Removing Trapped Modes via Deformations

In our discussion above, we always assumed that the momentum-space integral (3.102) does

in fact include trapped modes with arbitrarily large ¢ on some set of nonzero measure. This is
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clearly the case in the examples mentioned above. On the other hand, the smearing function
for AdS converges because modes with k? > E? are simply not part of the spectrum, as the
corresponding wavefunction would have to be below the potential globally.

One might wonder if it is possible to ‘fix’ a geometry which a priori does not admit a
smearing function, by removing all trapped modes from the spectrum in a physical way.
The AdS example gives us a hint on how one might accomplish this task: If the geometry
is deformed in the deep IR such that would-be trapped modes never actually oscillate, they
would simply not be allowed. Using the null energy condition (3.6) and (3.7) , it is easy to

show that there are only three relevant IR asymptotics that we need to consider:
1. eV decreases monotonically to a constant value p > 0.
2. eV attains a minimum value x> 0, but then goes to constant M > p.
3. " attains a minimum value x> 0, but then goes to infinity.

Trapped states are equivalent to tunneling states in the potential Vj, = k%e2. For p large
enough, these states always exist [74]. This can be seen heuristically by bounding the poten-
tial from above with an appropriate square-well potential U (p) (see Figure 19). Therefore,
no smooth deformation can ever remove all trapped modes from the spectrum.

As an example, consider case 1, which captures the case of the Lifshitz to AdSg, - flow
discussed in section 3.5.3. The AdS region introduces an energy-dependent momentum cutoff
k < E/u. However, since pu is by definition a global minimum and (3.125) holds, we clearly
have p < V(1) Although the cutoff may remove some trapped modes from the spectrum,
there will always remain a wedge of trapped modes that gives a divergent contribution when
integrated over (see Figure 12). We conclude that spaces without a smearing function cannot

be deformed smoothly to make the smearing function well-defined.
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Figure 19: Sketch of Vj, for a potential satisfying (3.125). This includes deformations of AdS
and flows involving Lifshitz. Using the min-max principle, the energy levels are bounded
from above by those of a square-well potential. In the large k limit, there are always trapped
modes. The near-horizon behavior of the potential is irrelevant for our discussion.

3.6.2 Adding Trapped Modes via Deformations

Another interesting question is what happens if we take a geometry with a smearing function,
such as AdS [62, 63, 64], and add a small (planar) perturbation in the IR. It can be seen from
(3.7) that € must start with non-positive slope at the boundary for any background that
is asymptotically AdS®. Since the potential scales with %k, such a perturbation will always
introduce new trapped modes. In particular, the momentum-potential V, = k?e* can
always be bounded from above by a semi-infinite square-well potential of width [ and height
h = k?hg, where hq is some constant (see Figure 19). For large enough k, the square-well
always admits bound states with k% (1 — hg) < E? < k? and, via the min-max principle,
so will V. As a result, the smearing function would be destroyed anytime the metric is
deformed by such a perturbation.

This result is interesting, as it opens up the possibility that “small” perturbations of AdS

can make the smearing function ill-defined by introducing new trapped states. However, we

°Tf we do not insist on AdS asymptotics, then we could choose e to immediately have a positive slope.
If " has positive slope at some p,, the NEC dictates that ¢ cannot begin to decrease at some larger p.
Thus, in this scenario no trapped modes are introduced, and the smearing function will continue to exist
everywhere. In particular, we cannot have a situation akin to Figure 5 in [69], where the potential has a dip
allowing trapped modes to become oscillating again close to the boundary.
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should keep in mind that our ansatz only allows for planar perturbations; we cannot consider
localized disturbances. It would be interesting to study the effect of such perturbations in
a more general setup. Again, notice that the ultimate IR fate of the geometry with AdS
behavior in the UV is not important for this discussion. In particular, whether or not there

is a singularity at r — oo does not change the qualitative result.

3.6.3 Relativistic Domain Wall Flows

Given the above considerations, one may get the impression that the smearing function no
longer exists for any geometry other than pure AdS. However, it is important to realize that
such a conclusion is in fact unwarranted. What we have seen is that the non-existence of
the smearing function is intimately tied to the presence of trapped modes with exponentially
small imprint on the boundary. Since such modes arise from the large k limit of V; = ¢V k2,
they are naturally absent when W = 0, corresponding to flows preserving (d+ 1)-dimensional

Lorentz symmetry

ds?,, = PO [—dt? 4+ di?] + *“Oar?. (3.127)

In this case, the Schrodinger equation (3.14) is more naturally written as
)"+ (Vi + Voo ) = (E? — k). (3.128)

In particular, the effective potential U= Vin + Veos no longer scales with k.

In general, U may admit bound states and/or modes trapped at the horizon. Although
bound states fall off exponentially outside the classically allowed region, since such states
occur only at fixed values of Q> = E? — k2, they will always have a non-vanishing (although
small) amplitude at the boundary. Hence the presence of such states do not present an
obstruction to the existence of a smearing function. Trapped modes at the horizon, on the
other hand, are potentially more troubling, as they may form a continuum spectrum with a

limit of vanishing amplitude on the boundary. However, it turns out that this possibility does
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not prevent the construction of a well-defined smearing function K (¢, x,r|t', x) for any fixed
value of r. The point here is that since U is independent of (), the maximum suppression
factor to tunnel from the boundary to r is bounded by setting @ = 0 in (3.128). As a
result, it is impossible to make the suppression arbitrarily small. Hence we conclude that
the smearing function exists for finite r in the case of relativistic domain wall flows, although
the r — oo limit of K may not exist if there are trapped modes that live arbitrarily far from
the boundary.

We see that it is generally possible to define a smearing function only for relativistic flows,
where W = 0 along the entire flow. Furthermore, for the case of AdS;. o — AdSg. o flows,
the effective potential U falls off as 1/p* both in the UV and the TR. Since this potential is
too steep to admit trapped modes in the deep IR, there are no modes completely removed
from the boundary, and hence the r — oo limit of the smearing function is well-defined.

Thus in this case the entire bulk may be reconstructed.

3.7 Modifying the Bulk-Boundary Dictionary

We have seen that for transverse Lorentz-breaking spacetimes with locally decreasing trans-
verse speed of light, the smearing function is not well defined, even after resolving potential
singularities. Thus, we are left with the option of loosening some of our initial assumptions
about this function and its corresponding entry in the bulk-boundary dictionary. In partic-
ular, we need to reexamine our implicit assumption that K can reconstruct the bulk up to
arbitrarily small transverse length scales.

Let us be a bit more precise about what kind of mathematical object the smearing func-
tion really is, and what we mean by saying that K does or does not exist. The most general
possible definition is to let the smearing function be any map from boundary operators to
bulk fields. However, a reasonable condition is that K defines a continuous, linear functional

on the space of boundary operators. Continuity means that for any convergent sequence of
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boundary operators O,, we have

lim K [O,] = K | lim O,

(3.129)

The difficulty in constructing such a K is due to the fact that the two limits are defined with
respect to very different norms. The bulk norm relevant for the left hand side is the Klein-
Gordon norm (3.96), while the boundary norm for O is given by (3.100). We have seen that in
spacetimes with d,e"" < 0 locally, there exist nonzero bulk solutions that have exponentially
small boundary imprint, which provide an obstruction for constructing continuous smearing

functions.
Our strategy in this chaper was to calculate a candidate smearing function K in mo-
mentum space, and ask whether it defines a well-behaved object in position space. The
k

problematic case is when the function defined in this way grows exponentially, i.e. K ~ ek,

Its action on a boundary field can be written in momentum space as
K[O] ~ / die K (k) O (k). (3.130)

Whether or not this integral is well-defined clearly depends on what we allow O to be: If
Ois a square-integrable function, the smearing function has to be square-integrable as well,
which is clearly not the case here.

What if we impose a stricter fall-off condition at £ — oo? One rather strict condition

would be that O falls off faster than any inverse power of k at infinity!?. A classic example

k2 k

of such a function is a Gaussian ~ ¢~ . However, e¢® is not a well-defined functional on

this space either. This can be seen by explicitly constructing a sequence of functions with
arbitrarily small boundary imprint, i.e. a sequence that goes to zero in the boundary norm.

For example, consider

~

O, (k) =e "V (k—n), (3.131)

10Tn other words: O is a Schwartz-function and K is a tempered distribution.
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where W is some bump-function. Attempting to reconstruct the corresponding bulk solution
yields K[O,] ~ [ dkWV (k), which is independent of n, and in particular never equal to zero.
Using (3.129), this means that the smearing function is not continuous.

The only way to make sense of the smearing function is to completely avoid configurations
with arbitrarily small boundary imprint. This can only be achieved by introducing a hard
momentum cutoff A. In other words, we attempt to invert the bulk-boundary map ¢ — O
only for configurations with 6(1{; > A) = 0. Acting on these functions, the exponential e
is indeed a well-defined continuous functional, and the integral (3.130) converges. There is,
however, a price to pay: as is well-known, the Fourier transform of such compactly supported
functions does not have compact support. The position space wavefunction necessarily has
to leak out to infinity, and thus full localization in the transverse direction can never be

achieved.

3.8 Summary and Discussion

In this chapter, we studied the possibility of bulk reconstruction from boundary information
in Lifshitz and more general non-relativistic spacetimes. At the classical level, the presence
of non-radial null geodesics that do not reach the Lifshitz boundary suggests that much of
the bulk data is inaccessible from the boundary. We have confirmed this heuristic picture by
studying smearing functions for a bulk scalar field and demonstrating that they do not exist
for Lifshitz spacetimes with z > 1. The reason for this is that there will always be trapped
modes in the bulk that have exponentially vanishing imprint on the boundary. It is these
modes and the information that they contain that cannot be reconstructed from any local
boundary data.

Of course, as we discussed in chapter 2, Lifshitz spacetime has a tidal singularity at
the horizon. Since the trapped modes begin and end in the tidal singularity, one might

conjecture that resolving the Lifshitz singularity would remove such modes and lead to a

81



well defined smearing function. However, this is not the case, as we have seen; even with a
regular horizon such as AdS, x R? or AdS4;», there will be trapped modes with vanishing
imprint on the boundary as the transverse momentum is taken to infinity. Thus the existence
or non-existence of a smearing function is independent of the nature of the horizon, and in
particular whether it is singular or not.

More generally, we have seen that the constructibility of the smearing function depends
crucially on whether there exists a family of trapped modes with arbitrarily small suppression
on the boundary. The only way this can arise is if the momentum dependent part of the
2W 2

effective Schrodinger potential Vi, = e has a local minimum or a barrier that grows as

k — oo. Thus the question of whether or not the smearing function exists is closely related
to the behavior of the gravitational redshift factor e™". In general, all non-relativistic
backgrounds such as Lifshitz and ones with hyperscaling violation (including flows with
such regions) do not admit smearing functions. The same is true for geometries such as
Schwarzschild-AdS, where €2V starts out as unity on the boundary, but vanishes at the
horizon [69]. On the other hand, smearing functions are expected to exist for backgrounds
with W = const., i.e those preserving (d+ 1)-dimensional Lorentz invariance along the entire
flow.

The scaling of V}, with k2 has the important consequence that any trapped mode will
always be completely suppressed on the boundary with a factor ~ e “? as ¢ — oo, where
¢* = E? + k? and c is a geometry and radial location dependent positive constant. This
gives rise to the perhaps somewhat unexpected feature that, with the existence of trapped
modes, the smearing function K (¢, x,r|t',x) cannot exist even near an asymptotic AdS;, o
region near the boundary, so long as r is at a fixed location. One may wonder why the
presence of trapped modes living in the IR would destroy the possibility of reconstruction of
the UV region near the boundary. The reason for this is that, while a trapped mode in the

IR indeed has to tunnel to reach the boundary, its amplitude does not immediately vanish

in the interior of the bulk geometry. Moreover, these modes can live at a finite distance from
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the boundary. Hence they can have an imprint at any fixed r in the bulk, and yet vanish
on the boundary. It thus follows that the bulk information corresponding to such modes
cannot be obtained from the boundary, and thus the smearing function would not exist for
any fixed value of r.

Since the existence of trapped modes with arbitrarily large values of ¢ provides an ob-
struction to the construction of a smearing function, one way around this difficulty is to
remove such modes by considering a hard momentum cutoff A. Another way to think about
this is that it may indeed be possible to reconstruct the bulk data from the boundary infor-
mation, but only up to a fixed momentum k£ = A. As A is taken larger, the reconstruction
becomes more difficult, as there would be larger amplification in going from the boundary to
the bulk due to the presence of trapped modes with larger values of ¢q. With such a cutoff,
one would have good control of the near boundary region in the bulk. However, one would
lose complete localization in the transverse directions. The analysis in this chapter provides
a first hint that non-relativistic spacetimes may have an intrinsic, built-in momentum-cutoff
that has gone unnoticed in previous work. In fact, we will see in section 4.3 that such a
cutoff is not an artificial construction, but arises naturally as soon as one considers the effect
of higher derivative corrections to the bulk action of matter fields.

