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Abstract

This thesis explores two topics in three-dimensional gravity, the 7T deformation and zeta
functions of three-dimensional quotient manifolds.

The 7T deformation is an irrelevant deformation of a two-dimensional translationally in-
variant quantum field theory which is well-behaved in the UV. We consider the case of
two-dimensional holographic Warped Conformal Field theories (WCFTs), which are dual to
gravity in three-dimensional anti-de Sitter (AdS3) spacetime with Compere, Song, Strominger
(CSS) boundary conditions. WCFTs are non-relativistic quantum field theories which have a
Virasorox U(1) Kac-Moody symmetry algebra. We compute the boundary conditions and
asymptotic symmetry algebra for a 7T deformed WCFT. We find that the U(1) Kac-Moody
algebra survives the deformation if one allows the boundary metric to transform appropriately
under the asymptotic symmetries, however the Virasoro sector becomes highly deformed and
is no longer chiral.

The Selberg zeta function is defined by the Euler product over prime geodesics on a hyperbolic
quotient manifold. It provides a simpler way to compute functional determinants of kinetic
operators compared to traditional means. We introduce a new construction of a zeta function,
which generalizes the Selberg zeta function to non-hyperbolic quotient manifolds. We employ
our generalization to quotients of three-dimensional Warped AdS; and three-dimensional
flat spacetime. We find that the zeroes of the zeta function accurately predicts the quasi-
normal mode spectrum in these non-hyperbolic cases, providing evidence for the proposed
construction of the zeta function.






Agrip
Ritgerd pessi fjallar um tvo vidfangsefni { pyngdarfradi i prividu timardmi. Annars vegar
svonefnda 7"7-bjogun og hins vegar zetafoll fyrir privid deildartim.

TT-bjogun 4 tvividu skammtasvidslikani med hlidrunarsamhverfu er vikjandi bjogun, { skiln-
ingi endurstodlunar, sem leidir ekki til 6samleitni 4 stuttum lengdarkvarda. I fyrri hluta
rigerdarinnar er sjénum beint ad TT-bjogun 4 undinni hornrakinni svidsfredi, sem hefur
pyngdarfredilega framsetningu { prividu timarimi med neikvaedan heimsfasta. Undin horn-
rekin svidsfraedi hefur VirasoroxU(1) Kac-Moody samhverfualgebru. Kannad er hvada
4hrif TT-bjogun slikrar kenningar hefur 4 jadarskilyrdi og samhverfu { tilsvarandi pyngdar-
fredilikani. Helstu nidurstodur eru ad U(1) samhverfan er 6breytt en Virasoroalgebran bjagast
og er ekki lengur hendin.

Selberg zetafall er skilgreint sem Eulermargfeldi yfir frumgagnvegi 4 breidgerdu deildarimi.
Med hjalp pess er mun audveldara ad reikna rof hreyfiorkuvirkja 1 skammtasvidlikonum
heldur en med hefdbundnum adferdum. I seinni hluta ritgerdarinnar er kynnt til ségunnar nytt
zetafall sem er alhafing 4 Selberg zetafallinu fyrir fleiri deildarim en pau sem eru breidgerd.
Nyja zetafallid er dkvardad annars vegar fyrir deildarim af undnu prividu timardmi med
neikvadan heimsfasta og hins vegar fyrir deildardm af flétu prividu timardmi. I bidum
tilvikum faest samsvorun milli nillstédva zetafallsins og tvinngilds eiginréfs 4 vidkomandi
deildarimi, sem er { samraemi vid eldri nidurstodur fyrir breidgerd deildarim.






To my parents, Mahua and Gautam.






Table of Contents

List of Figures

List of Publications
Abbreviations
Acknowledgements
1 Introduction

2 Gravity in three dimensions
2.1 Einstein gravity . . . . . . . ... e e e
2.2 The Fefferman-Graham expansion . . . . . ... ... ... ........
2.3 Asymptotically AdSs spacetimes . . . . . .. ... ...
24 Quotientsof AdSs . . . . . ..
2.5 The CSS boundary conditions . . . . . . . ... ... ... .........

3 The 77T deformation
3.1 The TT Operator. . . . . . . v vv v et e
3.2 Deforminga QFT . . . . . ... ... ... .. ..
3.3 The deformed partition function . . . .. ... ... ... .........
3.4 Holographic TT deformed CFTs . . . . . . ... ... ... ........
3.5 Holographic TT deformed Warped CFTs . . . . ... ... ........

4 The Selberg zeta function and quasi-normal modes

4.1 Properties of zeta functions . . . . . ... ... Lo
4.2 The Selberg zeta function . . . . . . .. .. ... ... L.
4.3 Relationship with the BTZ blackhole . . . . ... ... ... .......
4.4 Generalizing the Selberg zeta function . . . . . ... ... ... ......
4.5 Non-hyperbolicexamples . . . . . . .. .. ... ... L oL

4.5.1 Flatspace cosmologies . . . . . . . . ... ... .. ... ... ..

452 Warped AdS quotients . . . . .. ... Lo

5 Conclusions
References
Publications
Paper I

Paper II

iX

xi

xiii

XV

Xvii

[

23
23
24
25
28
29
29
30

33

35

39

41

69



Paper 111

81



List of Figures

2.1 A torus as a discrete quotient of the complex plane. The blue lattice vector wy
is identified with the dashed vector, and similarly for the red lattice vector w; . 8
2.2 This is the tessellation of H? by PSLy(Z). Each enclosed region is equiva-
lent to another by a PSLy(Z) transformation. The fundamental domain of
H?/PSLy(Z) is shadedinred . . . . . .. .. ... ... ... ... .. 9
4.1 The fundamental domain of H?/Z is the region between the inner and outer
hemispheres, which are identified. The outer hemisphere is rotated by an
angle 2bg. The plane drawn is the z = 0 plane corresponding to the boundary. 26

X1






List of Publications

Paper I:

Paper I1I:

Paper II1:

Victoria L. Martin, Rahul Poddar, Agla Pérarinsdéttir, 2023,

A Selberg zeta function for warped AdS3 black holes

Journal of High Energy Physics, Vol. 2023, Article number 49.
https://doi.org/10.1007/JHEPO1 (2023) 049.

I contributed to all of the calculations and wrote a majority of the bulk
of the paper.

Rahul Poddar, 2023,

TT-Deformations of Holographic Warped CFTs.
Physical Review D, 108 (2023) 10, 105016.
https://doi.org/10.1103/PhysRevD.108.
I performed all the calculations and wrote the paper.

Arjun Bagchi, Cynthia Keeler, Victoria Martin, Rahul Poddar, 2024,
A generalized Selberg zeta function for flat space cosmologies.
Journal of High Energy Physics, Vol. 2024, Article number 66.
https://doi.org/10.1007/JHEP04 (2024) 066

I contributed to all of the calculations and wrote a most of the bulk of
the paper.

Xiil


https://doi.org/10.1007/JHEP01(2023)049
https://doi.org/10.1103/PhysRevD.108.
https://doi.org/10.1007/JHEP04(2024)066




Abbreviations

SENS School of Engineering and Natural Sciences
UoI University of Iceland

QFT Quantum Field Theory

CFT Conformal Field Theory

nD n Dimensions

RG Renormalization Group

OPE Operator Product Expansion

WCFT Warped Conformal Field Theory

CSS Compere, Song, and Strominger

AdS; three-dimensional Anti-de Sitter space

FSC Flat Space Cosmology

XV






Acknowledgements

I would like to extend my gratitude to my supervisors Larus Thorlacius and Valentina
Giangreco M. Puletti for providing me with constant support and guidance and with giving
me the invaluable opportunity for pursuing a PhD in physics at the University of Iceland. I
am extremely grateful for their patience and direction, and the freedom they provided me to
pursue my own interests during my time here. I also extend my thanks to Monica Guica for
useful discussions and for taking the time to be on my Ph.D. committee.

I would like to also thank the postdocs with whom I interacted with at the University of Iceland
for their enlightening discussions and collaborations about physics and life, namely Davide
Astesiano, Fridrik Freyr Gautason, Diego Hidalgo, Victoria Martin, and Watse Sybesma. My
gratitude also extends to my doctoral siblings Matthias Harksen, Vyshnav Mohan, Alexia Nix,
and Evangelos Tsolakidis, and all the adventures we have been through. I would also like to
thank the friends I made here at Iceland, Luis Alberto Leon Andonayre, Agnese Caruso, Tako
Meshveliani, Bobby Scully, Alfheidur Edda Sigurdardoéttir, Audunn Skuta, Sixten Nordegren,
and Agla Porarinsdottir. I wish everyone the best of luck for all their future endeavors.

I am extremely lucky to have met Victoria Martin here at Iceland. I would like to thank her
for not only being an amazing collaborator, but also an amazing partner. Her presence in my
life has made this journey quite special.

Last but not least, I would like to thank my parents for being a constant pillar of support,
making sure to check on me everyday and making the time for visiting me from all the way
over from India. Without them I would not have had the strength to make it this far.

My doctoral studies has been supported by the Icelandic Research Fund under Grants No.
228952-053, 195970-053 and by a University of Iceland doctoral grant.

XVvil






1 Introduction

Modern physics is arguably the study of symmetry. When we reduce the world around us
to systems we can model mathematically, we impose many simplifications to maximize
the symmetry of the system, which we can use to make things tractable. We have made
tremendous progress in human history in utilizing this approach to model our world around
us, but there is still much we can not explain. We do not live in a highly symmetric universe,
as is evident by the world around us. A maximally symmetric universe wouldn’t have the
complexity required to admit intricate structures like life. It is therefore important to test the
tools we have developed in less symmetric systems, while still looking for analytical control.

There are many approaches to study systems away from symmetry. In weakly coupled
quantum field theory, like quantum electrodynamics we can use perturbation theory, where
we perturbatively add interactions between fields. This has been an extremely successful
approach, yielding a remarkably precise and accurate theory to describe the interactions
between light and matter. However perturbation theory can not be completely accurate since
it is an approximation by definition.

Unfortunately, we have full analytic control over only the most symmetric systems. Examples
include free quantum field theories on maximally symmetric spacetimes, conformally invariant
quantum field theories, and gravity in a constant negatively curved spacetime. Another
approach we can take is to look for suitable deformations away from these maximally
symmetric systems which allow us to explore less symmetric systems but still have analytic
control. This is the subject of this thesis.

The 7T deformation is a deformation of two-dimensional quantum field theories which posses
translation invariance. A TT deformed theory is an interacting theory and is not conformally
invariant, so we have moved away from the maximally symmetric case already. However,
it is a deformation that is constructed out of conserved currents, which allow it to preserve
structures in the undeformed theory, like the structure of the Hilbert space for example. It
is in a peculiar class of deformations known as irrelevant deformations which typically is
ill-behaved in the high energy regime. However, the TT deformation is well behaved in the
UV despite being irrelevant.

In this thesis we will study the 7T deformation, and then apply it to an already “deformed”
theory, a warped CFT. This theory is not deformed by any operator, but we have reduced the
symmetries by only allowing scale invariance along a particular coordinate, thereby removing
conformal and Lorentz (rotation) invariance in the theory. We will use tools from bottom-up
holography and 3D gravity to perform analytic calculations here.

Another aspect we will explore in this thesis is free fields on curved manifolds. In particular,
the object of interest is the functional determinant of the scalar Laplacian on various manifolds.
This can be computed in highly symmetric cases using techniques like the heat kernel method.
Evaluating the heat kernel in other manifolds seems to be a dauntingly difficult task, and



likely not analytically possible in most cases.

In this thesis we introduce the Selberg zeta function, a geometric cousin to the Riemann zeta
function. It can be expressed as the Euler product over prime geodesics on quotients of the
hyperbolic plane. Prime geodesics are closed geodesics in a quotient manifold which come
back to themselves after only one trip around the quotient. It turns out that this zeta function
is intimately related to functional determinants of Laplacians on quotient manifolds. If one
can write down the (generalized) Selberg zeta function for an arbitrary quotient manifold,
then one has access to the functional determinant of the Laplacian on that manifold, which is
related to 1-loop quantum corrections to the partition function.

We introduce such a generalized construction of a Selberg-like zeta function which can work
on a general quotient manifold, and test our construction on three dimensional flat spacetime,
and the highly non-symmetric three-dimensional warped AdS. We are able to compute
quantities like functional determinants and the quasi-normal mode spectrum analytically,
providing evidence for our construction.

The outline of thesis is as follows.

In chapter 2 we review key aspects of three dimensional gravity. In particular, we go over
the Fefferman-Graham expansion of asymptotically anti-de Sitter spacetimes, and show how
three dimensions is special. We also go over how to construct three dimensional orbifolds by
observing the quotient structure at the boundary. We finish the chapter with a review of an
alternative set of boundary conditions known as the Compere, Song, and Strominger (CSS)
boundary conditions.

In chapter 3 we review some properties of the 7T operator and the corresponding deformation.
We sketch the proofs for calculating the deformed energy spectrum and partition function.
We derive the deformed boundary conditions for a 77 deformed holographic CFT. We briefly
review Paper II [1], where we focus on 7T deformations holographic WCFTs, and compute
the deformed symmetry algebra using holographic methods.

In chapter 4 we first list some properties a zeta function ought to have, and show how the
Riemann zeta function satisfies these properties. Then we explore the Selberg zeta function
in its original context and its generalization to higher dimensions. We then explore the zeta
function for the BTZ black hole, and show how it is related to the functional determinant
of the scalar Laplacian on the BTZ black hole background. In Paper III [2] we propose
a generalized construction of a Selberg-like zeta function for quotients of non-hyperbolic
manifolds by taking a product over representations of the global isometry group. We show
evidence for this construction by looking at quotients of Warped AdS in Paper I [3] and flat
spacetime in Paper III [2].

We conclude in chapter 5. Future directions for both the 77 program and the Selberg-zeta
program are also provided.
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2 Gravity in three dimensions

In this chapter we will briefly go over some aspects of gravity with a negative cosmological
constant in 2+1 dimensions.

2.1 Einstein gravity

The action for pure Einstein gravity in d > 2 is given by

1 1
SGray = d*t! R—2A)——— [ dy/|h|K 2.1
e = T | VB (R=28) = e [y IE @

where R is the Ricci scalar, K is the trace of the extrinsic curvature of the boundary. We
have included the Gibbons-Hawking-York boundary term to ensure a well-defined Dirichlet
boundary value problem. It should be noted that one can add terms involving the intrinsic
curvature of the boundary manifold to the extrinsic curvature as counterterms to ensure
finiteness of the on-shell action [4]. The negative cosmological constant we will consider is
given by
d(d—1)
202 7
where we are in d + 1 dimensions, and / is a length scale. The only dynamical field here is
the metric g,,,, whose equations of motion are

A=— (2.2)

1
R, — §ng, + Agu = 87GNT,,, (2.3)

where T),, is the stress-energy of any matter present. We will be considering only vacuum
solutions, so 7}, = 0. Negatively curved vacuum solutions are known as Anti-de Sitter or
AdS spacetimes, and have the metric

d 2
ds? = (* (% + r2nabda;“dxb> , (2.4)
T

where the length scale ¢ can be identified as the AdS radius, and n = diag(—1,1,...,1) is
the flat metric along the d transverse directions. On specifying to 2+1 dimensions, we find
that Einstein gravity has no local dynamical degrees of freedom, and is purely topological.
However, despite the lack of dynamical gravity, the phase space of 3 dimensional gravity is
rich and interesting.

2.2 The Fefferman-Graham expansion

To find the phase space of 3D gravity with general Dirichlet boundary conditions is itself a
challenging task. We can solve an easier problem by specifying a class of boundary conditions,



and finding the set of solutions satisfying these boundary conditions for three-dimensional
Anti-de Sitter space (AdSs).

To do so, let us consider the Fefferman-Graham gauge [5] of a negatively curved space, which
specifies the metric in the 77 and rz® components,

d 2
ds* = 62% + gap(r, 2)dz"dz, (2.5)
r

where r is the radial coordinate. We will use Latin indices a, b, . . . to label the two transverse
directions z%, and Greek indices y, v . . . to denote the three dimensional coordinates x* which
include r and 2“. The boundary of the spacetime is located at r — oo.

One can expand g,;(r, z) around the boundary in even powers of the radial coordinate r,

gar = 212 (g83) + 77293 44 ). (2.6)

The equations of motion provide strong constraints on this expansion. When the Weyl tensor
vanishes, the expansion truncates at 9(4), and there are no higher order terms [6]. In three
dimensions, the Weyl tensor vanishes identically, so this is always true for 3D Einstein gravity.
The equations of motion also give us

1
4 2 c
9% = Zgﬁ)géb)g(” d 2.7)

where indices are raised and lowered by ¢(°). The curvature of the boundary metric can also
be worked out from the equations of motion, and is

62

Tr((g)'g®) = SR (2.8)

Thus, it is enough to specify ¢(*) and ¢(® to determine the full bulk metric. In other words,
we need to specify the metric and its radial derivative at the boundary.

2.3 Asymptotically AdS; spacetimes

Here we will explore the famous Brown-Henneaux boundary conditions for asymptotically
AdS; spacetimes [7]. These boundary conditions are such that the boundary manifold is flat,
but the bulk metric has specific fall off conditions. Let us consider the boundary manifold to
be the complex plane C, with metric ds? = dzdz. Thus, we have

o_ (0 -}
g( ) — (_l O2> ) (2.9)
2

The “vacuum” solution with these boundary conditions is well known, it is AdSs in the
Poincaré patch,

2
ds* = (% + rzdzdz> . (2.10)

To generate the rest of the phase space of solutions with Brown-Henneaux boundary conditions,
we have to find the transformations which preserve the Fefferman-Graham gauge (2.5) and



this particular boundary metric. In other words, we need a vector field ¢ such that the Lie
derivative of the metric with respect to that vector field vanishes for the radial components,
and the transverse components asymptotically. Preserving the radial components of the metric
we have

ab
Legy=0 = £=1f(2,2)0,+ (Va(z, zZ) — / gTbe(z, z)dr) Oy (2.11)

Imposing Dirichlet boundary conditions on the metric implies that the vector field ¢ preserves
transverse components asymptotically, so we have

lim Legay =0 = 0:V7(2,2) =0,0.V?(2,2) =0, f(z,2) = —% (V'(2)+V'(2)),
(2.12)

where V = V* V = V7, since they satisfy the Cauchy-Riemann conditions. A vector field
which satisfies such boundary conditions is called an “asymptotic Killing vector.” Such vector
fields preserve the asymptotics, but change the bulk metric. So, we can flow in the phase
space of solutions with the asymptotic Killing vectors. We find that the general solution for
asymptotically AdS3; with Brown-Henneaux boundary conditions is [8]
2 2
d% = % + %2 (rzdz + %E(z)dz) <r2dz + %L(z)dz) , (2.13)

where k = ﬁ. This is the full classical phase space, parameterized by the holomorphic and

anti-holomorphic functions L(z), L(Z) respectively.

The general solution (2.13) encompasses the famous BTZ black hole solution [9]. For the
BTZ black hole, the functions L and L are constants, and are in terms of the mass M and
angular momentum .J of the black hole,

Mt MO

L
2 7 2

(2.14)

We can also derive the variation of these parameterizing functions in the flow in phase space.
Using

o 89#1/ 8QW 7

we find that L and L transform like the stress-energy tensor for a CFT, with an infinitesimal
Schwarzian derivative

SeL(2) = V(2)L(2) + 2V (2)L() — SV"(2),
6eL(2) =V (2)L'(z) + 2V'(2)L(z) — gv”’(z).

(2.16)

C

15> SO We have the famous result

In a CFT, the coefficient of the triple derivative term is —

3¢

c:—QGN.

(2.17)



Hence we can conclude that the asymptotic symmetry algebra of AdSs consists of two
commuting copies of the Virasoro algebra with this central charge,

L(z)=> Ly "%+ 2—0457170, (Lons Ln] = (m — 1) Ly + 1—62n(n2 — )6 . (2.18)

This is one of many hints of the AdS3/CFT; correspondence, which states that semi-classical
asymptotically AdS; gravity is dual to a strongly coupled quantum CFT. This correspondence
holds in the regime of large central charge c, or as (2.17) shows, for large %.

2.4 Quotients of AdS;

The Ricci scalar of the general asymptotically AdSs solution (2.13) turns out to be the same
as that of empty AdSs, 6
6_2)
which is a constant. Hence we see that (2.13) is still locally AdSs. To construct locally AdS;
solutions, we can consider orbifolds, or quotients with a discrete subgroup of the global
isometry group of AdSs.

R=— (2.19)

We can study the quotient by studying the action on the boundary. The flat torus is a quotient
of the complex plane T? ~ C/(Z + 7Z), such that z ~ z + 1 and z ~ 2 + 7.

Figure 2.1. A torus as a discrete quotient of the complex plane. The blue lattice vector ws is
identified with the dashed vector, and similarly for the red lattice vector w;.

Here 7 = 7 + iy = £2 is the modular parameter of the torus, and takes values on the upper
half plane H?. Equivalent tori are related by fractional linear transforms of the form

ar +b a b
_ PS1,(Z). 2.2
cr+d’ ( d)E SLa(Z) (2.20)

T —
Therefore, all inequivalent tori are parameterized by 7 € H?/PSLy(Z), and the fundamental
domain of this quotient is typically given by |71| < i, |7| > 1. The group PSLy(Z) is
also known as the modular group, and PSLy(Z) transformations are known as modular
transformations. It is a discrete group with two generators,

1
T:7T—7+1, S:7— ——. (2.21)
T

To understand how the quotient acts on the bulk, we have to understand how the quotient on
the boundary manifold extends into the bulk. Quotients must be generated along an isometry



Figure 2.2. This is the tessellation of H? by PSLy(Z). Each enclosed region is equivalent to
another by a PSLy(Z) transformation. The fundamental domain of H? /PSLy(Z) is shaded in
red

for the resulting manifold to be sensible. In other words, Killing vectors are the generators of
the isometry group. The discrete subgroup with which the quotient is performed must also
be generated by the same generators. For example, the quotient manifold S* ~ R/Z can be
thought of as being generated by the group element e where a is the circumference of the
circle S*.

There are six isometries of AdSj;, since it is a maximally symmetric manifold in three
dimensions. In the Poincaré patch (2.10) coordinates (with » = 1/y), they are

1
L,=-0, Ly=-— (z@z + 53/89) , Ly = —(Z2az + %05 + yz0y),

X (2.22)
Z_;,l = —(92, EO = — (Z@Z + §y8y> R El = —(yzaz + 2282 + yiay),
which obey the sl5(R) X sl (R) Lie algebra,
[Lins Ly] = (M — 1) Lpins  [Lin, Ln) = (M — 1) Ly (2.23)

Taking any linear combination of these isometry generators is a valid isometry with respect
to which one can perform a quotient. The BTZ black hole, for instance, the quotient in
Boyer-Lindquist coordinates is the identification ¢ ~ ¢ + 27 [10] (cf. (4.13)). So the
quotient generator must be a 27 translation in the azimuthal ¢ direction. The specific linear
combination is,

210y = 2miLoT — 2miLoT = 2mi (—%(LO — Lo) + i%(Lo + EO)) : (2.24)



where 71 = —|r_|/¢, 5 =1, /¢, and

re = \/2GNL(ML+ J) £ \/2G (ML — J) (2.25)

are the inner and outer horizon radii respectively. The Euclidean BTZ black hole requires
the Wick rotations J — —iJg and r_ — i|r_|. Once again, we see that the modulus
T parameterizes the boundary torus of the Euclidean BTZ black hole, characterizing the
quotient, this time in terms of physical parameters M and Jg. The Lorentzian BTZ black hole
does not have a boundary torus but a boundary cylinder, since time can not be compactified in
this case, however the quotient ¢ ~ ¢ + 27 is still parameterized by M and J.

2.5 The CSS boundary conditions

CSS [11] found new boundary conditions for AdS; which do not have the Virasoro x Virasoro
asymptotic symmetry group, but have a Virasorox U(1) Kac-Moody asymptotic symmetry
group. The difference here is that instead of imposing Dirichlet boundary conditions at infinity,
they imposed “Dirichlet-Neumann” boundary conditions. In other words, they specified part
of the metric at infinity, and also specified part of the derivative of the metric at infinity. This
allows for symmetry transformations that do not preserve the full boundary metric, which can
be useful for describing special holographic systems like warped CFTs.

The CSS boundary conditions can be expressed in terms of the Fefferman-Graham expansion

() 1 A
4O — (P_<f> 02>7 PO (2.26)

2

where k£ = %, and A is a constant specifying the derivative of part of the metric at infinity.
N

The holomorphic function P(z) is left undetermined, since the Dirichlet-Neumann boundary
conditions require part of the boundary metric to be unspecified.

Solving Einstein’s equations (2.3) with these boundary conditions, we obtain the full bulk
metric with CSS boundary conditions [11],

2 2 /
ds” _ dr + Sz (42 + 28P'(z) + AL(z) dzdz
02 r2 k k k272 2.27)
/ 2 / :
+ (po LLEAPOR | SIOPEY 41

Here both L(z) and P(z) are unspecified holomorphic functions which parameterize the
phase space of AdS; with CSS boundary conditions.

Let us verify that the asymptotic symmetry algebra with these boundary conditions is
Virasorox U(1) Kac-Moody. Using (2.11) and imposing the boundary condition

: 0 (a,0) # (2, 2),
lim Legy = 2.28
o e {r%mz) (a.0) = (=,2) 229
we have the asymptotic symmetry generator,
T, EAV"(2) k(kr? + AP'(2))V"(2)
{V) = —5V(z)0+ (V(Z> T e = AL(z))) Ot i are)) o= %)

10



Computing the flow in phase space,
Eggm, = aL(Z)gw,5§L(Z) + 8p/(z)gm,5§P’(z), (230)

we find

SeL(2) = V()L(2) + 2V (2) L) — SV"(:),

0¢P'(2) = P'(2)V'(2) + V(2)P"(2).

(2.31)

Here we see that the variation of L under £ has the cubic derivative of 1/, the infinitessimal part
of the Schwarzian derivative, transforming as the boundary stress-energy tensor, and therefore
its modes satisfy the Virasoro algebra with ¢ = 3¢/2G. We also see that P’ transforms as a
weight one conformal primary.

Imposing Neumann boundary conditions on the asymptotic symmetry generator 17 we have,
n(o) = o(z)0s, (2.32)
which generates the flow
6,L(z) =0, §,P(z)=—0(z), (2.33)
whose modes satisfy the U(1) Kac-Moody algebra,

P(z) =Y Pz, [P, P, = —2Am6,, . (2.34)

We can make the algebra factorize into commuting Virasoro and U(1) Kac-Moody algebras if
we consider the following linear combination of these asymptotic symmetry generators,

KAV (2)
(k2rt — AL(z))) 0:

, k(kr? + AP/(2))V"(2)
* (P WV E) + =g AL ) )af‘

This is a true asymptotic Killing vector, in the sense that it satisfies lim, o L¢gap = 0. The
flow in phase space under this generator is

(V) =60) =0V P) = =5V @an+ (V) +
(2.35)

6cL(2) =V (2)L'(2) +2V'(2)L(z) — gV”’(z), d¢P(z) = 0. (2.36)

Therefore, the charge algebra of ( and n form a factorized Virasoro and U(1) Kac-Moody
algebra.
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3 The 7T deformation

The TT deformation has become a very interesting and active area of research in recent years.
Coarse graining a Quantum Field Theory (QFT), or going to a lower energy (IR) regime is
known as a Renormalization Group (RG) flow. A scale invariant (relativistic) QFT usually
has an enhanced symmetry known as a conformal symmetry, and is known as a Conformal
Field Theory (CFT). CFTs are fixed points of the RG flow. Typically, deformations of a QFT
trigger a RG flow, usually from a theory describing the high energy regime (a UV theory) to
an IR theory. Deformations of QFTs can be classified into three broad categories, with the
TT deformation falling into the “irrelevant” category.