To summarize our discussion of smearing functions, if we limit ourselves to a minimum
spatial resolution, local operators in the non-relativistic CF'T do indeed contain all the
relevant information about fields in the bulk of Lifshitz and other non-relativistic spacetimes.
However, full locality in the transverse direction cannot be achieved using smearing functions
only, due to the presence of modes with vanishing boundary imprint. If and how the missing
local bulk information can be extracted from the field theory remains an interesting open
question. One possibility that comes to mind is to make use of non-local operators in
the field theory, such as Wilson-loops [75]. At the very least, our analysis demonstrates that
some parts of the holographic dictionary for non-relativistic gauge/gravity dualities are more

intricate than in the well-understood AdS/CFT case.
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Chapter 4

Holographic Green’s Functions

The AdS/CFT correspondence provides us with a powerful set of tools to make predictions
for strongly coupled quantum field theories. The most striking feature of AdS/CFT is the
fact that it is a weak-strong coupling duality. This has the consequence that calculations that
might be difficult, or impossible, to carry out on the strongly coupled field theory side, might
be relatively easy to carry out on the gravity side. Through the “holographic dictionary”,
AdS/CFT then provides us with a mathematical mapping between observables calculated
on the gravity side to those on the field theory side.

An important such observable in any field theory is the 2-point correlation function of
various operators. Instead of computing diagrams explicitly on the field theory side, we can
use a “holographic” technique for calculating boundary Green’s functions [25|. For Lifshitz
spacetime, the holgraphic Green’s function was first computed for scalar fields in [20], and
later for fermions and other operators |76, 77, 78, 79, 80]. While the functional form of the
Green’s function in Lifshitz spacetime with z = 2 is known analytically, a few open questions
still remain. First, given our discovery of “trapped modes” in the previous chapter, we are
interested in how these modes affect the boundary Green’s functions. Since trapped modes
are exponentially suppressed near the boundary, one might suspect that their imprint on the

Green’s function is also small.
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If the Green’s function is in fact insensitive to a certain part of phase space containing
trapped modes, this opens up the possibility for a notion of universality of Lifshitz Green’s
functions. If two spacetimes only differ by features that affect modes with high momentum,
we expect the Green’s functions of the corresponding field theories to be effectively the same.

The goal of this chapter is to explore precisely the effect of trapped modes on boundary
correlators. We will first demonstrate that the holographic spectral function (the imaginary
part of the Green’s function) is indeed exponentially insensitive to modes with large mo-
menta, or equivalently small energies. This is true not just for Lifshitz spacetime, but for
a more general class of non-relativistic backgrounds. Finally, we will use the insensitivity
of holographic Green’s functions to trapped modes to proof that in any field theory with
Lifshitz scaling symmetry, the spectral function exhibits a characteristic exponential sup-
pression at small energies (or large momenta). We expect that this feature is robust with
respect to changing the microscopic details of the theory. To provide concrete support for
this conjecture, we will analyze how higher derivative corrections may effect the universal
features of Green’s functions. As we will show, the characteristic exponential suppression
survives even when adding an infinite tower of correction terms that one would expect in

any sensible effective field theory.

4.1 Green’s Functions in Quantum Field Theories

To begin our discussion of holographic Green’s functions, it is worthwile recalling some of
the basic properties of Green’s functions in quantum field theories. At zero temperature, one

typically defines three different functions, namely the retarded, advanced, and time-ordered
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(causal) Green’s functions

Gr(@, 6;7,1) = i{[p(&,t)o(7, 1)])O(t — 1),
Ga(@ 1 2,1) = —i([o(Z, 1)@, 1)])O(t" — 1),

G (7, t; 7t = (T, t)o(Z,1")). (4.1)

When Fourier transformed into (w, E), unitarity and causality imply that G is analytic in
the upper half of the complex w-plane, while G 4 is analytic in the lower half. These functions

are not independent, but may be related by
Gr(w, k) = [Gaw, B)]", (4.2)

as well as

Ge(w, k) = Gr(w, K)8(w) + Galw, K)8(—w). (4.3)

In general, these Green’s functions can be obtained from a single real analytic function
G(w, k) satisfying [G(w, k)]* = G(w*, k) (except for possible poles and branch cuts) by using

an ¢e prescription

Grlw, k) = Gw+ie k),
GA(WJIZ) = G(w_i€7E)7

Ge(w, k) = G(w+iesignw,k). (4.4)

The substitution for the time-ordered Green’s function is equivalent to taking w? — w? + ie.

For real w, the spectral function is defined by

X(w, k) = 2Im Gr(w, k) = —i[Gr(w, k) — Ga(w, k)] = —i[G(w +ie, k) — G(w — i€, k)]. (4.5)

86



The spectral function may be interpreted as the density of states in phase space. Mathemat-
ically, non-vanishing spectral weight x(w, E) arises either from poles or discontinuities across
any branch cuts that lie on the real w axis.

In the holographic calculation, the choice of Green’s function is determined by choosing
appropriate boundary conditions at the horizon. For example, choosing only solutions that

are infalling (outgoing) at the horizon selects the retarded (advanced) Green’s function.

4.2 Hidden Horizons in Non-relativistic AdS/CFT

4.2.1 Horizon Boundary Conditions and the Holographic Green’s

Function

In contrast with Euclidean AdS/CFT, in the Minkowski case, the Green’s function has a
richer analytic structure that is closely related to the causal propagation of information.
For example, while the usual computation of the retarded Green’s function involves taking
infalling boundary conditions at the AdS horizon, one could equally well have obtained the
advanced Green’s function by taking outgoing boundary conditions. As we saw above, in
the situation where time reversal invariance holds, the retarded and advanced Green’s func-
tions are related by complex conjugation. This is easy to understand in terms of boundary
conditions at the horizon, since complex conjugation of the radial wavefunction interchanges
infalling with outgoing boundary conditions.

More generally, the AdS/CFT Green’s function probes the bulk, as its computation
depends on our ability to relate horizon with boundary data. Consider, for example, the

case of the scalar Green’s function arising from the action

S = / dt dx dp\/—g {—%@qﬁ@“gﬁ — %m2¢2 , (4.6)
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in a background of the form
ds? , = 2 (—dt* + dp*) + *PP 72, (4.7)
As we have seen previously, the bulk solution takes the form

o(t,@,p) = eFT0F (p). (4.8)

For metrics of the form (4.7), the Klein-Gordon equation (O — m?)¢ = 0 can again be

converted into a Schrodinger-like equation

0" (p) + U(p)b(p) = w*(p), (4.9)

where the effective potential is

. dB\"” (dB\"
U = e?Am? 1 2A-2Bj2 | <7) + (7> , (4.10)

and where f_ (p) = e B/%¢)(p). Since the solution to the wave equation will depend on both
the bulk geometry and the horizon boundary condition, the Green’s function will similarly
depend on the bulk and horizon data. Now, let us assume that the metric is asymptotically

of the Lifshitz (non-relativistic scale-invariant) form (1.5),

) LN, o L\
d ~ | — —dt” +d — dzs. 4.11
s (zp) ( i ) " <z,0) K ( )
The asymptotic boundary solution to (3.14) has the form

W(p—0) ~ A (%) LB (Z—Lp) s (4.12)
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where

v, = %\/(mL)Q + <d;'z)2. (4.13)

The holographic prescription for calculating boundary Green’s functions of ¢ is [25]
B
G(w, k) = KZ’ (4.14)

where K is a numerical normalization constant. This result simply states that the AdS/CFT
Green’s function is proportional to the ratio of the normalizable to the non-normalizable
mode.

The coefficients B and A are determined by solving the equation (3.14) subject to infalling
or other appropriate boundary conditions at the horizon. For the case of Listhitz spacetime
with z = 2, this was done in section 3.2.1. It is worthwile to discuss the form of the Green’s
function in the more general case of an effective potential of the form (4.10). Assuming U(p)

approaches a constant value Uy at the horizon, the horizon solution has the form

W~ aei\/mp + be—i\/wz—UOP’ (4.15)

and is oscillatory in the classically allowed range of frequencies, w? > Uy. The a mode is
infalling, while the b mode is outgoing for positive w. In the forbidden range, we may take
w2 — Uy — iUy — w2, so the a mode is exponentially damped, while the b mode blows
up. Although the retarded Green’s function is obtained by taking b = 0, here we leave it
arbitrary so that we can examine the effect of changing the horizon boundary conditions.
Since the wave equation is second order and linear, the horizon and boundary data are

related by a linear transformation

Mua M
Yy a _ A Ab a ’ (4.16)

b Mps Mgy | \ b
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where the connection matrix M depends on the bulk geometry connecting the horizon to
the boundary through the effective potential (4.10). In terms of this matrix M, the Green’s
function then has the form

- MBa—l—MBb(b/a)
Glw. k)= K .
(w, k) Mo + May(b/a)

(4.17)

This explicitly demonstrates how the Green’s function connects the horizon (represented by
the horizon data b/a) to the boundary via the bulk matrix M. We can, in fact, say a bit
more about the matrix M. Since we are solving a real differential equation (3.14), any time
1 is a solution, so is its complex conjugate ¢*. This allows us to relate the ¢ and b modes in

(4.15) whenever the solution is oscillatory at the horizon. In particular, M4, = M?*,, and

likewise M p, = M7,. In this case, we obtain the expression
. M u 1 —2targ Mp, b
G, F) = K2 pa T € (b/a) (4.18)

T U Mg L+ e 2o Mac(ba)’

This expression highlights the dependence of the Green’s function on the ratio b/a spec-
ifying the boundary condition at the horizon. The retarded Green’s function is obtained
by taking b/a = 0, while the advanced Green’s function corresponds to b/a — oo. Since
Mpge~2iasMba — A% (and likewise for M ,), we may explicitly see that Ga(w, k) =
Gr(w, E)* More generally, the Green’s function expression (4.18) allows us to explore the
sensitivity of the boundary behavior to small changes in the infrared. For example, a small
change to the bulk geometry in the deep IR would induce a change to the effective potential
U near the horizon. As a result, an infalling wave could scatter off the perturbation, so
that at some distance outside the horizon (but still in the IR), the actual solution is mostly
infalling, but now picks up a small outgoing component as well. In this case, the effect of
the perturbation on the retarded Green’s function can be modeled by taking b/a small but

non-vanishing, so that a small outgoing component is introduced. Expanding to lowest order
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in b/a, the result is

GME:KMm

A , b
14 G_QZargMBa N 6—213TgMAa — 4. 4.19
Yo ( )a ( )

For generic values of the arguments, the sensitivity of the Green’s function to b/a is of O(1).
However, it becomes completely insensitive to b/a (and not just to leading order) in the limit
arg Mp, = arg M 4,. Note that in this limit, the Green’s function is purely real, as the ratio

Mp,/ My, is real. Equivalently, the spectral function, defined by
X@@E):2hnGR@45):—4<GR@4@——GA@5Q>, (4.20)

goes to zero. Throughout this chapter, we will therefore take an exponentially small x as a

signal for the insensitivity to a change of the near-horizon bulk state and/or geometry.

4.2.2 Tunneling Barriers and Decoupling of the IR

As we have seen above, when arg Mp, = arg M 4, the Green’s function becomes purely real
and thus invariant under changing from retarded (infalling) to advanced (outgoing) boundary
conditions. This is actually not surprising, as complex conjugation of a real function leaves
it unchanged. What may appear more unusual is that in this case, since the dependence
on b/a completely drops out, the Green’s function is unaffected by any choice of horizon
boundary conditions 0 < |b/a| < occ.

It is important to note, however, that since the second order wave equation admits two
linearly independent solutions, the connection matrix M is necessarily invertible. What
this means is that arg Mpg, can never actually be degenerate with arg M,,. As a result,
the Green’s function is never real (in the classically allowed range of w), although it can
approach a real function in the limiting case. In this sense, the horizon boundary conditions
never completely drop out of the Green’s function computation. However, the dependence

on the horizon can become highly suppressed whenever M becomes nearly degenerate.
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Since the effective Schrodinger equation (3.14) governing the wavefunction is specified by
the effective potential (4.10), the connection matrix M will depend on the explicit form of
U as well as the frequency w. Here it is important to note that, while the boundary is in a
classically forbidden region, the asymptotic form of the potential U ~ 1/p? is too steep for
tunneling. This is the reason we have power law behavior at the boundary, rather than expo-
nential growth/decay. If the shape of the potential is such that there is no tunneling between
the horizon and the boundary, then the entries in M are all of O(1), and generically there
is no degeneracy. In this case, the UV and IR are tied together by an O(1) transformation,
and perturbations in the IR are directly reflected in changes to the Green’s function.

On the other hand, if the potential U admits a tunneling region and w is below the
barrier, then the connection matrix M will become nearly degenerate. This is exactly the
situation where the Green’s function becomes insensitive to the horizon boundary conditions.
Heuristically, what is going on is that the tunneling barrier decouples the IR from the UV,
so information at the horizon becomes hidden from the boundary.

We may once again use the WKB approximation (see section 3.3) to make the connec-
tion between tunneling of the wavefunction and the form of M more precise. Assuming

asymptotically Lifshitz behavior, the potential U behaves near the boundary as

vi—1/4

U((p—0)~
( ) 7

(4.21)

We assume that the effective Schrodinger energy w? in (3.14) is such that the horizon falls into
a classically allowed region. Since the potential increases without bound as we move towards
the boundary, we will always encounter a classical turning point py. The wavefunction

is thus oscillating in the classically allowed region p > py (corresponding to the IR) and
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growing/decaying in the forbidden region p < pg

YwkB ~ (4.22)
\/; <w2 — U)i (aei@(p07p) + be_i@(p()vp)) , p > po.