* Relevant: These deformations are well behaved and trigger the RG flow from the UV
to an IR fixed point, and have the effect of “coarse-graining” the UV or short distance
behaviour of a theory.

* Marginal: These deformations do not trigger any RG from the UV to the IR, but keep
a theory at a fixed point. If there is a continuous submanifold of fixed points, then a
marginal deformation can allow you to move in this submanifold, such that the resulting
theory is still conformal.

* Irrelevant: Irrelevant deformations are deformations which trigger a “reverse” RG flow
up from the IR to the UV. These are usually not well defined, and cannot be renormalized,
needing infinitely many counterterms. Theories deformed by an irrelevant deformation
usually are ill-behaved and are divergent in the UV.

Before we discuss the 7T operator and the corresponding deformation in more detail, let us
list some of the interesting features a 7"7'-deformed field theory possesses.

1. The deformation preserves the original global symmetries of the undeformed theory.
. The deformed finite size energy spectrum can be computed in closed form [12].
. Momenta are undeformed

2
3
4. The deformation preserves integrability of the undeformed theory [13].
5. The deformed S-matrix is gravitationally dressed [13].

6

. The deformation can be interpreted as coupling the undeformed theory to a two-
dimensional dilaton gravity theory [14, 15].

7. The deformed theory shares many features with non-critical bosonic string theory,
for example the action of NV deformed free bosons is a Nambu-Goto action in N + 2
dimensional target space in light-cone gauge[16].

8. The deformed torus partition function can be explicitly worked out [17].

13



3.1 The TT operator

It turns out that the 7T deformation, despite being irrelevant, produces a well behaved
theory in the UV. To show this, let us first properly define the 7T operator, and compute its
expectation value. The T'T operator is simply defined as the determinant of the stress-energy
tensor of a 2D QFT [12],

Opr = detT),. 3.1

The determinant in two dimensions is quadratic, so to define this composite operator properly,
one has to use point splitting and take the coincident limit, and show that the only leading
term in the Operator Product Expansion (OPE),

O Z Ok Zl — 29 Ok(ZQ) (32)

is the O, operator, with the rest of the s@leadlng terms being derivative operators 0O. On
the complex plane C (ds? = dzdz), the T'T operator takes the form

O = lim (Tea(2,9)Tea(2,7) = Terl2, )T (2, 7)) (3.3)
2=z
By using conservation of the stress-energy tensor
9,T" =0, (3.4)

and translation invariance, one can show that the OPE takes the form
T.o(2,2)T52(?, 2') = Tez(2,2)Tea(, ) = Ogp(2,2) + Y Cl(z = 2,2 = 2)0,04(2, 7).

(3.5)
Taking the vacuum expectation value on both sides shows that the only surviving term on the
right hand side is the operator O, since translation invariance implies (0,,0) = 0, (O) = 0.
Further more, again using translation invariance and conservation of the stress-energy tensor,
one can show that the expectation value of the 7T operator is a constant and factorizes into a
product of one-point functions,

(Og7) = (Tez) (Tez) — (Tuz) (Tz2) (3.6)
Similarly, the expectation value factorizes for a general energy eigenstate |n)
(n|Orzln) = (n|T::|n) (n|Te=|n) — (n|Tez[n) (n|T|n) . (3.7)

Considering the cylinder R? /Z,ie. v ~ x+ Rt € R, the expectation values of the
components of the stress-energy tensor can be written in terms of the energy, momentum and
radius

E, P, 0E,
(nITln) = =S (lTialn) = 5, (nlTeelm) = =52 (3.8)
which implies, after performing the coordinate transformation z = z + it,
1 oE, P2
o - _ En_" U 39

To recap, we have computed the expectation value of the 7T operator in a general eigenstate,
and found that it is a constant and can be computed from the energy and momentum of the
state. Since it is a constant (i.e. independent of position), but is constructed from dynamical
operators, namely the stress-energy tensor, it suggests that this is a topological property of the
QFT.

14



3.2 Deforming a QFT

Now, let us consider deforming a QFT with the 7T operator. We can define a flow equation
for the action [13],

(3.10)

AW = — / 20,

M
where ) here is the deformation parameter. Note that the stress-energy tensor and therefore
the T'T operator depends on the deformation parameter ), and thus to find the deformed
action, one needs to integrate over the flow instead of just adding the operator like a usual

deformation. At leading order in small A,
S(\) ~ S(0) — A / P20,7(0) + O(N?),
M

where we see that A has length dimension 2, since the TT operator is an irrelevant operator
with mass dimension 4. The Euclidean partition function Z = [[D¢|e™ therefore has the
following logarithmic derivative

1

OxIn ZW = 70 /[D¢]<_8AS)€_S = /dQZ (Or7) = vol (Or7) - (3.11)

Since we showed in the previous section that the expectation value of the 7T operator is a
constant, the integral over the manifold is just the volume of the manifold vol. If we then
consider the Euclidean torus at finite temperature, i.e. + ~ = + R, 7 ~ 7 + (3, such that
Z = Try e PH we have

O\In ZW = % Try(—BozHe ) = —BO\E, = BR(O7) . (3.12)

Using (3.12) and (3.9), we can write down the flow equation for the finite size spectrum,
OE,(R,\) n P.(R)?
OR R

This differential equation arises in fluid dynamics and is known as the inviscid Burgers’
equation [18]. We also find that the momenta P, are unchanged by the deformation.

(3.13)

For a CFT on a cylinder, the R dependence in the energy and momenta is quite straightforward,
and is given by,

1

E(R,0) = -

_ cC _
(hn 4Ry — E) . Py(R) = —(hy — hy), (3.14)

where h,,, h,, are the conformal dimensions of the state, and ¢ is the central charge of the
CFT. Solving the flow equation for the deformed spectrum with the CFT initial conditions,
the solution for the deformed energy spectrum is

E.(R,)\) = R <\/1 + 2ABn(£0) + AP (R 1) : (3.15)

A R R?

This spectrum also appears (up to a constant shift) in the unit winding sector of a closed string
in a ¢ + 2 dimensional target space, with string tension % [19]. Note that the spectrum is real
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for A > 0, given \ < % for a unitary CFT, but shows Hagedorn behaviour in the UV limit
[20]. This is a signature for non-locality of the deformed theory. For A < 0, the spectrum is

real for E,(R,0) < —£& <1 n A2PE§R)2).
Let us define a dimensionless deformation parameter,

A

TR?’

where the 7 is for later convenience. One can expand (3.15) in small and large u respectively
to obtain,

u (3.16)

TR T2 R? 12

E,— P EZ — p?
n n n n O -3
P, mRu * 2P3m2 R? 2 +O(n )) ’

+0 (,u3) ,
(3.17)

E,.(R,\) =sgn(u) (Pn +

where the right hand side contains only undeformed quantites. From here, we can see that the
deformed spectrum reduces to the undeformed spectrum as expected when p — 0, and the
first order term is the determinant of the undeformed stress-energy tensor. Similarly, we see
that momenta dominate the spectrum at large L.

3.3 The deformed partition function

Let us consider the partition function of a CFT on a torus with modulus 7. The partition
function is modular invariant, i.e. invariant under (2.20), and is a function only of the modular
parameter, usually expressed in terms of the nome g = ¢2™7,

Z(T, 7_) _ TI"’H qLO_iqZO_i _ Z 627r7j7'1P"R—27r7'2EnR' (318)

n

Using the observation that the derivative of the deformed partition function,

0uZ(7,7|1) = > =277 R(9, Ep(R, ) e*™m Frfi2mmeEn(Ra i, (3.19)

one can derive the flow equation for the torus partition function by replacing by the derivative
0, — —2r1yE], and using (3.13) along with some algebra,

|
<1 0o, L (872 - —>) 0,7 (7, 7|p1) = 0. (3.20)

2 T2
Note that although a CFT partition function can be holomorphically factorized into characters,
this property is lost for the deformed partition function due to the 75 dependence in the flow
equation, which explicitly breaks holomorphicity. This shows that a chiral CFT can not be
T'T" deformed.

One can find a solution to (3.20) in terms of an integral kernel,

d2 _‘770‘2
Z(1,7|n) :Z—Z 3 U—;’e S (1, 7). (3.21)
2
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This can be derived in many other ways as well, including coupling the CFT to a 2D dilaton
gravity theory on the torus [14, 15], or by considering two worldsheet scalars with unit
winding [21, 22, 23]. An important check is to perform the integral and recover the deformed
energy spectrum. This is indeed possible, by noticing that the o, integral is a Gaussian
integral, and the o, integral is an integral representation of the modified Bessel function of
the second kind.

An important observation to make is that the deformed partition function is also modular
invariant. Let us briefly define modular forms. A (holomorphic) modular form of weight £ is
a function that transforms in the following way under a modular transformation,

f <Z:ifl> = (et + d)* f(7). (3.22)

A non-holomorphic modular form of weight (&, ko) can similarly be defined,

at+b aT+b B B
g (m, m) = (e + d)kl(cT + d)kzg(T, T). (3.23)

Note for example, 75 is a non-holomorphic form of weight (—1, —1),
7 = |er +d| 7P, (3.24)

and similarly the dimensionless deformation parameter p = # is also a non-holomorphic
form of weight (—1, —1), while A is constant, since the circumference transforms as a non-
holomorphic modular form of weight (3, 1), i.e. R — |c7 + d| R. Combining these results, we
see that the 7T deformed partition function (3.21) is modular invariant, given that the original
partition function is modular invariant, which is true for CFTs. In fact, the TT deformation
is the unique deformation which changes only the energy spectrum and preserves modular

invariance of the original CFT partition function [24].

3.4 Holographic 7T deformed CFTs

Here we will briefly review the derivation of the mixed boundary conditions derived in [25]
using the variational principle. The 7T deformation is a double-trace deformation of the
boundary CFT, which according to the AdS/CFT dictionary should only change the asymptotic
behaviour of the bulk fields, including the metric [26, 27].

The approach taken here will be to assume that the 77 deformation is manifest as a transfor-
mation of the background metric, justified by the random geometry [17] and flat JT gravity
[14, 15] proposals.

A variation of the metric in the action sources the stress-energy tensor, while the action is
deformed by the 7"T" operator. If we impose that the variation and deformation commute, we
have

5(8,\3) = 6)\(58) — 5(WOT7) = 8A(\/§Tab6“b), (3.25)

where 7 is the “dynamical” background metric of the 7T deformed CFT. Solving this set
of differential equations we can compute the 77" deformed metric and stress-energy tensor,
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purely in terms of undeformed quantities,

N\Yab(A) = Yap — INT, + )\QTAachdVCd,

. L (3.20)
OnTap = Tap — )\Tachd’YCd,
where Tab = T — Yap Iy 1s the trace-reversed stress-energy tensor. Note that the deformed
metric is quadratic in \. Now consider an AdS3 bulk geometry that is dual to this 77" deformed
CFT by imposing these boundary conditions. Comparing (3.26) with the Fefferman-Graham
expansion for AdS; (2.6), and using the fact that the AdS/CFT dictionary tells us that the
boundary stress-energy tensor in terms of the Fefferman-Graham expansion is given by

N k 9
Ty = %gflb), (3.27)

where k = ﬁ, we have the deformed boundary metric and stress-energy tensor in terms of
the terms in Fefferman-Graham expansion

k E\?
Yap(A) = (gffé) - (QA—2W> 9%+ (%—%) gf&?) ,
(3.28)

R k k
Tw(N) = 7 (g(ﬁ) - (2)\%) 92?) ~

An important observation to make is that this is exactly the Fefferman-Graham expansion for
AdS3, provided we make the identification r. = /—775. Hence we can interpret this result in
two ways:

1. TT deformed holographic CFTs are dual to AdS; with “mixed” boundary conditions
given by (3.28) [25].

2. TT deformed holographic CFTs are dual to AdS; with Dirichlet boundary conditions,
where the boundary is located at r. = /— 5 instead of infinity [28].

Note that the second interpretation can only work for pure AdS3 gravity with no matter,
since the Fefferman-Graham expansion only truncates when there are no matter fields in
the bulk. Also, note that the second interpretation also requires A < 0, which we have seen
puts conditions on how large the energy can be, by computing the deformed spectrum (3.15).
However, provided these two conditions are satisfied, both interpretations are equivalent.
In fact, if one computes the Brown-York stress-energy tensor [29] with the appropriate
counterterms for AdS;3 [4] on the hypersurface of constant » = r., we recover the deformed
stress-energy tensor (3.28).

A third way to interpret the action of the 7T deformation is by studying the solution to the
metric flow equations (3.26). Since the deformed metric depends on the stress tensor, one can
interpret this as the coordinates of the manifold being dependent on the fields in the QFT.

For example, if we start on the complex plane with ds?> = dzdz, the deformed metric is
ds* = (dz — 2)\L(2)dz)(dz — 2\L(z)dz), (3.29)

where L and L are the holomorphic and anti-holomorphic components of the CFT stress
tensor, (and also the functions parameterizing the AdS3 phase space in (2.13)). If we were to
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write this metric in explicitly flat coordinates ds* = dZdZ, we have the relations
Z =z~ 2)\/E(2)d2, Z=z- ZA/L(z)dz, (3.30)

where it is clear that the dynamical coordinates are no longer chiral in terms of the undeformed
coordinates. These dynamical coordinates can also be derived through the flat JT gravity
proposal [14, 15].

One can find the asymptotic symmetry algebra which preserves the 7T-deformed boundary
conditions (3.28), which corresponds to the symmetry algebra of a 7'T-deformed holographic
CFT. This has been worked out in [25, 30]. In the notation of [25], the asymptotic Killing
vectors read

_ C(p— pe)pLf"(2)
§L=pf"(2)0, + (f(2)+ 2(1— °LL) )az

Cp = pe)pf"(2) wzz N
- ( 2(1 — p2LL) t pC/ L) f'(2 )d2> 0y,
cmston (- Czentrta

Clo=ppf"(2) ("D o oo g
- ( 2(1 — p2LL) +p0/ L) f (Z)d2> 0.

(3.31)

These asymptotic Killing vectors have been written in the dynamical coordinates defined in
(3.30), the radial coordinate p = 72, and the radial cutoff p. = r2. It is interesting to see how
these boundary conditions fall into the class of boundary conditions of AdS3 studied in [31].
If they do, which one expects since they study the most general asymptotic AdS; boundary
conditions, one could interpret the TT deformed boundary conditions as a change of slicing
of the state space, or a change of the state dependence of the free functions in the asymptotic
Killing vectors.

3.5 Holographic 7T deformed Warped CFTs

This subsection is a brief overview of Paper II [1].

The TT deformation only requires the QFT to be translationally invariant, not Lorentz
invariant. To explore the deformation of a QFT which is not Lorentz invariant, we explore
the deformation of a two-dimensional Warped Conformal Field Theory (WCFT). WCFTs are
translationally invariant QFTs which have scale invariance in only a particular coordinate, for
example the spatial coordinate. Choosing a specific coordinate breaks Lorentz (or rotational)
invariance. However, there is still enough symmetry for a two-dimensional WCFT to possess
a Virasorox U(1) Kac-Moody symmetry algebra.

On the complex plane, finite warped symmetry transformations take the form [32, 33]
z— f(2), zZ—z+g(2). (3.32)

It is clear from here that WCFT's do not couple to standard (pseudo-)Riemannian manifolds but
rather to manifolds that are locally invariant under warped symmetry transformations (3.32).
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Such manifolds are called “warped geometries” [34] and are a variant of Newton-Cartan
geometries. Another strategy is to allow for the background manifold to transform under the
warped symmetry transformations (3.32). A natural way to implement this is by employing the
CSS [11] boundary conditions for AdSs. These boundary conditions are “Dirichlet-Neumann”
boundary conditions as opposed to the Dirichlet boundary conditions of Brown and Henneaux,
cf. section 2.5. These boundary conditions allow for the transformations (3.32) by including
the degree of freedom in translating the z coordinate as an unspecified holomorphic function
in the boundary metric.

Let us write down the solution to the flow equations (3.26) with the CSS boundary conditions
as the initial condition, which we work out in [1],

(N dzided = — (dz +(AL(2) — P’(z))dz) (dz FAA(dz — P’(z)dz)>. (3.33)

We also must allow for translations along a new global Killing vector in the transverse
coordinates by promoting it to an “asymptotic Killing vector”,

n(A; h) = —h(u,v)(AAD, + 0,). (3.34)
The dynamical coordinates analogous to (3.30) are readily computed

du — AAd(h(u,v)) = dz + AAd(Z — P(z)),
dv — d(h(u,v)) = dz + (AL(z) — P'(2))dz,

g, = v = Aadv (3.35)
1— AL
_dv— ALdu + (du + AAdv) P'(z2)
i = (s ) ~ (A ).

where d is the exterior derivative, and we have used (3.34) to introduce the degree of freedom
h. However, noting that both h and P are arbitrary functions of u, v and correspond to the
same degree of freedom in the bulk, we can make the gauge choice h = P.

And therefore we can also write the full deformed bulk metric
dr? 02
ds? = *—
T TR NAL?
+ (kr20,h (WAL = 1) + AAL + kr®)dv ) x

((W(A?AL — 1)3,h — (1+ MNer?) L) du

((80h (AL = 1) = NAL = kr?)du + A(9,h (WAL = 1) + Mer® +1)dv ).
(3.36)

Using the same techniques outlined in section 2.3, we can compute the flow in the phase
space to obtain the symmetry algebra. We can first test the Neumann boundary conditions,
using the asymptotic Killing vector (3.34), we have

opxo) L =0, dyxeyh = 0. (3.37)

This shows that we retain the U(1) Kac-Moody algebra.
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When we impose Dirichlet boundary conditions on the deformed metric we obtain the flow
along an asymptotic Killing vector &,

Seh = 0,

1
%l = Seen

((ZMLQﬁJ@@AAhH-nh”+3kL;LywqﬂvV”—k@L;Lﬂwww
-+x7(—QAQquHij(1—3AAhﬂ+2A%A%h5%-—6kL;Lyh63

+ B (= OLy (AKL"(1 — 2AAK) + 4AL* (1 — AAR)

+ L(—=NkAL" — 2(2 = N'EA’L")R)) + 6kOL3 L,h")

— L'(20% + XkL2, (=7 + 8AAR' — N*AL(1 — 8AAR))(h")?

+2Ak@L;(1—2AAhth)—AiﬂL;hmj

+WV<U@@%@+2MJ%LA1—2Myﬂh“+k@L;@ﬁW)—3Mj@ywﬁﬂ>,
(3.38)

where primes denote derivatives with respect to u and

© = 0,h — AL(1 — AAD,h),

3.39
Ln,=1—-)AL, L,=1+\AL. (3-39)

This results in a non-linearly deformed non-chiral Virasoro algebra, which can be checked by
taking the deformation parameter to zero carefully. Thus, we see that momenta and spin one
currents remain untouched by the 7T deformation, but the energy spectrum is deformed and
the corresponding deformed Virasoro algebra loses chirality.

This result strengthens and extends the proposals of [28, 25, 30] to the case of bottom-up
holography where the boundary theory is not a conformal field theory, but instead a non-
relativistic theory.
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4 The Selberg zeta function and quasi-normal
modes

4.1 Properties of zeta functions

Let us start this chapter by asking the question, “what is a zeta function?” This is not a
question with a definite answer, but mathematicians can list some general properties a zeta
function ought to have (see [35] for a more thorough discussion).

1. A zeta function may be expressed as a Dirichlet series,

((s) = a—” 4.1)
n=1 n

2. A zeta function may be expressed as product over “primes,” also known as an Euler
product

1

= . 4.2

=11 == 42)

p “prime

3. A zeta function can be analytically continued to the complex plane, and may satisfy a
functional equation on the complex plane.

4. The location of the zeroes of a zeta function may encode some interesting properties.

The archetype of a zeta function is the Riemann zeta function, for which all of the above
properties hold. The Riemann zeta function can be defined as the Dirichlet series

o0

1
C(s)=) —, (4.3)
n=1 n

which converges for Re s > 1. The Euler product form is

¢s)="11 1 _1p_s, (4.4)

p prime

which can be derived from (4.3) in a straightforward manner. Riemann’s work was to show
that the zeta function satisfied the following functional equation,

AGs)= A(1—s), A(s)=—T <f> ¢(s), 4.5)

T2 \2
with which one can show that the analytic continuation of the zeta function can be expressed
as an integral

1 e8] .’L’S_l
((s) = ) /o - 1dx. (4.6)
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Thus, one can show that the Riemann zeta function is a meromorphic function with a simple
pole at s = 1 where the series diverges, which also implies that there are infinitely many
primes.

The famous Riemann hypothesis is that all the non-trivial zeroes of the Riemann zeta function
lie on the line Re s = %, which encodes the distribution of prime numbers.

4.2 The Selberg zeta function

The Selberg zeta function is a geometric cousin of the Riemann zeta function, where the
primes are “prime geodesics” on a quotient manifold. Selberg was interested in the spectra
of Laplacians on discrete quotients I' of Riemann surfaces. He derived a trace formula to
study characters of unitary representations of a Lie group G on L?(G/T'), and defined a zeta
function constructed by the eigenvalues of the Laplacian, which now bears his name [36].

For the Riemann surface H? /T, where T is a compact discrete subgroup of SLy(R), Selberg’s
zeta function for Re s > 1 of the Euler product form is given by,

Zyeyr(s) = [T (1 — e @), (4.7)

p k=1

Here p denotes the set of “primitive” or prime closed geodesics in H?/T', which are the
analogues to the prime numbers in the Riemann zeta function. A closed geodesic is a curve
such that the beginning and end of the curve coincide in the fundamental domain of the
quotient. A primitive geodesic is a geodesic which is closed due to the quotient, and only
goes around the quotient once, just like a prime number only has 1 and itself as its factors.
The function /(p) denotes the length of the prime geodesic. The Selberg trace formula then
relates the spectrum of the Laplacian on H? /T to the set of lengths £(p).

We can think about the product over prime geodesics as a product over the conjugacy classes
of primitive hyperbolic elements of I". A hyperbolic element  of SLy(R) is an element whose
fixed points are in R U {oo}, while a primitive element ~, is the unique element such that
" = 7, implies n = +1. One can then show that a primitive hyperbolic element is one
that generates its centralizer in I'. In other words, there is a bijective map between primitive
hyperbolic conjugacy classes and prime geodesics on H?/T..

In addition to having an Euler product form, the Selberg zeta function also has the other
properties which makes it a zeta function. There exists an analytic continuation to the complex
plane as a meromorphic function that satisfies a functional equation similar to that of the
Riemann zeta function,

1
ZHQ/F(l . S) _ efx(lHD/F) fo 2 nxtan(ﬂ’x)dﬂ:ZH_p/F(s)’ (48)

where Y is the Euler characteristic. Furthermore, the non-trivial zeroes of the Selberg zeta
function correspond to the discrete spectrum of the Laplacian on H?/T", which satisfies the
analogue of the Riemann hypothesis for H?/T" compact. Using the Selberg zeta function and
trace formula, one can prove the “prime geodesic theorem,” which shows that the density of
prime geodesics has a similar form to the density of prime numbers.
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The connection of the Selberg zeta function to physics is through the relationship to the
spectrum of the Laplacian. Schematically, the Selberg trace formula allows one to equate the
Selberg zeta function to the determinant of the Laplacian

D=

Z]HIQ/I" o det (AH2/F) . (49)

For a more rigorous statement and proof, see [37].

The natural question to ask is if one can generalize this to higher dimensions, and other
quotient manifolds. The higher dimensional generalization for HY /I" was carried out by
Patterson [38], where I' is a Kleinian group and N is an arbitrary positive integer > 2. A
Kleinian group is simply a discrete subgroup of the orientation preserving isometry group of
HY . Patterson defined his generalization of the Selberg zeta function as

Zave(s) = ] [1—<Ha> 8*21“’“)“], (4.10)

k1,okn_1>0

where «;’s are the eigenvalues of the group element of the O(/N) subgroup of I', and ¢(p) is
the length of the single prime geodesic.

4.3 Relationship with the BTZ black hole

Let us consider the BTZ black hole, which is indeed the quotinet of a higher dimensional
hyperbolic manifold by a Kleinian group.

To see how this works, let us take a closer look at the BTZ black hole as a quotient manifold,
introduced in section 2.4.

Starting with the Euclidean Poincaré patch coordinates for H?

22
ds? = —Z(dx + dy? 4 d=?), 4.11)

we can recover the exterior (r > ) of the spinning Euclidean BTZ black hole through the
coordinate transformation

B r2—r? roT o |r_|o re¢d  |r_|T
v r2+|r|2COS<€2 T )exp(T— 02 )’
N N R
T 4.12
y r2+yr_|2sm(£2 e (5T, *12)

P (0
exp — .
r2 4 |r_|? 14 02

The resulting metric for the BTZ black hole is

2 .2 2 2 2,.2
(T T+)(T +|T—| )d7_2+ 67’ er_I_TQ (d¢— +‘7’ ’d'f_

ds® =
02r2 (r2 —=r2)(r2 + |r_]?) Ir?
4.13)
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Figure 4.1. The fundamental domain of H3 /7 is the region between the inner and outer
hemispheres, which are identified. The outer hemisphere is rotated by an angle 2bg. The
plane drawn is the z = 0 plane corresponding to the boundary.

In order for the metric to be regular everywhere, we need to make ¢ ~ ¢ + 27n, withn € Z.
This identification is generated by the Kleinian group I'. To identify this group, let us study
the action of an element of this group ~y,, € I" on the coordinates of H?,

Tn - ('rayEaZ) - (x/ay/EWZ/)' (414)

Explicitly working out the action of ¢ ~ ¢ + 27n using (4.12), we can see

x e 0 0\" [cos2bp —sin2bg 0\ [z
wlyl =10 €2 0 sin2bg  cos2bg 0 y |, (4.15)
z 0 0 e%* 0 0 1 2z

where a = 7r, /¢ and by = 7|r_|/¢. We can now write down the quotient group T’

e 0 0 cos2by —sin2bg 0
F'=<{v=7"1v=10 e* 0 sin2bp  cos2bgy 0| ,n€Z,, (4.16)

0 0 e 0 0 1

where the n = 1 element, v, is the primitive element. One can show that this consists of only
hyperbolic elements. It is clear that ' ~ Z, so this quotient is often denoted as H?/Z.