I

where

S = [ dWT=E @(np)= [ AT, (4.23)

144
and we perform the shift v? — % + 1/4 to make the WKB approximatino consistent. The

coefficients in (4.22) are tied together via the connection formulae

[
I
]
IS
S

v I . (4.24)
D b

D=
!

To relate the WKB coeflicients C' and D to the coefficients A and B in (4.12), we match
twks with the exact solution (4.12) at some UV cutoff p = ¢, which will be taken to zero at

the end. The result can be written as another matrix equation:

C ’ ’ C
- M’ — Ac TAp . (4.25)
D Mg M D

Combining this with (4.24), we then find that M = M'M”", which can be used to find the

Green’s function (4.17) in the WKB approximation. To determine M’ explicitly, let us write

77Dexact = A¢1 + B¢27

Ywkp = Cp3 + Doy, (4.26)

with ¢;/; being the exact solution with boundary behavior ¢/, ~ p%”, and

b4 = Vo (U — w?) " e£50m), (4.27)
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The matching matrix is then given by

1 Wio Wi

M where  Wi; = ¢ (€) ¢ (€) — ¢} (€) ¢; () . (4.28)

Wiz Wiz Wiy
Working near the boundary, this takes the explicit form

e’ eS(epo) 0
M = : (4.29)

0 eV e S(epo)
We can easily read off the imaginary part of the Green’s function and find

M,BD 1- ‘§|2 — —QVG—QS(e,po) 1 - ‘§|2

2 Gwenle B = K P L[

(4.30)

In the case b = 0, corresponding to infalling conditions at the horizon, the above expression
is simply the spectral function y. As we show in appendix D, the error due to the WKB
approximation can be kept under perturbative control. The dependence on the shape of the
effective potential U is captured in the e=2% term in (4.30). While the near-boundary 1/p?
behavior only leads to power-law scaling, any tunneling region with U falling off slower than
1/p* leads to an exponential suppression factor in the spectral function.

More concretely, consider a spacetime that enjoys Lifshitz scaling in some region in the
bulk. The potential takes the form (4.10), with a tunneling term k2e2(A=B) ~ [2p2(1/z=1),
Tunneling of the wavefunction through this part of the potential leads to an exponential

fall-off of the spectral function at large momenta |%|:
% <w, k> c_l) = f(w) eIl (4.31)

with some geometry-dependent constant c. For some special cases like pure Lifshitz, this

constant can actually secretly carry an additional dependence on k and w, making y vanish
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even faster. We will comment on this issue at the end of the next section. From (4.31),
we see that changing from infalling to outgoing boundary conditions results only in an

k. For k| — oo, ¥ — 0 and so the Green’s

exponentially small change 0G ~ y ~ e~
function becomes purely real, completely decoupling the near-horizon boundary conditions.
This establishes the insensitivity of the Green’s function to IR physics. We will further

illustrate the connection between horizon boundary conditions and IR physics in section

4.2.4.

4.2.3 Horizon Decoupling for Lifshitz Backgrounds

For general backgrounds, the connection matrix M and the resulting Green’s function (4.17)
will have to be obtained either numerically, or using approximation methods such as WKB.
However, analytic solutions are known for simple backgrounds such as AdS and Lif,_5. Here
we highlight and contrast these two cases as an explicit demonstration of the decoupling of
the IR in a Lifshitz background. In particular, we will confirm our prediction (4.31) for the

exponential fall-off of x in the Lifshitz case.

4.2.3.1 The 2 =1 AdS Case

For a pure Lifshitz or AdS geometry, we can take the metric (4.11) to be exact throughout

the bulk. In this case, the effective potential becomes:

21/4 oy (LN
U= # + R (—) . (4.32)
p Zp
Let us first consider the AdS case, which corresponds to z = 1. Here the potential is

purely 1/p? on top of a constant offset, and there is no tunneling region (so long as w >
|E |). The 1/p* potential is “too steep for tunneling”, and the wavefunction grows or decays

polynomially. The exact solution for ¢)(p) is well known, and is given by a linear combination

95



of Bessel functions

Y = /plad,(qp) + BY.(qp)], (4.33)

where ¢ = Vw = /—k,k*. In this case, it is straightforward to obtain

LW (ak)2 " gitg=bm L (2L)2 ¥ ity D
Mot = F(f) ‘IZL 3TV —i(5+ L) F\fi) 2qL ity | (4.34)
N (7) € "z 4 T (7) 271

at least for non-integer values of v. Note that this has the form

M(v)e ™) M(v)e W)
M = , (4.35)
M(=v)e? ") M(—v)e V)
where p(v) = (v/2 — 1/4)m. This form is related to the v — —v symmetry of the effective
potential.

For w > |k|, the AdS Green’s function can be obtained from (4.18). Using relativistic

notation, we find

_ LE) (aLNY e L4 eV (0/a)
Glg) = K o) ( 5 ) Lt ) (4.36)

Recall that the retarded Green’s function corresponds to taking b/a = 0. In order to examine

the sensitivity to horizon boundary conditions, we may expand to first order in b/a

G(q) = KFF((_I/V)) (%)2 e~ T (1 - 2sin(v7r)§ 4 ) . (4.37)

Since we have assumed v to be non-integral, this shows that G(q) has O(1) sensitivity to the
choice of horizon boundary conditions b/a. Moreover, this sensitivity is present in both the
real and imaginary parts of the Green’s function. For the spectral function we find y ~ ¢*”

as required by scale invariance, but no exponential suppression factor.
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4.2.3.2 The z = 2 Lifshitz Case

We now turn to z = 2 Lifshitz as an analytic example of a non-relativistic system. Here the

potential has a combination of 1/p* and 1/p terms

v2—1/4 kL
U,y =2 + . 4.38
2 pg 2)0 ( )

As is well known from quantum mechanics, the 1/p potential is shallow enough that it
presents a tunneling barrier in the system. However, not all the modes have to tunnel

through this part of the potential. Denoting the crossover scale between 1/p and 1/p?

2
2vy

o the condition for a mode to tunnel is

behavior as p, =

k2L k2L
>w = a=— >uw. (4.39)
204 2w

For these modes, we expect an exponential suppression in «, as sketched in Figure 20. Using
our result (3.37), we see that the connection matrix does indeed take the form (4.35), however

with
ei(%—i)wziu/?

F(%—i—l/z—i-%a)'

M (12)e?) = T (2u) (wL)2 2™/ (4.40)

In contrast with the relativistic case, this function depends on the ratio of k2 and w through

the parameter a. Using (4.18), the Green’s function is then [20]

o T(=2m) o, TG+ %) 1+ e )(b/a)
k)= K———2(wL)> 2L v . 4.41
B =BTy Ty T e Y
where
(o) = N P rF(1+u—i—a) (4.42)
P2 = g Ty T s TR 27 .
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log(U)

p. log(p)

Figure 20: Sketch of the effective potential U for z = 2 Lifshitz spacetime. The potential
changes from the near-boundary 1/p? behavior to the tunneling potential U ~ 1/p near
the crossover scale p, ~ 1/ |l;:|2 A normalizable wavefunction with large energy w and low
momenta |E\ crosses the barrier in the 1/p? region and decays polynomially, according to
(4.12) (blue curve). For low energies and large momenta the crossing point lies within the
tunneling region and the wavefunction decays exponentially at first (red curve). This has
the effect that states that are localized close to the horizon have an exponentially small
amplitude at the boundary
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For the non-tunneling modes with small «, we find (to first order in b/a)

Glw,k) = KFIE(_U]S) (%)M e (1 + % tan(vym) + (9(02))

X{1—%m@ﬂ)Oﬁjg(M—&g4+¢é+ﬂﬁ+wg—w@)+0@%)g+“}’

(4.43)

which matches the AdS Green’s function (4.36) in the limit & — 0 once we identify L — 2L,
vy — v and w — ¢. This should not be surprising because @ — 0 can be achieved by taking
k — 0. In this limit the transverse space becomes irrelevant, and the Lifshitz potential may
be identified with the AdS potential. As a result, the Green’s function at small « is sensitive
to the horizon boundary conditions in essentially the same manner as given in (4.37).
What is more interesting is the o > 15 limit, where the horizon modes must tunnel under
the 1/p potential to reach the boundary. For large o we first use Stirling’s approximation to

see that

¢@g~%<y4%%)—%+o(é). (4.44)

A key observation is that, at leading order, the 15 dependence completely cancels out from
the phase, and this is exactly what is required for the Green’s function (4.41) to become
insensitive to the horizon boundary conditions. Beyond leading order, we may use the
identity

e(v) —&(—v) = —Im log (1 + e 2™, (4.45)

obtained by application of the reflection formula I'(1 — 2)I'(2) = 7 csc(72), to see that ¢(vs)

is an even function of v, to any finite order in the perturbative expansion in 1/a. Explicitly,
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what we find is

- 4vo
- ['(—2wy) ( |k|L o
k’ - K 1 27U T L.
G(w, k) T(20,) ( 5 (1+e e )

@ b

X (1 — 2sin(2w,m) (4—€> e_ma + - ) . (4.46)
This clearly demonstrates the insensitivity of the Green’s function to the horizon boundary
conditions in the tunneling (large «) regime. It is important to note that the magnitude of
the Green’s function is not necessarily small in this regime, and that it is only the dependence
on b/a that is being exponentially suppressed.

The same conclusion can be drawn by looking at the spectral function:

X(w, k) = QKFF((_;VZ;) (‘kZ‘L) sin (—271,) e, (4.47)

-

At large «, x(w, k) is exponentially small, as predicted in the previous section. In the @ — oo
limit, the spectral function vanishes and G(w, E) becomes completely insensitive to changing
boundary conditions.

One interesting aspect of pure Lifshitz spacetime is that the exponential suppression is
in the variable o ~ EQ/w, instead of just \E\ Again, the WKB approximation can help us

understand this behavior. From (4.23), we can find the tunneling factor by evaluating

Po V22 )

In the near boundary region € < p,, the integral will just generate the expected power-law
behavior €22, which is stripped off by the factor €722 in (4.30). For large «, the tunneling

region will contribute an additional term of order

72
po L 57 L k2L
ka:/ dp —zk/ dp —Nk—woz, (4.49)
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L2 [2/¢ ] 2/Goum |
2] 2 | 2.05
3372 1.55
44/3] 1.39

Table 2: Best fit results for numerically obtained spectral functions.

«

and the actual suppression term is ~ e~ instead of just e~IFl. This result has a simple

interpretation: For a finite tunneling region [R;, Ry , the barrier can be made arbitrarily
high by taking |l¥| — 00, resulting in exponential suppression eIk, However, for pure
Lifshitz, the tunneling region can also be made arbitrarily wide by taking either w — 0 at
fixed |k, or |k| — oo at fixed w. Since the WKB functional S is a measure for the area
between the wavefunction and the tunneling potential, we end up with a suppression in
o~ (k] - ([ /).

To demonstrate that similar results hold for Lifshitz with general z, we also computed
the spectral function x for z = 2,3,4 numerically. Figure 21 shows plots of the spectral
function as a function of w and ]/2| respectively. For AdS, modes with spacelike momenta
|E|2 > w? have zero spectral weight. For Lifshitz, however, we can clearly see an exponential
tail both at small w and large |E| due to tunneling, indicating the by now familiar insensi-

tivity to horizon boundary conditions. From the WKB approximation (4.30), we expect the

asymptotic behavior x ~ exp (—Aa!/¢), with

() a(et)

Our numerical results confirm this behavior (see Table 2 for best-fit values).

4.2.4 Spectral Functions for Lorentz-breaking RG Flows

Our discussion so far has been focused on the insensitivity of the Green’s function to a change
of horizon boundary conditions. The goal of this section is to reformulate this statement in a

more physical way. We do this by showing that for spacetimes with a tunneling barrier, the
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Figure 21: Plot of the spectral function y(w, lg) for Lifshitz with z = 2,3, 4 (red, bluel black).
The AdS spectral function is shown as a dotted line. Left: Varying w while keeping k| =1/L
fixed. Right: Varying |k| while keeping w = 1/L fixed.
retarded Green’s function is in fact exponentially insensitive to the near-horizon geometry
itself. In terms of the corresponding RG flow, this has the somewhat surprising consequence
that in the low energy, large momentum limit, the spectral function shows a universal be-
havior that depends only very weakly on the details of the IR theory. In that sense, flows
with different IR fixed points are almost non-distinguishable.

To see explicitly how this arises, consider the case of an RG flow that interpolates between
two different fixed points in the UV and IR. Since the dual spacetime interpolates between
two different geometries at the horizon and the boundary, we introduce p. as a cross-over

scale between these two asymptotic geometries, and split the effective potential as

Uvv, p<pe
U= (4.51)

UIRa Y > Pe-

Although the potential near p. depends on the precise way these two geometries are glued
together, we will not need to know its explicit form in the intermediate region in order to
study the general behavior of the spectral function. To simplify our discussion, let us assume

that U decreases monotonically, so that there are no bound states, and that Uyy (p — 0) ~
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(v? —1/4)/p?, as before.

We would like to extract information about IR physics from the spectral function. First,
consider frequencies w large enough so that the classical turning point pg(w) is in the UV,
po (W) < pe. Physically, since we are probing the geometry at high energies, y is completely
independent of the IR geometry. All that remains is the spectral function for the dual theory
at the UV fixed point.