Another way to obtain the quotient group is by exponentiating the generators which generate
the quotient. As we saw earlier in section 2.4, the generator 20y (2.24) produced the
translation ¢ — ¢ + 2, and thus the group I can also be written as repeated 27 translations
along ¢,

I'={y=9"|y=€e""%nei}. (4.17)

We can choose the fundamental domain of this quotient to be the region (see figure 4.1)
Fory = {(x,y,z) € 131 < \/mge%}. (4.18)
The prime geodesic is the geodesic at z = y = 0, labeled in the figure 4.1 with length 2a,

since the rest of the closed geodesics will not trace over themselves.
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To write down the Patterson-Selberg zeta function, we have to identify the eigenvalues of
the O(3) rotation part of the quotient, and the length of the prime geodesic corresponding
to the primitive element. We found that the length of the prime geodesic ¢(p) = 2a, and
the O(3) matrix has eigenvalues e*2% as is clear from (4.16). We can therefore write the
(Patterson-)Selberg zeta function for the BTZ black hole from (4.10) [39, 40],

o0

Z[‘(S) — H |:1 o e?ibEkl e*?ibEk2€72a(k‘1+k2+s)] ) (419)
k1,ko=0

It was noticed in [39] that the Selberg zeta function for the BTZ black hole can be used to
reproduced many physical quantities of the black hole, including quantum corrections to the
effective action [41], free energy, and entropy [42, 43].

This relationship was made more precise in [44], where the connection between two proce-
dures of computing the 1-loop scalar partition function, i.e. the heat kernel method [41] and
the “quasi-normal mode method” [45]. The 1-loop partition function for a scalar field of mass
m is given by the functional determinant of the corresponding kinetic operator,

Z0(m) = (det(— V2 +m?2)) 2. (4.20)

Using the heat kernel method, one solves the relevant heat equation, and compute the logarithm
of the functional determinant, i.e. the 1-loop effective action, up to an infinite volume factor,

(0 + VK (t2,y) =0, K(0;2,y) =d(z,y),
1 1 [>dt
—Elogdet(—v2 —i—m2) = 5/ 7/d3x\/§K(t;x,y),
0

where ¢ is the “heat” parameter. In [45] it was shown that the 1-loop partition function for
bosonic fields in black hole backgrounds and other fixed temperature spacetimes can be
written as a product over the zeroes and poles in the scaling dimension of the scalar field A,
up to an overall factor of an entire function e9(D) ag a result of Weierstrass factorization,

_ do
ZW(A) = 2B Ha, (& = 20) (4.22)

[1a, (A =A%
where dy, d,, are the degeneracies of the zeroes A and poles A, respectively. For the scalar
in particular, there are no zeroes, but the poles occur on solutions to the equation of motion
—V?+ A,(A, — d) = 0 for d + 1 space-time dimensions. This occurs not only for when the
field is on-shell but when the quasi-normal modes w, in the Lorentzian signature coincide
with the Matsubara (thermal) frequencies in the Euclidean signature [45].

(4.21)

Quasi-Normal modes are oscillatory solutions to the scalar equations of motion which are
damped as they fall into the black hole event horizon, and vanish at infinity. These occur only
at specific values of the oscillation frequency, which are collectively called the quasi-normal
mode spectrum. Matsubara frequencies are also specific values of frequencies of a scalar field
such that it is well behaved (i.e. single valued) along the compact euclidean time direction.
Hence they are also referred to as thermal frequencies.

Both approaches yield the (regulated) 1-loop scalar partition function,

o0

1
1) —
Z = H 1 — ghitA/2gka+A/2? (4.23)
k1,k2=0
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where ¢ = ¢*™", 7 being the modulus of the boundary torus. Recall (2.24), for the boundary
torus of the BTZ black hole, 7 = —|r_|/¢ and 7 = r /{. Substituting 7 for a = 7r /¢ and
bg = 7|r_|¢, we can write the 1-loop scalar partition function as

A H (1 . e2ibEk1efQibEkzean(k1+k2+A))_1 (4.24)
k1 k=0

which, on comparing to the Selberg zeta function for the BTZ black hole (4.19), we see the

remarkable result ]

o ZHB /F(S)
Therefore the zeroes of the Selberg zeta function on H? /T correspond to the poles of the

1-loop scalar partition function. This means that for Zys r(s,) = 0, there is a condition on
the quasi-normal mode spectrum. In fact, the condition is simply

ZM 3 (4.25)

= det(—V2 + m2)

s=A

S, = A <= w, = wy, (4.26)

where A is the scaling dimension of the scalar, w, is a quasi-normal mode frequency and w,,
is a Matsubara frequency. This relationship was worked out in [44].

4.4 Generalizing the Selberg zeta function

In Paper III [2], we propose a generalized Selberg-like zeta function which may be used to
describe functional determinants on quotients of manifolds which are not necessarily H?. The
resulting orbifold should contain only one prime geodesic, corresponding to the analog of the
primitive hyperbolic element of the analogous Kleinian group. The definition uses highest
weight scalar representations (scalar primaries) of the isometry group, and takes the infinite
product over their descendants.

C(S)M/F(S) = H <1 - 7>scalarprimary of weight s (427)

descendants

Let us reproduce the BTZ result here. The isometry group of AdSs is SLo(R) x SL2(R), and
fields on a manifold must be representations of the global isometry group of the manifold.
Representations of SLy(R) x SLy(R) are labeled by the conformal dimensions A and h, as
their L eigenvalues,

Lo |h,h) = h|h,h), Lo|h,h)="h|hh). (4.28)

A highest weight representation, or a primary state is annihilated by the lowering operators
L 1 L 1
Ly

h,h)y =0, Ly

h,h) =0, (4.29)

and their descendants are generated by the action of raising operators L_1, L_;

(L) |h, kY = b, ko), (Loy)"™

hoh) =

Wk, (4.30)

with (]{71, kQ) S ZZO'
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In terms of the SLy(R) generators and the modulus for the boundary torus 7 = 7, + im we
have the group element ~ in terms of the generator of the quotient (2.24):

= 627r8¢ — eQTri((LO7[_/0)T1+(L0+[_/0)i7'2) — qLoq—Eo, (431)

where ¢ = e, Now let us consider a primary scalar (h = h) field of scaling dimension
A = h+ h = 2h = 2h and its descendants, the eigenvalues of the SLy(R) generators will be

Lo

hv Bv kla k2> = (h + k?)

ha Bv k17k2> = (% + k?) ha Ba klak2>

N (4.32)
ha Ba k17k2> = (B—i_ kl) ’ha B? k17k2> = (5 + kl) ‘ha B? k17k2> .

Lo

Plugging (4.32) into the zeta function prescription (4.27), we recover the Selberg zeta function
for the BTZ black hole reported in [39, 40], after identifying A with the parameter s:

o0

CH3/Z(8) — H (1 . 627ri((k1—k2)7'1—|—(k1+k2+5)i7'2))
k1,k2=0

= ﬁ (1—e2ibE(k1_k2)_2a(k1+k2+s)) (433)

k1,k2=0
= ZHii/Z<8) .

4.5 Non-hyperbolic examples

4.5.1 Flat space cosmologies

We explore quotients of three-dimensional flat space R?! to form spacetimes known as a Flat
Space Cosmology (FSC). The isometry group is generated by the Killing vectors

L =Y(=0xFOr)+(XFT)0y, Lo=(X0r+T0x),

4.34
Dﬁil = G(@T + ax), mo = Gay ( )

These obey the BMS; algebra without central extension
[Sma Sn] - (m - n)2m+n7 [£m7 mn] = (m - n)mm—‘rn? [mma mn] - O (435)
The quotient is taken with respect to the group element

N = o270 _ e2m’(20774-%'9710/3)7 (4.36)

where 77 and p are the modular parameters of the flat space quotient.

Since fields in flat space must be representations of the global symmetry group, we can label
a field with their mass m and spin j:

Mo [m, j) = mIm,j), Lolm,j)=jlm,j). (4.37)

A primary scalar has spin j = 0.
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We can use (4.27) to obtain the zeta function for FSC, after identifying the mass m with the

complex parameter s:
o0

CR3/Z H 27rz 77]+zps)) 7 (4.38)

7=0
where 7 = 7, and p = —r(/G are the physical parameters in the FSC.

The test is whether this reproduces the known result for the functional determinant of the
scalar field kinetic operator on quotients of flat space. In fact, it does. The 1-loop scalar
partition function on flat space was initially calculated in [46],

- > 6—27rpmn
-loop _
Zﬂat, scalar(m) = eXp Z 77,|(1 _ 62m’nn)|2

n=1
= exp (ZZ (e~ 2mpme2ming yn ) (4.39)
n=1 j=0

H 1— 6271'1 (nj+imp) *
=0

Therefore, we see that the generalized Selberg zeta function constructed for R? /Z reproduces
the regularized scalar 1-loop partition function:

[e.e]
1

-1
1 mi(is i 1-1oo;
C]R3/Z(S) = (det vl%at, scalar 2 H 62 ( ,0+]T])) = <Zﬂat, ssalar(m)>

Jj=0

(4.40)

m=s

4.5.2 Warped AdS quotients

Let us briefly introduce warped AdS. It is a warped Hopf fibration of AdSs, and is not a
solution to pure Einstein gravity, but to topological massive gravity in three dimensions.
Spacelike warped AdSs3 has the metric [47]:

2

L? 4
(— cosh? odr? + do? + 5 v
v+

ds® =
2+ 3

du + sinh odr)? | , (4.41)
3

where v is the warping parameter. Setting v to 1 recovers AdSs. For 2 > 1 we have spacelike
stretched warped AdSs and for v? < 1 it is called squashed. The Killing vectors for spacelike
warped AdS; are

Jy =20,

J:l = 2sin7tanh o0, — 2cos 79, + 2sin 7 sech 0, 442)
Jo = —2cosTtanh 00, — 2sin 70, — 2 cos 7 sech 00,

Jo = 20..

The tilded vectors form an SLy(R) algebra, while .J; is a U(1) generator. Spacelike stretched
warped AdS black holes are quotients of spacelike stretched warped AdS; [48], along the
Killing vector

05 = mL(TyJo — TrJa), (4.43)
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V2 +3
T, = <p++p_—

(py —p-). (444

1% - 8L

(v* 4 3)p1p- v? 43
) TR
8L

The metric of the black hole is thus given by

ds? dp?

P+ — P

L (v +3)(p— p+)(p— p-)
p

+2(302 = Dp+ (02 +3)(ps +p-) — 40/ (P +3)) dd?,

+ (21/p —pp P+ 3)) didd
(4.45)

where ¢ ~ ¢ + 27 due to the quotient, and p. are the radii of the inner and outer event
horizons.

We compute the Selberg zeta function for this quotient in Paper I. We recover the form of
the original Selberg zeta function for the BTZ black hole, but modified for the Lorentzian
signature, where the O(3) rotation becomes a SO(2, 1) boost,

o0

Zwaasyr(s) = H [1 _ €2bk:1e—2bk2€—2a(k1+k2+s)} ' (4.46)
k1,k2=0

We find the values of the parameters a and b to be

o (VP4 3)(2ury —r_ 12 + 3)

8Lv(ry —r_) 447)
b mr_ (V2 + 3)(—2wr_ +r V12 + 3)
B 8Lv(ry —r_) '
where
Py = , (4.48)
Ty —T_

To confirm that this is the correct Selberg zeta function, we compute the thermal frequencies
and correctly reproduce the quasi-normal mode frequency spectrum. Thus we have ample
supporting evidence for our the construction of a generalized Selberg-like zeta function (4.27)
for non-hyperbolic orbifolds.
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5 Conclusions

In this thesis we have explored of two main ideas, the generalization of TT deformation to
non-relativistic holographic field theories and the construction of a generalized Selberg zeta
function for non-hyperbolic quotient manifolds. We do this in the spirit of pushing our tools
in theoretical and mathematical physics into areas with less symmetry to find the limits of
these tools.

The 7T deformation is a very interesting deformation which has been widely discussed
in the recent literature. It is an irrelevant deformation of two-dimensional quantum field
theories which is well behaved in the UV and preserves integrability, unlike most other
irrelevant deformations. Some features of a 77-deformed theory are that it is a non-local
theory, it preserves the global symmetries of the undeformed theory, has a gravitationally
dressed scattering matrix and the finite size energy spectrum can be worked out in closed
form [12, 13, 16]. It shares many features with bosonic string theory, such as a Hagedorn
behaviour, similar energy spectrum and a two-dimensional gravity interpretation [14, 15, 22].

The T'T deformation of a theory with a bulk holographic dual can be interpreted in more than
one way. Since it is a double-trace deformation, one can work out the deformed boundary
conditions of the bulk. The resulting boundary conditions can be interpreted as mixed
boundary conditions [25] or as Dirichlet boundary conditions at a finite radial distance [28]
when the deformation parameter is negative.

We explored the 7T deformation of holographic warped CFTs which are dual to AdS; with
CSS boundary conditions [1]. We compute the deformed boundary conditions and obtain
the “dynamical” coordinates of the 77T deformed WCFT. Using the deformed boundary
conditions we also obtain the metric of the bulk AdS3 dual, with which we can compute the
asymptotic symmetry algebra. The AdS/CFT dictionary then tells us that the asymptotic
symmetry algebra is the symmetry algebra of the QFT on the boundary, which in this case is
the T'T deformed WCFT.

We find that many of the features we see in the 7T deformations of holographic CFTs carry
over to the WCFT case. We find that the U(1) Kac-Moody algebra is undeformed by the
deformation, which is consistent since it is generated by spin 1 currents. We also find that
the deformed Virasoro algebra loses chirality, just as one sees in the case of a 7T deformed
holographic CFT. We compute the deformed Virasoro algebra and see that it is deformed in a
highly non-linear fashion.

In addition to looking at 7T deformations, we explore the construction of zeta functions of
three dimensional orbifolds. Just like the Riemann zeta function which is an Euler product
over prime numbers, the Selberg zeta function is expressed as an Euler product over prime
geodesics. The Selberg zeta function was originally constructed for discrete hyperbolic
quotients of H? [36]. It was later generalized for quotients of H" with Kleinian groups by
[38], which was used by [39, 40] to construct the zeta function for the BTZ black hole.
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We generalize the construction of the Patterson-Selberg zeta function to quotients of non-
hyperbolic manifolds, such as Warped AdS and three dimensional flat space [2]. We propose a
construction of a zeta function using an Euler product over scalar representations of the global
symmetry algebra. We verify this by two methods. In the flat space quotient, we reproduce
the functional determinant of the scalar Laplacian which was originally computed using the
heat kernel on flat space [46]. In both the flat space and Warped AdS quotients, we reproduce
the quasi-normal modes on these spacetimes [3] by computing the zeroes of the zeta function,
and imposing the condition that the zeroes of the zeta function correspond to the appropriate
scaling dimension to reproduce the quasi-normal mode spectrum due to the relationship of
the zeta function with the functional determinant.

For future directions to the 7T program, it will be very interesting to develop methods to
study 7T deformed correlation functions, entanglement and Rényi entropies, and other related
quantities non-perturbatively, using techniques involving, holography, the flow equation for
the partition function, and the coupling to dilaton gravity. These quantities have been worked
out perturbatively already, however it is important to understand them non-perturbatively
because of the drastic change of behaviour in the UV caused by the deformation, such as
introducing non-locality.

There are also other deformations which fall into the same class as the 7T deformation, such
as the T.J, JT, and J.J deformations, all of which are built using conserved currents in the
theory. It will be interesting to extend the work done here to the rest of these deformations. In
particular, it was shown in [49] that a JT deformed holographic CFT has a Virasorox U(1)
Kac-Moody algebra, similar to the WCFTs studied here.

The Selberg zeta program also has many interesting future directions. In particular, the
immediate follow up is to prove the conjectured construction of the zeta function we provide,
and find where the construction could fail. Another interesting follow up would be to provide
a construction for quotient groups with multiple primitive hyperbolic elements, i.e. orbifolds
with multiple prime geodesics. This could lead to constructions which provide higher order
corrections in the genus expansion of a partition function.
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half-space metric, which to our knowledge is new and may have interesting applications
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Introduction

By studying only the quotient structure of certain spacetimes, it is possible to learn much

about dynamics and quantum corrections on those backgrounds. A principal tool to ac-

complish this is the Selberg zeta function, a cousin of the Riemann zeta function in which

prime numbers are replaced by prime geodesics on a hyperbolic spacetime H"/I", where T
is a discrete subgroup of SL(2,R) [1-3]. For example, for H?/T" the Selberg zeta function

is of the form

—2

1=N@™™").

n=0

Zr(s) =]

(1.1)
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where the product p is over the conjugacy classes of prime geodesics, and N (p) is a function
of geodesic length [4]. The Selberg zeta function and trace formula are of significant physical
interest as a tool to compute spectra of kinetic operators (and thus quantum corrections)
on hyperbolic quotient manifolds. A brief list of applications includes quantum chaos [5,
6], quantum JT gravity [7], torsion and topological invariants [8—10], heat kernels and
regularized one-loop determinants [11-15], quantum corrections to black hole entropy [16,
17], quasinormal modes [15, 18], and even band theory [19].

So far, the Selberg zeta function formalism has been limited to hyperbolic quotient
spacetimes. A notable example is the Euclidean BTZ black hole [20], which is a quotient
of hyperbolic 3-space H?® by the discrete subgroup I' ~ Z [21]. Perry and Williams [3]
constructed a Selberg zeta function for the BTZ black hole from this quotient structure,
and proved a corresponding trace formula. In that work, the action of the quotienting group
I' is studied through a set of “conformal coordinates” that transform the BTZ metric in
Boyer-Lindquist-like coordinates to the Poincaré patch. It was discussed in [3, 18] that the
zeroes of the Selberg zeta function {s.|Zr(s.) = 0} can be mapped to the BTZ quasinormal
modes. This was worked out explicitly in [15], where it was shown that tuning the Selberg
zeroes S, to the conformal dimension of the field in question was equivalent to equating
the field’s quasinormal modes to the thermal (Matsubara) frequencies:

S =A 4 woN = wp. (1.2)

This analysis was extended to fields of general spin in [22].

In this work, we construct a Selberg zeta function for warped AdSs black holes, ex-
tending the work of [3] beyond hyperbolic quotients for the first time. Warped AdSs black
holes are quotients of warped AdSs [23], with quotienting group I' ~ Z realized by the dis-
crete identification ¢ — ¢ + 27n, with n an integer. The isometry group is SL(2,R)xU(1).
Warped AdSs3 geometries arise in many different contexts in theoretical physics, such as
topological massive gravity (see [23] and references therein), lower-spin gravity [24] (in the
context of warped black holes, see [25]), and in near-horizon extremal [26] and near-region
non-extremal [27] Kerr. Thus it is very desirable to calculate quantum corrections on these
backgrounds, and it is very likely that our formalism will help facilitate this calculation.
This is addressed further in the discussion section.

Like [3], we build the Selberg zeta function using the quotient structure of warped
AdS3 black holes. However, unlike [3], we do not have a straightforward way to analyze the
group action under ¢ — ¢+ 27n, because we do not have a warped version of the Poincaré
patch as a target metric with which to construct conformal coordinates. We solve this
problem in section 3, where we use a trick from the hidden conformal symmetry program to
exploit the symmetries of the scalar Laplacian to construct a set of conformal coordinates.
Namely, we build conformal coordinates such that the SL(2,R)xU(1) quadratic Casimir
H? + AH§ o V2. Using the resulting conformal coordinate transformation, we are able to
derive a warped version of the upper half-space metric that to our knowledge is new. This
metric might have interesting applications of its own, such as the study of 77 deformations
of warped conformal field theories. We give more details about this is the in the discussion
section.
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We also consider the self-dual solutions reported in [23] and further studied in [28-30].
These are the warped analogue of the self-dual solutions for AdS3 presented in [31], and
as explained there these solutions are interesting to study in their own right. They are
formed by a different quotient, § — 6 4+ 2w@n, which we describe.

This article is organised as follows. In section 2 we review previous results that will
be helpful for the reader. In 2.1 we largely follow [3] in demonstrating how to construct
the Selberg zeta function for the case of the BTZ black hole, ending with mapping the
Selberg zeroes to the BTZ quasinormal modes as done in [15]. In 2.2 we review the
quotient structure of warped AdSs black holes, largely following [23]. In section 3 we exploit
the symmetries of the Klein-Gordon operator to build a set of conformal coordinates.
These allow us to create both a warped Poincaré patch metric as well as the warped
Selberg zeta function. In section 4 it is necessary to calculate several quantities on warped
quotient backgrounds (namely the conformal weight A, the thermal frequencies w,, and the
quasinormal mode frequencies wy) before constructing the map between the Selberg zeroes
and quasinormal mode frequencies in section 5. In section 6 we summarize our results and
discuss several future directions.

2 Review

Here we review material that we will need throughout the rest of this work. We begin
by reviewing how, in the case of the BTZ black hole, quotient structure can be used to
construct a Selberg zeta function whose zeroes are mapped to the quasinormal modes
on the BTZ background. We then review the warped AdSs black hole geometry and its
quotient structure. In section 3 we put these two elements together and create a Selberg
zeta function for warped AdSs black holes.

2.1 Constructing the Selberg zeta function for H3/T

We begin with the BTZ black hole metric in Boyer-Lindquist-like coordinates

2 2N\(,2 2 122 o \2
ds? — _(7” r)(r T—)dtz dr? 2 (d 4 dt) 21
5 L2y2 + (r2—=r3)(r2 —r%) v de Lr? (2.1)

where L is the AdS radius, and the outer and inner horizons r; and r_ are related to the
black hole’s mass M and angular momentum J by ri +7r2 = L?M and ryr_ = JL/2. The
Euclidean® BTZ black hole is obtained by t — —it, J — —iJg and r_ — —i|r_|.

It is well-known [21] that the BTZ black hole metric can be mapped to the Poincaré
patch metric through a set of discontinuous coordinate transformations, valid in regions
r>ry, ro >1r >r_ and r— > r. For concreteness we will focus on the coordinate

!The authors of [3] work in Euclidean signature because the existence of well-defined Selberg zeta
functions has been shown specifically for hyperbolic quotients. When we adapt this formalism to warped
AdSs3 black holes in section 3, we take the liberty of working in Lorentzian signature.
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transformation valid for r > ry:

[r2 _ r{ 7“+7’ |Ti|¢> exp (% _ |7"L—72|7) (2.2)

T+¢ |7“7|7').

2
22 L2

Under the coordinate transformation (2.2), the Euclidean version of the BTZ metric (2.1)

becomes )

ds® = %(daz2 + dyf + d2?). (2.3)
We will refer to coordinates like (z,yg, ) in (2.2) as conformal coordinates, and we will
now see that they provide an avenue to analyze the quotient structure of H3/I" through a
group theoretic lens.

The identification ¢ ~ ¢ + 27 allows for the BTZ black hole to be understood as a
quotient of AdSs by a discrete subgroup I' ~ Z of the isometry group SL(2,R)xSL(2,R).
We can study the group action of the single generator v € T' by taking ¢ — ¢+27n in (2.2).
This will map a point (z,yg,z) € H® to another point (2/,y/;, 2’)

V" (2, yp, 2) = (2, Y, ) (2.4)
through
a' = ¥ +/L (g cos (2mn|r_| /L) — yg sin (2en|r_| /L))
Y = 2™ +/L (y cos (2mn|r_| /L) + xsin (27n|r_| /L)) (2.5)

o = 627mr+/LZ.

By inspecting (2.5), it is clear that the group action can be understood as a dilation and
a rotation in R?:

T e 0 0 cos 2bp —sin2bp 0 T
Ylye| =10 € 0 sin2bp cos2bp O |ye |, (2.6)
z 0 0 e 0 0 1 z

where @« = 7ry /L and bg = 7|r_|/L.
We can recast this in the language of [21], in which they write the generator v € T" as

T r_
3¢ = %Jn + %Jog. (2.7)

the Killing vector

Here Jy2 and Jp3 are two of the six generators of the SL(2,R)xSL(2,R) isometry group,
and they are presented in terms of H? embedding coordinates in appendix A. In Poincaré
coordinates (2.3), it is evident that these generate dilations Jio = —(20; + Y0y, + 20-)

and rotations Jo3 = —ygp0y + x0y,. In terms of the parameters a and bg, this generator is
271’5'¢ = 2aJy2 + 2bgJos. (2.8)
4
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From the terms @ and bp that parametrize the dilation and rotation, Perry and
Williams [3] constructed the Selberg zeta function for the BTZ black hole
(o)
Zr(s) = H [1 _ o2ibpki o ~2ibpks ,—2a(ki+ka+s)| (2.9)
k1,ka=0

In later sections of this article, it will be convenient to consider a Lorentzian version of
the zeta function (2.9), which we develop now. To connect to the Lorentzian case we write
yE — iy, |r_| — ir_ and bg — —ib. The group action now consists of a boost in R™! and

a dilation
T ez 0 0 cosh2b —sinh2b 0 T
ylyl=]0 €20 —sinh2b cosh2b Of [y ], (2.10)
z 0 0 e 0 0 1) \z

and the Selberg zeta function is the same as (2.9) but with ibp = b

o0
Zr(s) = H {1 . eZbkle—2bk26—2a(k1+k2+s)] . (2.11)
k1,ka=0

The exponential part is real in the Lorentzian case because the “rotation” part of the
quotient is no longer compact.

The zeroes of the zeta function (2.11) occur when the exponent is equal to +27ik for
k € Z. The sign of k differs in the left and right quasinormal modes, hence we have + for
the right modes and — for the left modes.

b itk
Sy = —(kl + kg) + E(kl — kg) + o (2.12)

Performing a change of basis, the integers k1 and ko are written in terms of the radial
quantum number j and the thermal integer n in the following way [3]

n>0: ki+ka=2j4+n ki —ks=Fn,

(2.13)
n<0: ki+ke=2j—n ki—ky=Fn.
For n > 0 the zeroes are
b ik b ik
5= —(24n)— 2T = (@) D T (2.14)
a a a a
and for n <0
b ik b ik
se=—(2j—n) - — -T2 s =2 —n)+ — + T (2.15)
a a a a

2.2 Warped AdS3 quotients

In order to describe warped AdSs black holes as quotients, we begin by reviewing the global
spacetime warped AdSg itself. Non-warped AdSs can be expressed as a Hopf fibration of

AdS, like so: )

L
ds? — Z(_ cosh? odr? + do? + (du + sinh od7)?), (2.16)
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where u is the fibered coordinate and we refer to (7,u,0) as global fibered coordinates.
Spacelike? warped AdSj is obtained by warping the fiber length [32]:

L2 2

V243

4
ds?® = (— cosh? gdr? + do? + v
v

7.3 (du + sinh ad7’)2> . (2.17)

When v? > 1 the spacetime is called stretched and for v? < 1 it is called squashed. The
Killing vectors for spacelike warped AdSs are

Jo =20,

J:l = 2sinTtanh 00, — 2cos 70, + 2sin T sech g0, (2.18)
Jo = —2cosTtanh 00, — 2sin 70, — 2 cos 7 sech o0,

Jo = 20;.