Next, let us use the WKB approximation to see what happens when we lower the energy
far enough that the scalar wavefunction actually has to tunnel through part of the IR-

potential, i.e. pg (w) > p.. We can approximate the WKB-integral as

S (p, po) = Suv (p, pc) + Sir (pe; po) + -+, (4.52)

with Syy/r = f dpy/Uuvir — w?. Here the ellipsis denotes terms that depend on the precise

way the two geometries are glued together. Using (4.30), the spectral function now becomes

X ~ K€72V€723UV(E’pc)e*2SIR(PC7PO)7 (453)

—25m - For relativistic flows,

and the information about IR physics shows up in the factor e
one roughly gets x ~ f (w) O (1) e 25m(Per0) - and the IR geometry has an O(1) imprint on
the spectral function. However, as we saw previously, if the UV fixed point has a Lifshitz

scaling symmetry, the tunneling barrier will induce an exponential factor and we get
X~ f(w)O <€*C|EI) e~ 25 (Pe;po) (4.54)

At large \/2|, all the information about IR physics is hidden under an exponentially small
factor. In the limit \E| — 00, a change of the geometry in the deep IR has no effect on the
spectral function.

The factorization of x into UV and IR factors in (4.53) allows us to make an even more
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general statement: Consider any flow that breaks (d 4 1)-dimensional Lorentz-invariance
somewhere in the bulk, i.e. A # B in (4.10). At low frequencies w and large momenta |k| the
spectral function will have a universal exponential damping factor eIl que to the tunneling
barrier k2e2A-2B,

We can demonstrate this behavior explicitly by considering holographic RG flows with
AdS, x R? near-horizon geometry. Examples of such geometryies are the nonsingular Lifshitz
solutions constructed in chapter 2, as well as extremal charged black branes in AdS,, 2, which
are holographically dual to theories at finite charge density [81]. Placing fermions on this
background allows us to study Fermi surfaces in non-Fermi liquids [80, 82, 83, 84].

Of particular interest to us are flows with either AdS,,» or Lif, near-boundary behavior.

For both cases, the Schrédinger potential can be written as

5 2—2/z
. N (%) ;P <L pe;

2 _
Vmp21/47 P > Pe;

(4.55)

where 12 = (mL)® + k2L + 1/4, and the null energy condition requires z > 1. The

o

near-horizon AdS, x R? itself has a holographic dual, which is a CFT;. In particular, there

is a corresponding spectral function
Xety A2 ™20 e 25m(er0), (4.56)

Again, in the high energy limit the spectral function carries no information about the IR
CFT. At low energies, specifically w < vy /p. or equivalently p. < po (w), we can derive a

direct relation between y i and the full spectral function:

c

X (w < Vﬁ, E) ~ e e 2Suv(ere)y b (4.57)
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Let us evaluate this expression for large |E| The integral we have to perform is

pe [p2 L /[ \¥2
Suv (p, pe :/ \/ + k2 <—) — w2 4.58
wv (P Pe) ) pg ” (4.58)

2(1-1/2)

The crossover scale from 1/p* behavior to 1/p behavior is at p. = (v/p)°. We will

1/2/1/ > 1, so that this crossover still happens in the UV region, i.e. p, < pe.

assume that |k|p
Since w < Vso/pe, and the momentum is taken to be large, we can simply neglect the w?

term in (4.58). Introducing the new variable u = (p?/v?221071/2))p2/% we can evaluate the

integral:
VIt u-— 1] “C
S ,Pe) R 2v1+u+lo 4.59
Expanding this result around large u. and small u, we find
|E| 2zv
1 -
—2Suv(epe) ~ 20 —2(2pe) % |K|
(& UVi&Pe) oy € <m> € P . (460)

Plugging this back into (4.57), we see that the e-dependent terms precisely cancel, and we

are left with

|=

— 2zv
k -
X< 22 F > ) ~ K (L) e . (161
Pe

. Quzl-1/z

The spectral function at low energies is directly proportional to the IR spectral function x.g.
At large \l;\, X is exponentially small. It might seem surprising that this is true even for the
case of asymptotically AdS spacetimes, where z = 1. As we discussed in chapter 3, this is
because even though pure AdS does not have a tunneling barrier, flowing to a non-relativistic
AdS, x R? horizon necessarily breaks Lorentz invariance and introduces a tunneling barrier.

The relation (4.61) between UV and IR spectral functions has been obtained previously,
using standard matching techniques [83]. Our calculation sheds new light on this result:

While the spectral function is dominated by IR physics at low w, the numerical coefficient

105



relating x and yx.g is exponentially small at large momenta. For a boundary observer, the

signature of low-energy physics is hidden under an exponential tail.

4.2.5 Analytic Properties of the Green’s Function

In section 4.1, we discussed how different types of Green’s functions may be obtained from
a single real analytic function G(w, Ig) by using different ie prescriptions. For a bulk scalar
in AdS or Lifshitz, the Klein-Gordon equation, and hence effective Schrédinger-like equation
(3.14), is quadratic in w. However, the w — —w symmetry is broken by imposing infalling
boundary conditions at the horizon. In other words, the holographic computation directly
gives the retarded Green’s function GG without the need for any z¢ prescription. Nevertheless,
it is possible to analytically continue the resulting expressions to obtain G(w,E) in the
complex w-plane.

As an example, we may start with the retarded AdS Green’s function given by (4.36)

with b/a = 0, and obtain

Glw, By = KLY (EQ — “’2) , (4.62)

for non-integer values of v; we have set L = 1 for notational ease throughout this section.
This function has branch points at w = i]g\, and as long as we take the principal branch
of z¥, the branch cuts will extend out as shown in Fig. 23. As a result, the spectral weight
must vanish for |w| < |E\ This region corresponds to the “energy” w? lying completely under
the AdS effective potential given by (4.32) with z = 1. In this case, the radial wavefunction
never oscillates, and can be chosen to be real, which is consistent with the vanishing of
X(w, /2) Furthermore, in this case there is no longer any freedom to modify the horizon
boundary conditions, as one can only physically choose the exponentially decaying solution
at the horizon. We give an example of the spectral function for AdS in Fig. 22.

We now turn to the z = 2 Lifshitz Green’s function. Starting from (4.41), we find the
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Figure 22: The spectral function for AdS (see (4.62), with v = 1.1). Note that x(w, |k|)
vanishes identically for |w| < |k|.

[
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Figure 23: Branch cut structure in the complex w-plane.
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Figure 24: Spectral function y(w, |k|) for [k| = 5.
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appropriate analytic continuation to be

oo g LC2) e, [(3 + v + F/4V=0?)
Gl k) =X I'(21s) (=) INCES VS k247 —w?) (463)

Again working with principal values, the factor (—w?)"? gives rise to a branch cut running
from the origin to 400 as well as from the origin to —oo. Thus Y is non-vanishing for
any w # 0, although it becomes exponentially small for |w| < k2/vs. Note that, while
the I'-function in the numerator introduces poles in G(w, E), they all lie on the unphysical
second Riemann sheet. Even though they are in the second sheet, the accumulation of these
poles causes an essential singularity at w = 0. These features, along with the z = 2 Lifshitz
spectral function, are shown in Fig. 25. In general, since the effective potential U(p) in (4.32)
vanishes at the horizon for any z > 1 Lifshitz geometry, the wavefunction will be oscillatory
at the horizon. This in turn indicates that the retarded Green’s function will be complex,
and hence that x(w, E) will be non-vanishing for any w # 0. Thus the structure of branch

cuts running along the positive and negative real w axis is universal for z > 1 Lifshitz.

4.2.6 Physical Interpretation of Horizon Insensitivity

We have found a region of momentum space (w < 1, |/;| > 1) in which the holographic
Green’s function of Lifshitz spacetime is exponentially insensitive to a change of horizon
boundary conditions. As we argued previously, this implies that the two-point function is
insensitive to the geometry in the deep IR itself. Our discussion provides a new perspective
on the problem of finding the “true” IR endpoints of flows involving Lifshitz. We have seen
in chapter 2 that the tidal singularity in Lifshitz spacetime can be resolved by constructing
a flow to AdS, x R? in the IR. However, the extensive ground state entropy of AdS, x RY
has led to the idea that the true IR endpoint of the flow may be a different geometry, such
as a striped phase [85, 86, 87, 88, 89|, a lattice [90], or a Bianchi-class geometry [91, 92].

Even though the ultimate fate of the theory in the deep IR is still unclear, it appears that
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Figure 25: The spectral function for z = 2 Lifshitz (see (4.63), with v = 1.1). The spectral
function is exponentially suppressed in the interior of the dashed circle shown in (a).

® "'LAP/(2+4V)

Figure 26: Analytic features in the complex w-plane. The branch cuts extend from the origin
to o0, and there are an infinite number of poles on the second sheet that accumulate at

the origin.
X(wkK)

4t

Figure 27: Spectral function y(w, |k|) for |k| = 5. The spectral function is exponentially
suppressed in the interior of the dashed circle in figure 26.
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there is a variety of possible candidate groundstates, and thus a variety of different near-
horizon geometries. From a boundary perspective, the geometric resolution of the horizon
can be thought of as introducing a low-energy regulator. However, in the low energy, large
momentum limit, the holographic Green’s function becomes independent of the geometry in
the deep IR, up to exponentially small corrections. In this sense, the field theory seems to
care little about the exact mechanism that resolves the Lifshitz horizon. In particular, we
may speculate that horizon features at small transverse length scales are practically invisible
at the boundary. It would be interesting to confirm this for the case of striped phases/lattices,
or a non-translationally invariant Bianchi geometry at the horizon.

Along the same lines, it would be interesting to understand how the tidal singularity
at the horizon is reflected in field theory two-point functions. We can try to answer this
question using what we learned about the relation between tunneling barriers and spectral
functions: Consider a bulk state with fixed momentum |E], and send w — 0. For a black
hole geometry, this corresponds to a probe falling towards the horizon. Since the spectral
function is proportional to e™%, with a ~ ]E]Q/wQ/Z, it is in fact not analytic at w = 0.
Although this behavior is in principle allowed, it is certainly a peculiar feature. Moreover, as
we saw in section 4.2.4, the non-analyticity is absent in the case of the nonsingular Lifshitz to
AdS, x R? flows - the spectral function only scales as x ~ eIl Thus one may speculate that
the tidal singularity in Lifshitz spacetime is mirrored in a non-analyticity of the holographic
spectral function. In the next section, we will see that this non-analyticity is in fact not to
be trusted, since higher derivative corrections to the bulk action will change the low energy
behavior of the spectral function significantly.

The insight that tunneling barriers correspond to exponentially suppressed information
at the boundary is not a new one. In particular, similar observations have been made in
the context of finite temperature theories. Introducing a finite 7" may result in an effective
tunneling barrier in the equations of motion, and as a result there are modes that are

exponentially suppressed at the boundary [25, 93, 94]. A possible future direction would be
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to explore the case of Lifshitz spacetime with 7" # 0, and study the interplay between the

tunneling barriers discussed here and the effects of a nonzero temperature.

4.3 Universal Features of Lifshitz Green’s Functions

Although the AdS/CFT dictionary provides us with an explicit prescription to calculate
holographic Green’s functions, it is interesting to note that in some cases, the functional
form of the Green’s function is in fact completely determined by spacetime symmetries.
For example, consider the familiar picture of IIB theory on AdSs x S°, which is dual to
N = 4 super-Yang Mills theory. In this case, the supergroup SU(2,2[4) is identical to the
superconformal symmetry group of the four-dimensional CF'T. As a result, all observables
are constrained by the superconformal symmetry, and in particular the two-point functions
are fully determined up to normalization. For example, the retarded scalar Green’s function

in momentum space must have the form
Gr(d) = A=), ¢ =w’ = k] (4.64)

where A is an overall constant and A is the conformal dimension of the scalar operator Ox.
We confirmed this result explicitly in (4.37).

The mapping between condensed matter systems and backgrounds with non-relativistic
scaling symmetry is often less obvious. In this case, we must often fall back to the general
strategy of constructing a holographic dual to a given field theory by matching symmetries
and conserved quantities [20, 21, 22, 27|. Moreover, non-relativistic scale invariance is no
longer sufficient to fully constrain the form of the two-point functions. Consider, for example,
the case of Lifshitz scaling with dynamical exponent z, where energy and momentum scale

as w — NVw and k — )\E, respectively. This scaling symmetry only constrains the form of
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the Green’s function up to an arbitrary function of the scale-invariant quantity & = w/|k |*:
Grlw, k) = |k [?*G(). (4.65)

Here v is the energy scaling dimension, and the momentum-dependent prefactor is chosen
to give G the proper scaling dimension.

The form of the Green’s function (4.65) holds for any (isotropic) scale-invariant theory,
whether computed directly from the field theory or via the holographic dual. However, in
general, G(w) cannot be fixed by matching symmetries alone. (If additional symmetries are
imposed, such as z = 2 Schrodinger symmetry, then the Green’s function may become fully
determined.) This suggests that symmetries are not sufficient for connecting non-relativistic
theories to their holographic duals, and in particular that the duality map must include
additional dynamical information.

At the same time, the bulk theory yields a preferred choice of the Green’s function
obtained from the classical two-derivative bulk action [20]. For z = 2 Lifshitz, we calculated
the holographic scalar Green’s function in section 4.2.1. Moreover, our WKB calculation
for arbitrary z > 1 revealed a characteristic exponential suppression of the spectral weight
(i.e. the imaginary part of the Green’s function) in the limit & — 0. We interpreted this
feature as an “insensitivity” of the boundary theory to small changes of the geometry near
the horizon. The same exponential behavior is responsible for making the smearing function
of both Schwarzschild-AdS and Lifshitz spacetime a distribution rather than a true function
(see chapter 3) and has been interpreted as a loss of bulk locality for such non-relativistic
geometries |95].