The tilded vectors form an SL(2,R) algebra, while J3 is a U(1) generator.

2.2.1 Spacelike stretched warped AdSj3 black holes

We first consider spacelike stretched warped AdSs solutions, which are black holes [23]. In
direct analogy to the BTZ black hole, one can take a quotient of warped AdSs to find such
black hole solutions. The metric for the spacelike warped AdS3 black hole is

ds?
2

dp? B
(v +3)(p pp+)(p PR (ZVP —\prp-(V + 3)) didd

J’_
+§<3u —Dp+@*+3)(p ++p7)f4u\/m>dq~32,

where p € [0,00), t € R, b e [0,27), and & ~ ¢ + 2r. The coordinate transformation
from (2.17) to (2.19) is given in (A.6). For v? < 1 this spacetime has closed timelike
curves for large 7, but not for v > 1. It is important to note that this metric is not

= di?

(2.19)

asymptotically spacelike warped AdSs [33]. This can be seen by taking the large p limit of
the metric (2.19):

ds? = dp?

-~ 3 -
T =P+ (s + 2updtdp + Z(u2 —1)p?de*. (2.20)

The angular coordinate ¢ is compact in the asymptotic black hole spacetime (2.20), but it
is not in unquotiented spacelike warped AdS3 (see [33] for more details).
For the spacelike stretched warped AdSs black hole, the quotient is along the vector:

95 = wL(TpJy — Tr.J2), (2.21)
where
2 +3 (V2 +3)pgp— v?+3
T= " (et = ) = T ). (222)

2For information on timelike and null analogues, see [23].
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For v = 1, this reduces to the BTZ black hole in a rotated frame (Z,p,¢). In order for
quantities like 77, and T to reduce to their more recognizable BTZ values, it will be

convenient to go to the non-rotated frame (¢,r, ¢):

~ Lo —t 1"2 T2
g=to-t - T = TE (2.23)

Ty *T',t
L2 ry —r_’ Ty —T_

t= 7z ,

The metric in these coordinates is

1

2 __
ds”= 412 (rp—r_)?

(3T4(V2—1)+7‘2 <(ri+r3)(u2—81/+3)—4r+r,u( V2+3—4))

4122

(r2—r2)(r2—r2) (12 +3) dr? (2.24)

+4(ry —r_)? (riJrr% +ryr_( 1/2+372)))dt2+

_; 402 2 2 2 2 _ 3 B
2(rs—r ) (3r (v*=1)+r ((r++r_)(y 4v+3) 4r+r,y( V243 2))
r2 (3r2(y271)74r+r_1/\/m+(ri+r2,)(y2+3))

2
Ad(ry—r_)? de”.

+2ryr_(ry—r_ )%/ V2+3> dtde+

This reduces exactly to the BTZ metric (2.1) when v = 1. The left and right temperatures

in these BTZ-like coordinates are

243 (vt +r2) —rir V2 43 V2 +3
Ty, = — Tg = ). 2.25
L 8rL v(ry —r-) ’ B 8rL (ry +r-) (2.25)
These reduce to the BTZ left and right temperatures when v =1
T4 —T— re+r_
T, = ——F—, Th=—-—+—. 2.26
ETorn 0 TR onL (2.26)

2.2.2 Warped self-dual solutions

2 < 1 has closed timelike curves

As previously mentioned, spacelike warped AdSs for v
(CTCs) for large r. Taking a different quotient from (2.21) by identifying along the Jo
isometry results in no such curves [23] and we have the so-called self-dual solutions that
are a discrete quotient of warped AdSs in analogous to the quotients studied in [31]. Self-
dual solutions are not black holes in the strictest sense but they can be regarded as such
because they have killing horizons in the (%, p, qg) coordinates and no CTCs. They also
have similar thermodynamic behaviours, like an entropy that obeys the Cardy formula, as
discussed in [23, 28]. Self-dual solutions for warped dSs black holes are studied in [34].

For the self-dual solutions mentioned in [23] the same analysis can be done as for the
warped solutions that we will study but with the identification in  instead of ¢. We instead
adopt a different coordinate system, and look at the self-dual solutions studied in [28] with
identification  ~ 6 4+ 2ra. The metric is given by

L? dp? 412 = 2p—pr—p- \?
ds? (—(p—ﬁ+)(ﬁ—ﬁ_)d%2+( d +7 (dd9+ P p; P d%) )

T 243 p—pe)(p—po)  vE+3
(2.27)
It will be convenient to redefine the radial coordinate to a BTZ-like radial coordinate 7:
_ ,]:12 ~ 7’;2
p=—\) ppr=—F . (2.28)
Ty —T— Ty — 7o
_7_
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In these coordinates, the line element of the self-dual warped solution is

g2 L (72 —72) (7% — 72) d7? N 472 di?
54 = — - - ———
v2+3 (Fo —74)2 (72 —72) (72 = 7%) 2.29)
2.29
2 92 2 L2 2
s <2&d9 P EE R ) ).
ve+3 T_ — Ty
The left and right temperatures in these coordinates are
& T 47—
T =x - 2.
LT orr T L (2:30)

The authors of [28] comment that in the extremal limit the right temperature Tg vanishes.
The reason that this is not apparent in (2.30) is that the coordinate transformation (2.28)
is singular in the extremal limit, and thus (2.30) holds only in the non-extremal case.

3 A Selberg zeta function for warped AdSj3; black holes

Our first step in constructing the Selberg zeta function for warped AdSs black holes is to
identify a suitable set of “conformal coordinates” (analogous to equation (2.2) for the BTZ
black hole) that will allow us to interpret the identification ¢ ~ ¢+ 27 group-theoretically.
It is difficult to find a suitable coordinate transformation from the perspective of the metric,
since in the warped case we do not have a target Poincaré-like metric in mind. That is,
for the case of the spacelike warped AdS3 black hole, we seek a coordinate transformation
between (2.24) and a warped version of (2.3) (the latter of which we do not have). However,
we will now see that we can make progress by borrowing a trick from the hidden conformal
symmetry program of [27] and others, by studying instead the symmetry structure of the
scalar wave equation. We outline our general approach below before moving on to the
specific examples of spacelike warped AdSs black holes in section 3.1 and the self-dual
solutions in section 3.2.
Consider again the Poincaré patch metric of AdSs:

L2
ds? = ?(duﬁdw_ + d2?). (3.1)

The isometry group of (3.1), SL(2,R)x SL(2,R), is generated by six Killing vectors:

1
Hy =140y, Ho=1 (wJ“ELr + 5282) . H_oy =i((wh)?0y +wt20, — 220_),
(3.2)
Hy=i0_, Hy=1 (w_a_ + %z@z) , H.,= i((w_)Qa_ + w20, — 2%0,).

For the case of warped AdSs, the warp parameter v # 1 in (2.17) breaks the unbarred
SL(2,R) symmetry down to a U(1), and thus the Killing vectors of warped AdSs are
(H07E[07 E[il). Our goal in this section is to construct a locally spacelike warped AdS;
metric in terms of these coordinates, which will be our “warped Poincaré patch.”
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Consider for now a massless scalar field ® on one of our backgrounds of interest (either
the spacelike warped AdSs black hole or the self-dual solution). In either case, one can
show that the solutions of the Klein-Gordon equation are hypergeometric functions (as we
will see for the massive scalar case in section 4). Since hypergeometric functions transform
in representations of SL(2,R), we conclude that the Klein-Gordon operator is related to
the SL(2,R) quadratic Casimir:

_ 1 - _ _
H2 = —HZ + o (HH oy + H oy Hy)
1

= Z(zzag —20,) +2°0,0_.

(3.3)

In particular, we would like for the Klein-Gordon operator to be proportional to the entire
SL(2,R)xU(1) Casimir:
(H? + \H2)® x V2® (3.4)

where the coefficient A of the U(1) generator is yet to be determined.
Our job now is to find a coordinate transformation

1
r— =
wt = | T2 eadht
T + 2
1
w- = X % 6’7¢+5t’ (35)
T+ 2

A )

such that (3.4) holds. In (3.5), x is related to the BTZ-like radial coordinate r in (2.24)
(

,271 2 2 2
%. For the field ansatz

’f‘+7

via x =

P = R(z)e!ko—wt), (3.6)

we find that the quadratic Casimir constructed from the conformal coordinates (3.5) and
generators (3.2) is

(H2+AHE)® (3.7)

_ 21 (W) +Ek(B+6)*  (Wla=7)+k(B-0)* | (ki+yw)?
- (ax( 4>6$+ 4(w=1)(By—ad)2  4(z+1)(By—as)? H(ﬂv—oﬁ)r“)@'

Comparing this Casimir to the Klein-Gordon operator will allow us to solve for the confor-
mal coordinate parameters («, 3,7, ). With those in hand, we will be able to interpret the
identification ¢ — ¢ + 27 group-theoretically, in analogy to [3], and build a Selberg zeta
function for warped black holes. As a nice bonus, we find a warped version of the Poincaré
patch metric (3.1), which reduces to (3.1) when v = 1.

Before we move on to specific examples in the next subsections, some comments
about (3.7) are in order. Hidden conformal symmetry was studied in warped AdSs black
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holes in [35] and in self-dual warped solutions in [30]. In both cases, the authors throw
away a term in the Klein-Gordon operator, making a “near-region limit” or “soft hair”
argument, in analogy to [27]. We show below that the terms they throw away are nothing
more than the U(1) piece corresponding to our A term in (3.7). We argue that there is no
need to take such a limit to discard such terms, as they too are built into the symmetry
structure of the Casimir.

3.1 Warped AdSg3 black holes

The Klein-Gordon operator of the warped AdSs black hole background (2.24) is propor-
tional to the quadratic Casimir (3.7) with proportionality constant:

2

H? + \HE = V2 (3.8)

v2+3
This proportionality constant is determined by comparing the radial derivative pieces.
In = coordinates, the Klein-Gordon operator with the proportionality constant now

reads:

L? 1 P Q
3+V2V2¢(6z(x24>€)z+4<x )+4(H1>+S>c1> (3.9)

1
2 2
where

B 412 (k (2(u —1)r2 —2r2 —ryr_ < v24+3— 4)) — Lwry (2ur+ —r_Vi?+ 3))2

' o S ) |
o _4L2 (k; (—27{% +2w—1)r2 —rr (V2 +3 - 4)) — Lwr_ (QVT, —riVr? + 3))2

e TR0 T TR0+ 3P
~ 3L2(v? = 1)(k — Lw)?
(24 3)2(r2 —r2)?

(3.10)

As mentioned previously, in [35] these coefficients are derived in the (£, p, ¢) coordinates
of (2.19), but the U(1) term, S, is thrown away in the spirit of the hidden conformal
symmetry program in a certain limit of their eigenvalue w. There is no need to throw
away this piece, as it is part of the symmetry group and does not cause any obstruction in
building the conformal coordinates. In fact, the U(1) piece will help us choose the proper
solution branch, as we will see.

Equating the coefficients of £ and w in P and @ to those in the = + % poles in the
Casimir (3.7), one can solve for («,3,7,0). Due to the squares, there are 4 branches of
solutions, and we pick the ones which reduce to those found for BTZ when v is set to 1 as
reported in appendix B.?

3Had we not known what they reduce to, we can use the U(1) term to eliminate 2 of the four branches,
and then we pick the positive branch for a.
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They are:

(2 +3) (V(T%r +72) —rir V2 + 3)

o =

ALv(ry —r_) ’
(ry —r_)(¥? +3) (v*+3) (V(T?F+T27)_T+T*VV2+3>
= 202y a AL%v(ry —r_) ’ (3.11)
= ﬁ(ﬂw) (ry +72),
= —4—22 (2 +3) (ry +7).

Note that o = 27T, and v = 2nTg as defined in (2.25). This also allows us to determine
A to be 3(v% —1)/412.

The conformal coordinates that we have built yield a warped version of the AdSs
Poincaré patch. In these conformal coordinates, the previously slightly terrible met-
ric (2.24) turns out to be quite simple:

412

32 - Dwt
(V2 4 3)222

2 _
ds* = 5

(duf2 + 2zdw™dz)

((1/2 + 3)dw T dw™ + 4v%d2* +
z

(3.12)
This reduces to the Poincaré patch (3.1) for v = 1, unlike the Poincaré coordinates pre-
sented in [23]. The Killing vectors of this metric are:

_ _ 1 _

Hl = 7:8_, HO =9 (w_ﬁ_ + 5282) 5 H_1 = i(—228+ + w_25_ + ’LU_ZaZ),
. (3.13)

Ho =1 (w+8+ + 5282> s

which are a subset of (3.2), as expected. The killing vectors corresponding to rotation in
the w* plane and dilation are

Ho — Ho = z‘(w+8+ - w‘f)_),

_ (3.14)
Hy+ Hy = i(w+3+ +w O_ + z@z)

respectively. Using the inverse transformation of (3.5), we can also see that the quotient
is generated by the group element

e—i4ﬂ'2(TRI:10+TLHO) 627"‘9(1)7 (315)

as discussed in [27]. Comparing this with [23] and (2.21), we see
Ho=tpy Hy=—"J (3.16)
0 — 2 2 0— 2 2- .
Now that we have the warped black hole quotient structure and a set of suitable confor-

mal coordinates in hand, we can repeat the analysis of Perry and Williams (outlined in
section 2.1) to build our Selberg zeta function for warped AdSs black holes.