It is natural to expect that different field theoretic models with the same dynamical expo-
nent z will yield different Green’s functions. This raises the issue as to how the holographic
dual can distinguish among these models. For unbroken scaling symmetry, the bulk geom-

etry is essentially fixed to be pure Lifshitz. Thus the background alone cannot distinguish
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between different models, and we are mainly left with the dynamics of the bulk fields as the
distinguishing characteristic. In particular, the addition of higher derivative terms to the
bulk equations of motion will directly affect the form of the holographic Green’s function.
This is in contrast with the relativistic case, where higher derivative corrections may affect
the constant A in (4.64), but will not otherwise modify the functional form of the retarded
Green’s function.

Once we allow for a higher derivative expansion in the bulk, it may seem that some pre-
dictive power is lost, since the holographic Green’s function would in principle be sensitive
to all of the infinitely many higher derivative terms. However, in this section we demonstrate
that there are universal features that remain. In particular, the characteristic exponential
suppression of the spectral function in the low frequency regime found previously is ro-
bust with respect to higher derivatives in the bulk, as long as the frequencies stay above a
(momentum-dependent) cutoff.

We furthermore show that this exponential suppression arises in field theory models
with z = 2 scaling. In particular, for the quadratic band crossing model of [96], a simple
kinematical argument demonstrates that the exponential suppression arises because one has
to go to higher and higher orders in the perturbative expansion to see non-zero spectral

weight in the limit w — 0.

4.3.1 The Green’s Function in a Scale Invariant Theory

In a translationally invariant theory, the retarded Green’s function is naturally written in
momentum space as GR(w,E). Furthermore, unitarity and causality demand that Gy is
analytic in the upper half of the complex w-plane. For a scale-invariant theory, the conditions
on the Green’s function are much stronger. In particular, for Lifshitz scaling symmetry with
dynamical exponent z

T — A7, t — A%, (4.66)
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scale and rotational invariance demand that G cannot depend on w and k separately, but

must have the form

S

Gr(w, k) = [k[**G(&) where &= (4.67)

T

K[+

Here v is the energy scaling dimension and G(@) is analytic in the upper half & plane.
Non-relativistic scale invariance by itself does not further constrain the form of G(w).

However, additional symmetries can fix it completely. For example, relativistic conformal

invariance (for the case z = 1) constrains Gg ~ (—¢2)” where ¢> = —k, k" = w? — |k|2. This

is equivalent to taking the function
Gorr = A(1 — &%), (4.68)
where A is a constant. Similarly, full Schrédinger symmetry (for z = 2) [21, 22, 27| requires
Gsen = A(1 — 2m)%, (4.69)

where A is again a constant, and m is the eigenvalue of the mass-operator of the Schrédinger
algebra.

While the relativistic and Schrédinger cases are the most extensively studied, we are
mainly interested in exploring the features of the function G(w) for Lifshitz models without
additional symmetries using holographic methods. In general, G will depend on the details
of the model. However, some universal properties can be deduced in both the small and
large @ limits. For @ — 0, the only dimensionful quantity that remains is ]/Z\ Hence Gg

|21/z

must behave as \lg , or equivalently

G(w — 0) ~ const. (4.70)
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On the other hand, when w — oo, the dependence on |lﬂ drops out, and we must have
G(w — 00) ~ %, (4.71)

As can be seen from (4.68) and (4.69), the z = 1 and Schrodinger z = 2 cases both satisfy
these properties.

The retarded Green’s function is in general complex, and this should be kept in mind
when considering the limiting behaviors given above. Of particular interest is the general
behavior of the spectral function y(w, k) = 2Im Gg(w, k). For large w, the spectral function
scales as x ~ w?, consistent with (4.71), as well as the relativistic and Schrodinger cases.
The small w limit, on the other hand, is more subtle. While scaling symmetry demands
X ~ 2|k[** Im G(&), with ImG(&) approaching a constant as @ — 0, this constant is in
fact zero for the z = 1 and z = 2 Schrodinger cases. Moreover, for these cases x is identically
vanishing for a range of @ near zero. However, this no longer needs to be the case in theories
with Lifshitz scaling, but without additional symmetries. Nevertheless, as we have shown
in section 4.2.1, in the latter case the spectral function is at most exponentially small in
the limit w — 0, at least in the two-derivative holographic theory. What we will show
below is that this exponential suppression of x remains robust, even when higher derivative

corrections are included, as long as the perturbative expansion is kept under control.

4.3.2 Holographic Lifshitz Models

In this section, we repeat and refine the analysis of section 4.2.1, in particular introducing a
more suitable radial coordinate p to determine the behavior of holographic Green’s functions
in the low/high frequency regime. We start by recalling the Lifshitz metric (1.5), with

L/z=1:
—dt?* +dp*  di?
p2 p2/z'

ds5 o, = (4.72)
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The boundary of the bulk spacetime is located at p = 0, while the horizon is at p = co. For
simplicity, we examine the scalar Green’s function, which can be holographically computed
from the action of a bulk scalar ¢(t, 7, p).

At the two-derivative level, the minimally coupled equation of motion for ¢ is simply
(O0—m?)¢ = 0. This system has been extensively studied, and the holographic computation
of the retarded Green’s function is by now standard [25]. Working in momentum space and
taking

O(t. 7, p) = 70 2 p), (4.73)
we find that 1 (p) satisfies the Schrodinger-like equation —¢” + Uyyp = 0 where

2 712
oA R e (4.74)

Uy = —
02 022/

v = \/m2+ (d;;Z)Z. (4.75)

We can highlight the scaling properties of the solution by defining the dimensionless coordi-

and

nate

p = plk|". (4.76)
The Schrédinger-like equation now takes the form

oA A ~oL VA —1/4 1 .
—¢"(p) + Uo(p)¥(p) =0,  Uo(p) = 5 /4, T e (4.77)

In order to apply the AdS/CFT prescription for calculating the retarded Green’s function,
we need to examine the solution near the boundary at p = 0 and as it approaches the horizon
at p = oo. In the limit p — 0, the Schrodinger potential is dominated by the (v* — 1/4)/p?

term, and we find the boundary behavior

W(p— 0) ~ Ap2 " + Bpzt. (4.78)



Here we have used the convention that B is the coefficient of the normalizable mode, while
A is the coefficient of the non-normalizable mode. For z > 1, Us approaches —@? at the

horizon, so the solution is oscillatory:
Y(p — 00) ~ e’ + be P (4.79)

For the retarded Green’s function, we take infalling boundary conditions, which correspond

to setting b = 0. In this case, we find
B
V) = = 4.80
G@)=7| (180)

where the relation between {A, B} at the boundary and {a, b} at the horizon is obtained by

solving the Schrodinger problem (4.77).

4.3.2.1 Bulk Higher Derivatives

At the two-derivative level, the solution for G(w) has been extensively studied, and analytic
results may be obtained for z = 1 and z = 2 |25, 20|. However, as we emphasized in section
4.3.1, scaling symmetry by itself does not fully constrain the form of the Green’s function.
This raises the question of where the freedom of arbitrarily choosing the function G arises in
the holographic dual. If we work within general relativity, there are two natural possibilities:
the first is the choice of background metric, and the second is the form of the scalar equation.
However, the metric (4.72) is essentially unique (up to coordinate transformations) once we
have imposed Lifshitz scaling. This leaves us with modification of the equation of motion.
From a bulk effective field theory point of view, it is possible to include higher derivative
terms in the scalar equation. In momentum space, non-radial derivatives in the effective
action show up as powers of w and E, while additional p derivatives lead to a higher order
differential equation for 1(p). If there are no additional p derivatives, then the momentum

space equation remains second order and can be brought into Schrédinger form just as above.
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This time, however, the effective Schrodinger potential in (4.77) generalizes to

o VE—1/4 1 R L,
Vo) ==+ ,sz,z/z—w”ﬁf(””’p” ) (4.81)

where the function f encodes the presence of the higher derivative terms.

In principle, the procedure for extracting the holographic Green’s function is unchanged
from the prescription of (4.80). However, the higher derivative terms affect the shape of
the potential, and hence may change the boundary and horizon asymptotics and possibly
also introduce additional classical turning points in the bulk. In order to get a better

understanding of the asymptotics, we write out the expansion

1
f (JJPA, Al/z Z )\ AZA1+‘7/Z 2 (482)
p?

z-l-j >2

where ¢ and j count the number of temporal and spatial derivatives, respectively. The
restriction ¢ + 7 > 2 ensures that f only comprises the higher derivative contributions.
Note that the coefficients \; ; are dimensionless, although (after restoring units) we typically
expect \;j ~ (¢/L)"72 where { is some microscopic scale and L is the curvature scale of
the Lifshitz bulk, such that ¢ < L.

Focusing first on the boundary at p = 0, we see that the behavior of the potential (4.81)
remains dominated by the 1/p? term, since i + j > 2 in the derivative expansion. Thus the
boundary scaling behavior remains unchanged from (4.78), and the relation of the scaling
dimension to v is unaffected by the higher order terms.

The horizon behavior, on the other hand, is considerably different. Since the horizon
is located at p — oo, and the expansion (4.82) in general contains positive powers of p,
the successive higher derivative terms will become more and more dominant at the horizon.
Furthermore, the potential will generically go to 00 at the horizon, depending on the sign

of \;; of the dominant term. As a result, strictly speaking, the perturbative expansion of
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the scalar equation breaks down near the horizon. Nevertheless, we now argue that the
holographic Green’s function can be extracted from the solution of the higher derivative

equation in a controlled manner.

4.3.2.2 Consistency of the Higher Derivative Expansion

At the two-derivative level, the Schrédinger potential (4.77) is monotonically decreasing as
we move into the interior of the bulk, and there is a single classical turning point located at
Po where ﬁo(po) = 0. For p < py, the solution connects to the power-law behavior (4.78) at
the boundary, while for p > pg, the solution is oscillatory, and infalling boundary conditions
are chosen at the horizon.

Ignoring the shift of 2 in (4.77), there are two competing power laws in U, namely v2/?
and 1/p>~%/* and the behavior of the solution depends on which of the power laws dominates

at the classical turning point. We define the crossover point as p, = v*, which is the location

where the two terms become comparable. There are two distinct cases to consider:

1. For @ > v'=%, the classical turning point is located at py ~ v/& < p,. This point is
close to the boundary, and the 1/p* potential ensures a power law behavior without
exponential suppression. The holographic Green’s function is “featureless”, and behaves

as G ~ .

2. For & <« v'7%, the classical turning point is instead located at gy ~ w= /D > 5,
The Green’s function now probes deep into the bulk, and can have non-trivial features.
Note that the wavefunction has exponential behavior in the region p. < p < py, leading

to an effective decoupling of the boundary from the horizon (see section 4.2).

We now consider the effect of the higher derivative terms, encoded in the function f in
(4.82). Although this function dominates at the horizon, we nevertheless consider a formal
perturbative expansion of the Schrédinger problem in the couplings A; j. Of course, the higher

order terms will dominate the wavefunction near the horizon. However, it is important to
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realize that the holographic Green’s function is not determined by the wavefunction at the
horizon, but by its asymptotic behavior at the boundary. Infalling boundary conditions are
needed at the horizon, but this can be imposed consistently at each order in the perturbative
expansion. These infalling conditions will be seen in the boundary Green’s function, but will
not dominate over lower orders in the expansion.

Although a formal perturbative expansion can be used to solve the bulk scalar equa-
tion, the expansion of G in the couplings A;; will only be sensible if the corrections can be
kept small. Obviously this cannot be true globally, as the higher derivative terms typically
dominate near the horizon. However, as one can see for example by using the WKB approx-
imation (see section 3.3), the holographic Green’s function only gives us information about
physics between the boundary and the classical turning point pg, where the wavefunction
changes from exponential to oscillating behavior. Hence all that is necessary is to ensure that
f remains small compared to the leading order potential Uy only for p < po- The specifics of
this condition depend on whether we are in the high or low frequency regime. We consider

these two cases separately:

1. In the high frequency regime (v > v'7%), the dominant term in Uy is v?/p?. Since this
term is decaying, while at the same time f becomes more important as we move away
from the boundary, we only need to demand that f is small compared to v?/p? at the
classical turning point. This gives rise to the condition f(&py, ,6(1)/2) < v?, which may
be satisfied by taking (¢/L)v < 1, where we have assumed the expansion (4.82) along
with the behavior of the couplings \;; ~ (¢/L)"~2. As we may see from (4.75), the
scale of v is set by mL. Therefore, the condition for a valid expansion is equivalent to
demanding m¢ < 1. We conclude that in this case, higher derivative corrections are
under perturbative control provided the bulk couplings satisfy m¢ < 1. This behavior
is very much like the relativistic z = 1 case, since in both situations the v?/p* potential

dominates up to the classical turning point.

2—2/z

2. In the low frequency regime (& < v'7%), we need to compare f with the 1/p term
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in Uy. Once again, we only need to consider the magnitude of f at the classical turning

point. The condition is now f(wp, /3(1)/2) < /3(2)/2

&> (é)z_l. (4.83)

, which gives rise to the requirement

As w is taken smaller and smaller, we need to take higher and higher order corrections
into account. As a result, the perturbative expansion breaks down at small @, and
results computed in this regime will not be robust against higher derivative corrections.
Physically, what happens is that as w — 0, we probe closer and closer to the horizon,

and it is precisely there where the higher derivative corrections dominate.

Hence, as long as the scale of the bulk higher derivative corrections satisfies m¢ < 1, the
perturbative expansion of the boundary Green’s function makes sense for dimensionless fre-
quencies @ > (¢/L)*~!. For lower frequencies, the higher derivative terms start dominating.

This feature of higher derivative terms becoming more pronounced at the horizon is not
restricted to the Lifshitz background, but is in fact fairly general and shows up in, e.g., the
pure AdS and Schwarzschild-AdS cases. While the pure AdS case tends to be robust against
higher derivatives because of conformal invariance, more care may be needed in the case of
holography at non-zero temperature [97, 98, 99, 25, 100, 101, 10, 102]. Transport coefficients,
such as the shear viscosity, may be extracted using the Kubo formula, which is evaluated
at |k| = 0 before sending w — 0. Since this is consistent with (4.83), the perturbative
expansion for transport coefficients is valid. At the same time, however, more care may be
needed when analyzing general hydrodynamic modes, which are defined for both w and k

small, but nonzero (see e.g. [103]).

4.3.3 WKB Analysis of the Spectral Function

In this section, we study the holographic spectral function of a probe scalar in Lifshitz

spacetime, in the presence of higher derivative corrections. To determine the effect of higher
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derivatives on the retarded Green’s function, we consider a probe scalar with an effective
potential of the form

v:i—1/4 1

U= P2 52-2/2 -

7+ Y A, (4.84)
i+j>2

The last term encodes an infinite set of higher derivative corrections to the equation of
motion, where the (7, j) term corresponds to i temporal and j spatial derivatives. The size of
the coefficients is expected to be set by a microscopic length scale ¢, so that (after restoring
units of L) \;; ~ (¢/L)"772. Since it is in general not possible to solve the corresponding
Schrodinger equation for the potential (4.84) analytically, we will make use of the WKB
approximation to obtain an approximate solution. This method can be used to calculate
the imaginary part of the retarded Green’s function, which is proportional to the spectral
function. After switching to the p coordinates defined in (4.76), the spectral function can be
approximated by! (4.30) with b = 0 (infalling boundary conditions):

K~ 'Im Gr(w, k) ~ k| lim e e 25, (4.85)

e—0

Here K is a normalization constant and

Po [ 1
S—/E I\ UG) + 1 (4.86)

The additional 1/p? term is equivalent to an effective shift v? — v? + i, which is necessary
for consistency of the WKB approximation for 1/x? potentials (see section 3.3). The integral
is taken from a UV cutoff ¢ to the classical turning point po. The WKB approximation for
the imaginary part of the rescaled Green’s function defined in (4.67) is given by

K ' ImG(&) ~ lime e, (4.87)

e—0

LThe additional prefactor of |k|2/# arises from letting € — |k| %€, which is the proper UV cutoff needed
to cancel the log-divergence of the integral.
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This expression is valid for a potential with only one classical turning point, such that the
wavefunction is oscillating near the horizon and tunnels towards the boundary. Close to the
boundary, the 1/p? part of the potential leads to a power-law scaling of the wavefunction,
which is stripped off by the factor of ¢ in (4.87). We can use (4.87) to determine the
imprint of higher derivative corrections on the spectral function, provided that \;; < 0.
In this case, the potential goes to —oo at the horizon, but the wavefunction still remains
oscillating and we can consistently impose infalling boundary conditions. Later we will argue
that (4.87) can in fact be used to provide a formal expansion for corrections with arbitrary
sign.

In order to perform a perturbative expansion of the WKB integral (4.86) in terms of \, j,
we need the higher derivative corrections to be subdominant compared to the other terms

in U, at least in the domain of integration. We therefore demand

N ptIE < N O < AR (4.88)

for all 0 < p < po (see also the discussion in section 4.3.2.2). We can already see that this

imposes an w-dependent condition on the coefficients \; ;, which we will make more explicit

ijs
in what follows.

We can now determine the leading order correction to Im G(w) by formally expanding the
WKB integral in terms of the \; ;. At leading order, the higher derivative contributions are
linear, so for our purposes it will be enough to drop the sum in (4.84) and only consider the
effect of a single correction term with fixed (4, 7). In a realistic model with a tower of higher
derivative corrections, one may obtain a perturbative expansion for Im G(w) by summing
up the individual contributions, keeping in mind that if there are corrections at different
order (e.g. o/ and (0/)2), one may have to go beyond linear order to study the effect of all

correction terms.

A consistent expansion in J\; ; requires expanding both the integrand and the upper bound
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Do, since the location of the turning point depends on the details of the correction terms.
Writing S = S© + 63, where S© is the two-derivative integral with \;; = 0, we find (see

appendix E for a rigorous derivation):

(0>
SO = / dp\/ px 2/2 — @2, (4.89)

)\ i Aitj/z—2
5s~/ 5P (4.90)

2\/V2+ 52—2/z w

is the turning point for the case \;; = 0, i.e. the solution of

where p( )

2
1% 1 9

Py pi

and we expanded up to linear order in J; ;. The large and small w-behavior of the unperturbed

integral S was computed in sections 3.3.2 and 3.4:

SOG > 1)~ —v —vlog (%) , (4.92)
ﬁr <2(zl—1

)) ~
zF( e 1)>

Let us now calculate the leading correction (4.90) in the same limits. For & > v'7* the

unperturbed turning point lies at f)(()o) ~ v /&, which is well within the region where the 1/5?

SOG < ™)~ —2v 4+ 2vlog (20) + v(z — 1) log 2 +

~2— 2/z

term dominates over 1/p Hence we can approximate the integral as

v/@ /\ ~i Aitj/z—2
5S %/ A (4.94)
‘ 2,/% — 2
Letting x = wp/v, we find
. 1—2\ L 1 i+i-2
S ~ w2 (”—> / P — (4.95)
w <2 /5 -1
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For & > v, correction terms with j # 0 are highly suppressed. After taking the UV cutoff

€ to zero, we therefore have

Vl/zfl

0S ~ (5j70C2‘)\Z'70V’£71 + @) (—) y (496)

Ol/=

where

Y
e TovI—a2 AT ()

Using (4.96) and the unperturbed result (4.92), we arrive at the final answer

(4.97)

K 'ImG(@ > v'7*) ~ Co?, C=2v)exp [2v (1= b0chior > +--+)], (4.98)

where the ellipsis indicates terms that are higher order in A\. The scaling of G with &%
reflects the fact that at large frequencies, the Green’s function Gg(w,k) = |k|?*G(@) be-
comes independent of k (see the discussion in section 4.3.1). The higher derivatives simply
renormalize the numerical prefactor in a controlled way. The size of the higher derivative

corrections at large w is controlled by
i—2 € - 1—2
iV 7~ TV ~ (ml) ", (4.99)

where i > 2 is the number of temporal derivatives. Note that \;ov'"? < 1 is precisely what
is required for the higher derivative corrections to be small up to the classical turning point
Po, in the limit of large @, as one can see by evaluating (4.88) at gy in this limit, and noting
that the unperturbed potential is monotonically decreasing.

We now turn to calculating the higher derivative corrections in the case of small frequen-
cies (0 < v17%). In this case, the unperturbed classical turning point lies at ﬁ(()o) ~ A (),
We can split up the integral (4.90) in the following way: Let p, = v* be the crossover scale,
defined in the beginning of section 4.3.2.2, at which the two different terms in the potential

(4.81), v2/p? and 1/p* /%, become comparable. Since & < v'~%, we can then introduce a
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regulator scale p, such that p, < p, < ,680), and split up the WKB integral in (4.90) as
5(0)

/ v / / " (4.100)

The first of the integrals above is taken over € < p < p, < pé ), so we can approximate the

potential in this region as

1/2 1

F 22/

U~ w2 (4.101)

On the other hand, the second integral is taken over p, < p < /3(()0), so in this region we can

write
A 1
= 2 N g, (4.102)
Using these approximations, we find
0S5 =051 + 05,
i ATt/ 2—2 /\ A2A1+]'/Z*2
/ dp ]”2’) +/ dp . (4.103)
V2+ 2 2/z pr 2 ﬁ2}2/z —w?

2/2

Letting u = 2p the first integral can be written as

z2:. 7

2v " O\ [ il
85y = =\ v T2 A ——, 4.104
= (55) [ el (4104

where the integration bounds are u. = €2/*/v* — 0 and u, = (p,/p,)** > 1. In the small

frequency limit @ < v'7%, the correction term is highly suppressed unless i = 0. Hence we

have _
Uy 1_1 ~
551 A 810 dov” 2/ du;ﬁ_u +0 (;’) . (4.105)

The remaining integral is divergent as u,, — co. However, one can show that the contribution

of the upper bound cancels with that from the lower bound of 0S5, since u, is after all a
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fictitious regulator scale. Hence the only contribution of (4.105) to §S is due to evaluating

the integral at the lower bound u. — 0:

(551 — —(Si’g%dj)\Q’jVjiz +0 ( (:)_ ) , (4106)
pl-z
where
u=0 U%_l
d; = d . 4.107
AR (4107)

This contribution is finite; in particular there are no loge terms, which would affect the
boundary scaling. Similar to the large @ case, higher derivative corrections are controlled
by terms of order ~ A\v"~2, where n counts the number of derivatives. This becomes quali-
tatively different when considering 655, which captures the contribution of higher derivative

corrections deep in the bulk. Letting z = &%~V p, we obtain

O ey A0 T T (4.108)

where

. j—1
1 1,2—1“1‘7

€ij = dr—————.
VA

When expanding the lower bound in powers of p,./ ﬁ(()o), each term is designed to cancel with

(4.109)

the corresponding contribution from §.5;. Instead of carrying out this cancellation explicitly,

we can therefore let

L iz VT (5554)
ey — | do— - 2D (4.110)

—2 iz'—’

together with the prescription (4.106). Using (4.106), (4.108) and the zeroth order result

(4.93), we arrive at the final answer

K-UmG(& < v'2) ~ Dexp —@fﬁE(@)] , (4.111)



where

D = (2v)72 2072 exp [221/(1 + 8i0djAo ) 2+ ) |,
ﬁr <2(zl—1)>

2T (2(?1))

Here the ellipses indicate terms that are higher order in A\. We see that the higher derivative

E(w) = + ei,j)\i,j@_ﬁ(i—w_z) + - (4.112)

terms have two distinct effects: First, corrections with ¢ = 0, which correspond to purely
spatial derivatives, affect the overall normalization D of the spectral function. Second,
and more importantly, higher derivative corrections with any ¢ and j change the behavior
of the spectral function as @ — 0, encoded in F(w). The w-dependent correction terms
become more and more important at small frequencies, and eventually the perturbative
expansion breaks down. This was to be expected, since at small @, the spectral function
probes deep into the bulk, where higher derivatives dominate. However, recall that the
coupling constants \; ; are generically given by a ratio of a microscopic versus macroscopic
length scale, \;; ~ (¢/L)"7~2. It is thus possible to keep the corrections in (4.111) small by

demanding

E Z—].
Vs o> (E) . (4.113)

This is precisely the bound we argued for in section 4.3.2.2. Since the condition (4.88),
evaluated at large w, also guarantees that fv/L < 1 (see the discussion around (4.99) and
section 4.3.2.2), there is a wide range of frequencies that satisfy the inequality (4.113). For
frequencies within this range, (4.111) is a universal result: The spectral function behaves
as ~ exp (—const. ~d1_1/(z_1)), and there are both constant and w-dependent corrections
that can be computed order by order in perturbation theory. The naive limit @ — 0 is
non-universal, since higher derivative corrections cannot be kept under control.

The procedure for calculating higher derivative corrections to the spectral function out-
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lined here can in principle be applied to arbitrary corrections of the form (4.84). Note,
however, that since we generally expect an infinite number of such corrections, going beyond
leading order in /L may require expanding (4.86) to the appropriate order.

Finally, let us comment on the sign of );;. In the analysis above, we assumed that
Aij < 0, so that the wavefunction is always oscillating at the horizon, and no additional
turning points are introduced. If );; is positive, the wavefunction is tunneling in the deep
IR, leading to another tunneling contribution Sig to the spectral function (4.85). At large
enough p, the higher derivative corrections will always dominate the potential, so Sig does
not have a perturbative expansion in \; ;. This is simply a consequence of the fact that the
potential in the TR is always sensitive to all of the (in principle infinitely many) coefficients
that appear in the series of higher derivative corrections, and we cannot solve the equation of
motion perturbatively in the IR. It therefore seems that one cannot trust our analysis in the
case of generic corrections with arbitrary sign. However, one can circumvent this problem
in the following way: For any given @, we can define a regulator surface at p = p, (@) > po,

such that higher derivative corrections are still small at py, i.e.
)\i,j@iﬁzﬂ/z <V Aoty F < ﬁi/ - (4.114)

This guarantees that the wavefunction is still oscillating at pj, even though eventually higher
derivatives may cause the potential to bend upwards again. Ignoring the (unknown) behav-
ior of the wavefunction in the deep IR, we only impose infalling boundary conditions at
pn, instead of p — oco. The surface at p, thus becomes an “effective horizon”, where the
wavefunction is infalling:

V(p— pn) ~ ae’®®). (4.115)

Here ® is an increasing function of p. The retarded Green’s function can then be computed
using the usual formula (4.80), and the spectral function can be calculated approximately

using the WKB-formula (4.85). On a practical level, this regularization prescription amounts
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to simply taking (4.85) for granted, and formally expanding the WKB integral S in A, ;,

without worrying about the dynamics close to the horizon.

4.3.4 Field Theory Models with z = 2

As we have demonstrated, a holographic computation of the spectral function yields the
universal low-frequency behavior xy ~ exp(—const. - ©~/¢=1) provided & is in the range
(4.113), where the higher derivative corrections are controlled. From a field theory point of
view, such an exponential behavior is not expected to arise at any finite perturbative order,
but can show up non-perturbatively. This, of course, fits the framework of non-relativistic
holography, where the field theory dual is expected to involve strong correlations.

In this section, we explore a field theoretic model exhibiting z = 2 Lifshitz scaling, namely
the quadratic band crossing model of [96]. Our strategy will be to identify phase-space
regions with nonzero decay rates for bosonic quasi-particles, which, according to the optical
theorem, will contribute to the imaginary part of the corresponding bosonic Green’s function,
and hence the spectral function. We confirm the presence of exponential suppression in the

spectral function at small w, in agreement with the holographic computation.

4.3.4.1 The Quadratic Band Crossing Model

To set up the quadratic band crossing model, let us start with a massless Dirac theory in

2 + 1 dimensions, with action?

S = /dfdt [\T’ (17000 — 1710, — i720,) ¥ — 9%@%% . (4.116)

2Note that we use signature (+, —, —) for the field theory.
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Here U = (11, %5)7T is a two-component spinor and W = Wi~,. The 2 + 1 dimensional Dirac

matrices are given by
Yo = , m= , e = : (4.117)

The interaction term in (4.116) is the only four-fermi term allowed for a two-component
spinor. In the IR, this 1* term is also the most relevant interaction term in the RG sense.
At the Gaussian fixed point, this theory is conformally invariant with dynamical critical
exponent z = 1. By setting the speed of light to unity, the theory contains only one control
parameter, which is the interaction strength g.

The quadratic band crossing model generalizes the above to form a scaling invariant
model with z = 2 [96]. It does so by replacing the derivatives in the Dirac theory (4.116) by

the following operators:

i0y — 10y + to V2,
i0, = —11(02 — 02),

i0, = —2t,0,0,, (4.118)

where V? = 92 + 02 and to, t; and t, are real parameters. After this substitution, we obtain

a model with z = 2:

S = / dzdt {\IJ [Y0 (100 + toV?) + Y1ty (92 — 02) + 272t20,0,] ¥ — gwmwbl} . (4.119)

This action bears some resemblance with the original Dirac theory. However, in direct
contrast to the Dirac theory, whose action only contains first-order derivatives, this model has
a first order time derivative and second order spatial derivatives. As a result, space and time

have different scaling dimensions, and it is straightforward to show that dimensionally [t] =
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2[Z], corresponding to z = 2 at the Gaussian fixed point. In condensed matter systems, this
model describes band touching points with quadratic dispersions, which have been observed
in bilayer graphene (see for example the review articles [104, 105, 106]); a realization has
been proposed in optical lattice systems, using high angular momentum orbitals [107].
Generically, the action (4.119) contains four control parameters: to, ti, to, and the in-
teraction strength g. However, we can set one of the three ¢;’s to unity (say t, = 1) by
rescaling. As shown in [96], if we require SO(2) spatial rotational symmetry, then ¢; and ¢y
must coincide. Furthermore, if a fermion particle-hole symmetry (i.e. charge conjugation) is
enforced, then ¢y must vanish. Here we will focus on the case with t{p = 0 and t; =, = 1,
which preserves both the spatial rotational and charge-conjugation symmetries. In this case,

the action reduces to
S = / dzdt {@ (10000 + 11 (02 — 02) + 2720,0,] ¥ — g¢{¢§¢2¢1} , (4.120)
and the free dispersion relation for the two bands is given simply by
ex (k) = £k, (4.121)

It is worth emphasizing that most of our conclusions remain valid as long as |tg| < |t1] and
[to] < |ta]. These inequalities ensure that the model has both particles and holes in the weak

coupling limit (small g).

4.3.4.2 Renormalization Group Analysis

At tree level, the ¢/* term in the quadratic band crossing model is irrelevant (relevant) in the
IR for systems above (below) 241 dimensions. In 2+1 dimensions, ¢ is marginal at the tree
level. A one-loop RG analysis indicates that a repulsive interaction (g > 0) is marginally
relevant at IR, while an attractive interaction g < 0 is marginally irrelevant in the IR [96].

In the Dirac theory (4.116) on the other hand, the ¢* term is irrelevant (relevant) in the IR
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for systems above (below) 1+1 dimensions. In 1+1 dimensions, due to the special properties
of the 1+1 conformal group, the ¢* term remains exactly marginal, before the system hits a

Kosterlitz-Thouless transition.

4.3.4.3 Boson Correlation Functions

Although the model discussed above describes fermionic fields, bosonic modes can be con-
structed from these fermionic degrees of freedom in the form of fermion bilinears. In the

particle-hole channel, we can build four different fermion bilinears (boson modes)

with ¢ = 0, 1, 2, and 3, and the fourth gamma matrix is given by ~3 = ivyvy172. Here by
is the fermion density operator and the other three bosonic operators can be used as order
parameters for various symmetry breaking phases (nematic or quantum anomalous Hall) [96].
At the Gaussian fixed point, these bosonic modes have z = 2, which is inherited from the
fermions.

Additional bosonic modes can also be created in the particle-particle channel (e.g. ﬂw;),
which are the order parameters for various superconducting states. In this section, we will
only consider fermion bilinears in the particle-hole channel. These bosons can decay into
particle-hole pairs and are thus expected to have a finite lifetime. Via the optical theorem,
the existence of such decay channels is equivalent to a non-zero imaginary part of the two-
point function (and thus the spectral function), generated by self-energy diagrams such as
those shown in Fig. 28.

Although it is challenging to analytically compute these diagrams, it is straightforward
to prove that for a boson with momentum /g, the imaginary part of each self-energy diagram
can only arise when the energy w of the boson is larger than a certain threshold. For each

diagram, this threshold can be determined using energy-momentum conservation.
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Figure 28: Self-energy corrections for the boson modes. Here, solid lines represent fermionic
propagators and wiggly lines are boson propagators.

For example, the one loop diagram shown in Fig. 28 (the leading order correction) com-
putes the scattering rate for a boson mode with energy w and momentum k to decay into one
particle with energy w, and momentum Ep and one hole with energy w;, and momentum k.
Such a decay process can only take place when both the energy and momentum conservation

laws are satisfied:

Po kT
k2
w=w,—w,=k2+kj > 5 (4.123)

Here we used the quadratic dispersion relation (4.121). For fixed k, the momentum conser-
vation law enforces a relation between the momentum of the particle Ep and that of the hole
K, ie. Ep = k + ky. With this constraint, the energy of the particle-hole excitation k24 ki
has a lower bound of k2/2 (which is reached when k, = —k, = k/2). In other words, the
energy conservation law can only be satisfied when w > k?/2. As a result, for w > k?/2, the
boson can decay into a particle-hole pair, and thus have a finite lifetime, while for w < k?/2,
decay is kinematically forbidden. Thus, at the one-loop level, O(g°), the imaginary part of
the bosonic correlation function only arises for w > k%/2. This energy range is known as the
particle-hole continuum.

When the t%-interaction term is taken into consideration, the bosonic modes can decay

through higher order processes (one example is shown in Fig. 28). For these higher order
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diagrams, the same analysis can be utilized. At order O(g?"), the energy and momentum

conservation laws imply that

n+1 n+1
k= E k,, — g kn,,
i=1 i=1

n+1 n+1
/{32

n+1
W= wp =y wn = (k +ki) > nt1) (4.124)
=1 =1

i=1

Here we consider the decay of a bosonic mode into n+ 1 particles and n+ 1 holes (see Fig. 28
for an example with n = 2). For fixed IZ, momentum conservation enforces a constraint on
the momenta of the particles and holes. Given this constraint, the energy is minimized when
the momenta are collinear, and the boson momentum k is equally distributed among the
particles and holes. This results in a lower bound on the energy of k%/2(n + 1). Thus the
decay is kinematically forbidden unless w > k?/2(n + 1).

This analysis demonstrates that, up to order of O(¢g?"), the imaginary part of the boson
correlation function only arises when the energy of the boson is above a threshold, w >
k%/2(n + 1). Furthermore, this threshold goes down to zero for higher order diagrams as
~ 1/(n +1). Thus, if we sum the diagrammatic expansion to infinite order (n — o), we
expect that the boson correlation function can pick up a nonzero imaginary part for any
w > 0.

Finally, we are ready to extract the asymptotic form of the imaginary part of the self-
energy correction at small w. For w < k?, the imaginary part can only arise via processes of
order O(g?"), where n ~ k?/2w. Therefore, we expect the imaginary part at energy w and
momentum k to scale as ~ g7 ~ ng/ “. For sufficiently small g, this relation implies that
the imaginary part of the self-energy correction decays to zero with the singular behavior
~ e7nmst/@ where @ = w/k? is the dimensionless energy. This matches the z = 2 low

frequency behavior (4.111) obtained holographically.
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4.3.4.4 Dirac Theory Revisited and Systems with Higher 2

We can repeat the kinematical analysis used above for similar models with arbitrary z > 1.

In this case, for O(g?"), the energy-momentum conservation law becomes

n+1 n+1
k= Kp, — Z k.
i=1 =1
n+1 n+1 n+1 . . k*
w = pri — thi = Z(kpl + khi) Z W (4125)
=1 =1 =1

For any z > 1, the lower bound for having a nonzero imaginary part depends on n, and goes
to zero as n — oo (i.e. when considering higher and higher order diagrams). Similar to the
discussion above, after summing over all the diagrams to infinite order, we find that at small

w, the imaginary part of the self-energy scales as

Im I ~ g7/ (4.126)

—const.-o—1/(==1) -
const.-w , where now @ =

For small g, this indicates that ImII decays to zero as e
w/k*, in agreement with the holographic result (4.111). This suggests that the exponential
suppression of the spectral function is a generic property of Lifshitz models at w < k*.
Note that for z = 1, the Dirac theory is recovered, and the fate of the system is funda-
mentally different. As can be seen by substituting z = 1 into (4.125), the energy threshold
becomes independent of n. For any diagram, regardless of its order, the imaginary part arises
only for w > k. After summing over all diagrams (to infinite order), the same lower bound
of energy remains (w > k). As a result, for z = 1 the imaginary part of the correlation
function vanishes identically in a finite region w < k, which is in sharp contrast to the z > 1
case. This conclusion is consistent with a symmetry analysis, which tells us that at z = 1,
the Lorentz and conformal symmetries require the bosonic correlation function to be propor-

tional to (—w + |k|)®, where a is some scaling exponent. For non-integer o, (—w + |k|)* is

real for w < |E\, while the imaginary part arises for w > ]E\ For z > 1, however, the absence
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of the Lorentz and conformal symmetries allows for very different types of behavior.

In summary, we find that models with z > 1 and z = 1 belong to fundamentally different
universality classes. The case with z = 1 (i.e. Dirac) has been well understood with the
help of conformal symmetry, which almost fully fixes the functional form of the correlation
functions. However, for z > 1, the absence of conformal symmetry allows for richer structure
in the correlation function. For arbitrary z > 1, we have presented an argument suggesting
a characteristic exponential behavior e~¢°"s*/ @VE for the imaginary part of the self-energy

correction at low energy.

4.3.4.5 Limitations of the Analysis

—const. /&1 7D o tha spectral function all the way down to w — 0

An exponential fall-off ~ e
would correspond to an essential singularity of the two-point function at the origin. However,
it is worth noting that there are two limitations of the analysis presented above. First,
because we only considered the decay of bosonic modes into n+ 1 particle-hole pairs without
taking into account the renormalization of the vertex function (i.e. the renormalization of
the coupling constant g), the above analysis is not expected to give quantitatively accurate
results in the extremely low (or high) energy limit. This is because, as discussed above, in
2-+1 dimensions, the coupling constant g is marginally relevant or irrelevant (depending on
the sign of g). For the IR or UV limit, the flow of g cannot be ignored. However, because g is
only marginally relevant or irrelevant, the flow of g is expected to be slow (i.e. logarithmic).
Hence there may exist a range for w (i.e. w is small, but not too small) in which the RG flow
of ¢ may be weak enough to be ignored, so that the analysis above can produce a reasonable
estimate for the scaling behavior of ImII.

Second, in the context of QFT, the perturbation series in terms of Feynman diagrams is
typically expected to be an asymptotic series. This means that our kinematical argument

using loop diagrams only captures the behavior of the imaginary part of the self-energy

correctly up to some finite order O(¢g?"), where N is large but finite. In particular, this

137



implies that the scaling ImII ~ g2 ~ g!/@""7"

is only valid for n < N and thus for w above
some cutoff w, (V).

Both of these points suggest that while the exponential suppression of the spectral func-
tion is a generic feature in a finite region where @ is small, the behavior in the strict limit
w — 0 is model-dependent. This is consistent with the observation in the gravity the-

ory, where the would-be singular behavior of the two-point function may receive significant

corrections at very small @ from model-dependent higher derivative terms.

4.4 Summary and Discussion

In this chapter, we demonstrated that the spectral function for a minimally coupled scalar
in a Lifshitz background is nonzero, but exponentially small, in the low-frequency regime
w < k*. We then showed that this behavior is a robust holographic prediction for field
theories with Lifshitz symmetry, in the absence of further constraining symmetries. For the
classes of higher derivative theories we study holographically, we generically find that the
spectral function is suppressed in the low frequency region as y ~ exp(—const. - ©~1/(=1),
so long as @ > (¢/L)*™!, where ¢ is the length scale at which higher derivatives become
important.

On the field theory side, the Lifshitz scaling symmetry is a priori not expected to lead
to a universal 2-point function, and perturbative calculations do not reveal any similarities
either between different field theories with Lifshitz symmetry, or with the holographic the-
ory. However, in the example of the quadratic band crossing model we presented a simple
kinematical argument involving energy-momentum conservation and a resummation of loop
diagrams that reveals a similar exponential suppression as predicted by holography. Further-
more, this exponential suppression is expected for any field theory containing the following
three key features: The existence of particles and holes, an interaction that allows for decay

channels, and a dispersion relation with z > 1 scaling symmetry. Therefore, we expect our
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conclusion to be generic and applicable to a wide range of systems (with z > 1) regardless
of microscopic details, in agreement with the holographic prediction. In particular, we have
checked that it applies to the quadratic band crossing model (1.3) (see [31] for more details).

Although in both the holographic and the field theory calculation, the exponential sup-
pression is a robust feature of the spectral function for small @, the strict limit w — 0 is
non-universal in both cases. In the holographic calculation, the model-dependence enters
through higher derivative terms, which introduce corrections whose size can be quantified
precisely (see equation (4.113)). However, the precise regime of validity of the field theory
calculations is less clear. In the quadratic band crossing theory considered here, the flow
of the coupling constant g can no longer be neglected when taking the exact limit @ — 0.
Instead of just being a simple exponential, the exact (nonperturbative) spectral function will
therefore have a more complicated dependence on w. Naively, one may expect a dependence
of the form

o—1/(z—=1)

ImG ~ g(&) (4.127)

In 2+1 dimensions, the coupling ¢ is marginal, and we expect g to depend only weakly
on w, so that the spectral function still shows an approximately exponential behavior. It
would be interesting to further study the renormalization group flow of g to make a precise
statement about the range of & for which this is the case. Along the same lines, in order
to put a precise lower bound on @, it would be important to account for the fact that the
perturbative expansion is in fact only an asymptotic series (see the discussion in section
4.3.4.5).

/@D g that exponential

In our field theory calculation, we found that ImG ~ ¢
suppression in fact only arises for ¢ < 1. It is important to note that this is not in con-
tradiction to AdS/CFT being a weak-strong coupling duality. The strong coupling nature
of the field theory does not necessarily mean that the parameter g has to be chosen large,

but rather that strong correlations (for example seen as long-range interactions) may emerge

dynamically. This feature is familiar from the standard case of relativistic AdS/CFT, where
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it is not gyy itself that is taken large, but rather the 't Hooft coupling g2,,N > 1. In order
to better understand the relation between strong/weak coupling on the field theory/gravity
side in non-relativistic AdS/CFT, it would be desirable to develop a more precise version of
the holographic dictionary for this case.

Although we have chosen not to consider higher derivatives in the radial direction p be-
yond second order, this is in fact not a true limitation of the perturbative analysis. Assuming
we are only interested in solutions to the higher derivative equation that are perturbatively
connected to the lowest order (i.e. the two-derivative) equation, we may always eliminate
higher derivatives by substituting in the lower order equations. Consider, for example, the

addition of a fourth order term to the Schrodinger-like equation (4.77)

=" (p) + U(p)w(p) = M@ (p). (4.128)

We now rewrite this as ¢ = Uy — A\p™®) and take two derivatives to obtain 1) = (U)” —
M)(®) . Substituting this in the right-hand side of (4.128) and working only to linear order in

A then reduces the equation to second order

A

—"(p) + U(p)v(p) — AU (p)w(p))" = O(N?). (4.129)

While this equation is no longer in manifest Schrédinger form, it can be so transformed if
desired. Thus our analysis is in fact applicable to this more general case as well.

As we discussed at the end of section 4.3.3, the perturbative expansion of the spectral
function in terms of higher derivative coefficients A; ; strictly speaking only makes sense if
these coefficients are chosen such that no additional turning points are introduced deep in
the bulk. However, we argued that our formal perturbation series can still be used even
in the case of higher derivatives with “wrong” sign, i.e. for the case where the effective
potential bends upwards at large p. It would be interesting to determine if in a realistic

theory, there are constraints on the signs of the coefficients J; ;, for example due to bulk
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causality or unitarity. It would also be interesting to study string theory embeddings of
Lifshitz spacetimes, where the coefficients of higher derivative corrections can be determined

exactly, and calculate the corrections to holographic correlation functions.
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Appendix A

Metric and Curvature of Planar

Spacetimes

Here we provide the curvature components used in the derivation of the Lifshitz solution
in section 2.1. Although not needed for the Lifshitz case, we consider slightly more general

metrics of the form

d
ds? = —e2o0) g2 L qr? + Zezbi(r) (dxi)Q' (A1)

i=1

The nonvanishing curvature terms are

Ry = Sl bhe® — (u o v), (A2)

opv

RTW"V = _nHV€2bV (bz + (b:/)2 ) (AB)

A
R, = —m,,e%v(b;’+b;Zb;), (A.5)
A

R Y0 - ()

2
)
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where p,v = 0,...,d, and repeated indices are not summed over unless explicitly stated.

The Lifshitz solution is given by

bo(r) = azr, bi(r) =1, z>1, (A.7)

and the case z = 1 corresponds to AdSy,o. For this class of solutions, we have

T 2 2zr
R 0ro0 = Ze y

T 2r
R ,L',,,j — —(51]6 ;

0 2r

Rijkl = (5f5jk_5li5jl)€2ra

Roy = z(z+d)e*,

R,, = _(22 + d)a
Rij = —613(2 + d)e%,
R = —(22+d+ (z+d)?). (A.8)
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Appendix B

Higher Derivative Solutions in

Alternative Gauge

In our numerical analysis in section 2.3.2, we chose the parametrization (2.33) for the metric,

which is different from (A.1). In this gauge, the Lifshitz metric of section 2.1 takes the form:

ds® = 7"_12 (=dt* + dr® + 1% (d2® + dy?)) . (B.1)

The scaling parameters are related via z = (1 — 2)71. Furthermore,

4(1 -z
¢ = %loyﬂ—a (B.2)
Q*e M0 = <g—5>z<l—4a <z—§>), (B.3)
3 s N (3 .
A = 2<§—z)(2—2)—1—4&2(1—2)(1—2), (B.4)
4(2-2)(1-2) 1—2
A= & 2 )/\10 = 1 > 3)\)’ (B.5)
Qe 2(G-a(2-9)
It is straightforward to show that A? () has a local minimum at
1 1
=1+ -4/1—— B.
= 9 o ) ( 6)
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N

Figure 29: Plot of A\; (2) for a = 0 (black), a = 0.9 (blue) and o = 3 (red).

provided that o > 1. In this case there are two different scaling parameters z; < Zy for
any given \? (away from the minimum) (see Figure 29). Notice also that A blows up for
Z, = 3/4 + 1/(4a), which is within the range of physical solutions for &« > 1 only. To

summarize, the possible ranges for the parameters are:

a<l: 0< )\ <00, 0<z<1,

a>1: Amin < A1 < 00, 0<z2<2Z, (B.7)

where A\pin = A (Z22).
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Appendix C

Irrelevant Perturbations around Higher

Derivative Solutions

There are two ways in which the exponent of the dilaton perturbations, v may become

complex:

1. The smaller square-root in (2.64) becomes imaginary. This happens when

e (- (-3 43) e

2. Even if the small root is real-valued, 2 may still cross zero, which happens at

1 4 11
Ay = —(1-a)M\+ —=a—1
2 /\1(11a2—19a—|—8){3( a)h+ g

3 244 | 2 2 1 2\

+ 5 (a0 —1) A1—§(11a—19a+8)A1+ —a—= (C.2)
To find out when the dilaton perturbations are irrelevant, i.e. 7* = 1/4, notice that 7* —1/4
can only change its sign as we go from case 1) to case 2) in (2.65). As a consequence,
irrelevant perturbations will stay irrelevant as long as aXy/A\; 2 1. In practice, it is therefore

easiest to plot the curves (C.1)/(C.2) and determine the number of irrelevant perturbations
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numerically, making use of continuity arguments (see Figures 1 and 2).
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Appendix D

WKB Approximation for Spectral

Functions

Here we give a brief discussion of the accuracy of the WKB approximation in the context of
calculating holographic spectral functions. The wavefunction (4.22) is only the leading order
approximation to the exact result. We can parametrize a finite error in our approximation

by writing

NG

B30 = Vv (U —w?) 7 (1+0)er) 5§« 1. (D.1)

This error propagates to the matching coefficients in M’ in the following way:

M — (1+ 0 (9)) e’eder) O (§) eve=Ser0) | (D.2)

O (§)eveSErm)  (1+0(6)) e ve S
While M’,, — 0 for € = 0, M’p¢ actually blows up in this limit. This means that we have
no theoretical control over this coefficient, and results containing M'gc cannot be trusted.
There is a simple explanation for this problem: We perform the matching at ¢ — 0, where
the A-mode generically blows up, but the B-mode goes to zero. For a generic solution with
A, B # 0, we can then take an arbitrary finite amount of B and “hide” it under the non-

normalizable mode A by taking B —+ B— 0B and A — A+ 0B . The relative error we make
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by doing so will always be shrunk to zero near the boundary. This means that generically,
we cannot trust the WKB-calculation of B. However, any result that does not contain the

“mixing”-term M’ can still be calculated accurately. For example, we can calculate B for

a normalizable wavefunction, where A = 0. In this case, we need to choose a = —ib and we
obtain
A 0
= A . (D.3)
B ap€ Vb

Since M’pc automatically shows up in the expression for the Green’s function (4.17), one

might expect that we cannot trust this result. However, once we plug in (D.2), we see that

(D.4)

. Mpe i Mppl—i
G (w, k) = K +2 a
wice (0, ) (M’AC 2 Miac 1+ it

so the problematic term only appears in the real part of the Green’s function. This means
that while we cannot trust WKB for Re G(w,/;), we can still get accurate results for the

—2v

imaginary part, up to an O(d)-error. In particular, one can check that M’z ~ € and

"'p ~ € do not conspire with each other to make this error divergent.
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Appendix E

Perturbative Expansion of the WKDB

Integral for Spectral Functions

We would like to obtain an approximate expression for the WKB integral (4.86) for a po-

tential of the form

U(p) = Un(p) +6U(p), (E.1)

where

and 6U represents a small correction to the potential. To be precise, we assume that oU is

subdominant compared to the other terms in the potential for all p between the boundary

and the classical turning point. To guarantee this, it is sufficient to demand that
SU(p) < & for 0<p< po. (E.3)

We can then expand the turning point as follows:

polt) = p) (L+t+---), (E.4)
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where

0/ =1 E.5
<1 (E.5)

and ﬁéo) is the turning point of the unperturbed potential, i.e. Uo(,é(()o)) = 0. The relative
size of 6U at the unperturbed turning point is what controls the higher derivative expansion.
The WKB integral (4.86) can be written as S = S® + 65, where

. polt) R e
5 =559 = [ dp /(o) +60(9) — [ dpyJTu(h). (E.6)

€

One could attempt to simply expand the above expression formally in ¢ and 5U , and it
turns out that this does indeed give the correct result (4.90). However, this approach is
problematic, since U, goes to zero at ,6(()0), and thus the formal expansion parameter 6U / Uy
blows up at this location. The solution is to split up the integrals in (E.G) in a way that
the integrand always has a well-defined expansion in terms of 6U. To do this, we shift the

first integral by rescaling x = ﬁﬁéo)/ﬁo(t), so that the upper bounds of both integrals are

identical. We can then combine both terms to obtain

. (0)

€ 2 1+2t N Po -
(55%/6 dx\/?+xT;/z—(1+2t)+6U(x)+/ dx\/ Uy(x) [\/HV(JI)—@, (E.7)
1+t ¢

where

A

oU () + zﬁ%/zt -2t
Vi(z) = 0o : (E.8)

and we expanded to linear order in ¢. The first term in (E.7) is due to the shift of the lower
bound of the first integral in (E.6). Assuming that lim,_, 2260 (z) = 0, this term evaluates
to vt after we send € — 0. To compute the second integral, notice that although Uo(x) itself
blows up at the upper bound, the ratio V' (z) remains finite everywhere. Moreover, it is small
by assumption, so we can expand (E.7) in terms of V(z): s

2 U(x) +
0S ~ vt +/ dz

2 __
Zf)Z_Q/Z

21/U,

t— 2t
. (E.9)
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The integral over the terms linear in ¢ exactly cancels the vt term, and we arrive at the final

result:
©)

o
5s~/° RN (E.10)
N

This is the first order correction to the WKB integral in the presence of a perturbation 5U.
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