— 11 —
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We begin by switching to the coordinates z = (w* 4+ w™)/2 and y = (w™ — w™)/2.
Under the transformation ¢ — ¢ + 27, we see that the coordinates once again transform
in the same way as (2.10):

x! e 0 0 cosh2b —sinh2b 0 x
y|=10¢€*0 —sinh2b cosh2b 0 [y (3.17)
2 0 0 e2@ 0 0 1 z

where we have
(V4 3)(2ury — V12 + 3)

8LV(T+ — 7'7)
b— ar_ (V2 4+ 3)(—2vr_ +r V12 +3) (3.18)
a 8Lv(ry —r-) :

The prime geodesic on the quotient spacetime is the curve which remains invariant under
the rotation, which is the x = y = 0 line. The length of this prime geodesic ¢ is related to
the dilation parameter by ¢ = 2a.

Finally, the Selberg zeta function for warped quotients that we propose is (2.11), where
in the case of warped AdSs3 black holes the parameters a and b are (3.18). We will see in
section 5 that the zeroes of this zeta function are successfully mapped to the quasinormal
modes on the warped AdSs black hole backgrounds. It should be noted that, in principle,
the structure of the Selberg zeta function for warped quotients could have been more
complicated (cf. the function N(p) in equation (1.1)) than in the BTZ case, or indeed it
need not have existed at all. We suspect that for more complicated orbifolds N(p) may
need to be constructed with greater care.

3.2 Warped self-dual solutions

Following the same procedure as in section 3.1 we construct conformal coordinates for the
self-dual solutions (2.29), using the coordinate transformation

1
T — 2 7 5~
,er _ %6a0+57”
T+ b3
T—31 s
wo = ?ev9+5’r7 (319)
x + 2

o= |l eI (07,

The Klein-Gordon operator for this background is proportional to the quadratic
Casimir (3.7) and has the same proportionality constant as the warped AdSs black hole
L2

2 2
ANHS = ———
A+ Mg v2+3

\% (3.20)

Explicitly, in « coordinates and using the ansatz & = ei(ké’“’%)R(f), we have:

L? B 1 p Q
3+VQV2<1>_<ax(x2 4)8”4(95— )+4(x+%)+s>@ (3.21)

D=

— 12 —
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where

2
()
a  (Fy+72)
2
. (E _ 27‘“) (3.22)
a (f+ + ’I",) ’
3k2 (u2 -1)
S = 46202

Again we equate the coefficients k and w in (3.22) to the ones in (3.7) and solve for
(v, B,7,0). The U(1) term eliminates two of the four branches and we choose the positive
remaining one

1
o= a, B=v=0, 5=§(F++7~‘_). (3.23)

Note that the coefficient of the U(1) term is the same as for the warped AdS3 black
hole: A = 3 (v2 — 1) /4v2. The parameters (3.23) are related to the temperatures (2.30)
via @« = 2rLT, and 6 = 2rLTg. The conformal coordinates (3.19) with these values of
(e, B,7,0) yield the same warped Poincaré patch as (3.12). From the conformal coordinates
we calculate the coefficients ¢ and b that appear in the quotient. Again we switch to
z=(wr+w")/2and y = (w" —w)/2 and under § — § + 27 the coordinates transform
in the same way as (2.10), and we obtain

a=— b=——. (3.24)
The quotient is generated by the Killing vector
a
80" = ’/TLTLJQ = §J2, (325)
which now can be expressed in terms of the warped Poincaré patch generators:

d; = —iaHy. (3.26)

4 Scalar fields on WAdS; black hole backgrounds

In order to map the zeroes of our Selberg zeta function to the quasinormal modes of the
warped AdSs black holes in section 5, we need to first study several aspects of a massive
scalar field propagating on these backgrounds. We begin with the conformal weight A in
section 4.1, followed by the thermal (Matsubara) frequencies wy, in section 4.2 and finally
quasinormal modes w, in section 4.3.

4.1 Conformal weights of the scalar field

Here we compute the conformal weight of highest weight representations of the symmetry
algebra of the black hole spacetime. We use the relationship between the quadratic Casimir
and the Laplacian of the massive scalar [36]

L2

PHNHG)® = ——
(H”+ AHy) 1/2+3m

2p. (4.1)

~ 13—
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We can express the SL(2,R) Casimir in terms of the SL(2,R) conformal weight

H2® = h(h —1)®, (4.2)
and we know from (3.9) that the U(1) generator acting on the scalar field is

NHED = S(k,w)®. (4.3)

Combining the two we have

2

2_8. (4.4)

Solving for A = 2h and choosing the positive branch, we obtain the conformal weight of

the scalar field:
m2L2
A=1 14+4(————-95). 4.
+\/+ (55-5) (45)

Note that S depends on the choice of coordinates. In the (%, p, ¢) coordinates of (2.19), we
have
3L -1)

which reproduces the result in [37]. In the coordinates of (¢,r, ¢) (2.24), we have

3022 —1) (k- Lw
5= v2+3 r2 —r2 (4.7)

and in the (7,7,0) coordinates of (2.29) for the self-dual solution, we have

- 3k2 (1/2 — 1)
4622

S (4.8)
Equation (4.8) is the same as the one computed for spacelike stretched warped AdSs with
& = 1, which reproduces the result in [23].

Notice that for large values of w or k in (4.6), (4.7) and (4.8) the conformal weight

A/2) implies that these

becomes complex. The asymptotic behaviour of the solutions (~ r~
solutions are travelling waves. The fact that these becomes complex indicate that these
spacetimes have superradiant behaviour [36]. Since Re(A) > 0 the outgoing wave solutions
are always normalizable [38]. Note that for the negative branch of (4.4) for small enough
values of S we have Re(A_) < 0 which renders the solutions non-normalizable. We only
consider the positive branch since the Selberg zeta function can be expressed a sum over

eigenvalues of normalizable functions via the Selberg trace formula.*

4We thank the referee for bringing this fact to our notice.
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4.2 Thermal frequencies

A procedure for calculating thermal frequencies in rotating spacetimes was outlined in [39].
Due to translation symmetry in both ¢t and ¢, we can use the following ansatz for ®:

B(t,r, ¢) = e WS £ (1), (4.9)

Using this ansatz in the equation of motion, we obtain a second order differential equation
in 7, which we examine around the outer horizon r:

A f(r) + B(r)(r =) f'(r) + (r —r1)2f"(r) = 0. (4.10)
For the spacelike warped AdSs black hole, we have
16r2L2
A= K2 gu + k 2 )
7 e (o s

4.11
B 37‘4—7"11"% —7‘2(7“34—7"3) ( )
N r(r2 —r2)(r+ry)

To construct the indicial equation, we must input a power series solution around r

for A, B and f, like so:
o0 o0 o0
A= Zan(r—r+)”, B = an(r—m_)”, f= (r—r+)0‘2fn(r—r+)". (4.12)
n=0 n=0 n=0

We only need the leading terms of A and B for the indicial equation, which after some
algebra turn out to be:

2
(L(2r2 —2r2(v—1)+ryr- (V2 +3—4))k+ Lry (21/1"+ —r Vv + 3) w)
ag = ;

(ry —r_)2(ry +r_)(¥2 +3)
by = 1. (4.13)

If we set a = in/2 with n an integer, we can solve the indicial equation for w in terms of
n, obtaining the thermal frequencies:

in(ry —r_)2(rg + ) (V2 +3) = 2Lk(2r2 +2r2 (1 —v) + rpr— (V2 +3 — 4))
2027, <2yr+ —r Vi 4 3)

n =
(4.14)
If we set v to 1, we recover the thermal frequencies for the BTZ black hole [39]:

Lkr_ +in(rt —r2)
wn = y
L2T+

(4.15)

which are also known as the Matsubara frequencies. In the (Z, p, ) coordinates of (2.19),

this result becomes
_ —ak—in(py —p )02 +3)

Wp, = . 4.16
4prv —2¢/prp—(v? +3) (416)

Repeating the analysis in the self-dual solution (2.29) we get
o — (= +r+)(k—zan). (4.17)

2a
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4.3 Quasinormal modes

To compute quasinormal modes, we must study the equation of motion of the massive
scalar field in the black hole background

(V2 —m?)®(t,r,¢) = 0. (4.18)

These have been computed in the “rotated coordinates” ((£, p, ¢) as in (2.19)) before [37, 40,
but here we present the calculation and results in the BTZ-like coordinates ((¢,r,¢) as
in (2.24)), in which the quasinormal modes reduce to those of the BTZ black hole [41]
when the warping parameter v is set to 1.

4.3.1 Warped AdS3 black holes

Here we follow the procedure described in [41]. The structure of the equation of motion is
clear when we make this coordinate change:

2 2
_’I" —Try

¢ = 7 (4.19)

rZ —p

and we will use the same ansatz as (4.9): ®(t,(, ¢) = e~ £(¢). In these coordinates
we have

CL=OfQ+ =)+ (£ +B+ =) 1O =0, (1.20)
where
A L? (k (2(1/ —1)r2 —2r2 — ( v2 43— 4) r+r_) —Lriw (2w+ —r_Vv?+ 3))2

)

(o —r) o +14)” (2 +3)2
B=—-A(ry < r_), (4.21)
C3L2 (A1) (k—Lw)?  L?m?

W2 43)2(r_ —ry)? V243

The solution to (4.20) is

F(Q) =¢*(1 = ¢)?2Fi(a,b,¢; ),

4.22
a=a+pB+ivV—B, b=a+p—ivV—-B, c=2a+1. ( )

The exponents « and [ describe the behaviour of the scalar field near the outer horizon
and at infinity respectively:

a?=—A, B= % (1 - \/ﬁ) . (4.23)

Notice that § can be expressed in terms of the conformal weight of the scalar field (4.5)
and (4.7) as

A
5

B=1- (4.24)
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We require that the solution is ingoing at the horizon® and vanishes at infinity, so we set

the following boundary conditions:®

c—a=—j, c—b=—j, j€&Z>o. (4.25)

Here we can solve these boundary conditions for w in terms of k¥ and A. We note that A
does depend on w, but we keep it implicit since the matching of the Selberg zeta function
zeroes s, to the quasinormal modes does not depend upon the intrinsic structure of A, as
we will see. Thus we obtain

.k (A+2)) (P +3) (ry —1o)
Wy, = Z —1 4L21/ s (426)
and
w*__k< 2(ry —r)? _1>_i(’/2+3)(7"++7‘)(7“+T)Q(AJFQJ)
B L \wer2 +02) —rr Vo2 £ 3 412 (V(r?r +7r2) —rir Vit + 3)
(4.27)

We recover the BTZ quasinormal modes as calculated in [41] upon setting v to 1.

4.3.2 Warped self-dual solutions

We compute the quasinormal modes for the self-dual solutions and reproduce previous
results [29, 30] in (7, 5,0) coordinates. Using the same ansatz: ®(7,¢,0) = e~ “T+k0 £(()
and change of coordinates

,’:27f2

(=5 (4.28)

we reach the same radial equation as before (4.20), where

k 2
A:( ~+~ w~ > ’
260 Ty HT_

B=— (ﬁ - “’)2, (4.29)

2% Ty i
o= 32 (12 —1) L*m?
T 46202 v2 43

Following the procedure done in section 4.3.1, with the corresponding A for the self-dual
solution, we obtain the quasinormal modes. The boundary conditions only permit one
solution, the right ingoing mode:

Wh = fii(ﬁ + ) (A £ 25). (4.30)

®Modes that are outgoing at the horizon are sometimes called antiquasinormal. These can be treated
similarly, but here we just stick to the ingoing modes for simplicity.
To see how to derive these conditions look at equation (15) in [41].
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5 Mapping the Selberg zeroes to quasinormal modes

Now we take all the results from the previous sections and show that tuning the zeroes of the
Lorentzian Selberg zeta function s, to the conformal weights A, we recover the condition
that the corresponding quasinormal modes must be tuned to the thermal frequencies, in
the spirit of [15].

For simplicity, we only consider the ingoing (quasinormal) modes, and so we only need
to consider the case with n > 0 in the change of bases listed in (2.13). It should be noted
that the change of basis (2.13) did not (to our knowledge) necessarily have to be the same
in the warped case. Nevertheless, this change of basis turns out to be consistent in mapping
the Selberg zeroes to the warped quasinormal modes. Since the basis change (2.13) is a
result from scattering theory on the Euclidean BTZ background [3], the fact that (2.13)
still works in the warped case probably tells us that warping the fiber length does not
significantly change the poles of the scattering matrix.

5.1 Warped AdS3 black holes

The procedure outlined in [15] was to express s, — A in terms of the corresponding quasi-
normal mode and BTZ thermal frequencies. Here we will go in the opposite direction and
construct s, from the quasinormal modes, the warped black hole’s thermal frequencies and
the conformal weight. We will then solve for a and b used in the quotient, and show that
they coincide with (3.18) in the warped black hole case and (3.24) in the self-dual case.
That is, we write

sep, = AW —wn) A, sir = AR (W —wn) + A, (5.1)

where A;, and Agr are proportionality constants, which can be determined by eliminating
A on the right hand side of the equations (since the quasinormal modes depend upon A
but the zeroes s, should not explicitly depend upon A). Plugging everything that we
calculated in previous sections into the right hand side of the equations, we get:

Wi — wp LA— 9 8iLv(ry —r_) 3 2v(r2 —r?) n,
Ar re(V?2+3)(2ryv — V2 + 3) re(2ury —r_Vi? +3)
(5.2)
and
w}%_wn—kA:—Qj—i- 8iLv(ry —r_) o 2((r2 —r2 ) —ror_vVi2+3) n,
Ar r+ (W2 +3)(2rv— V2 +3) r+(2vry —r_Vv?+3)
(5.3)
where
i(ry —r_)(v? +3) i(ry —r_)2(ry +7-)(2 +3)
AL = 2 ’ AR = 2 B 2 5 . (54)
4L%v A2((re +r2)v —ryr_Vi? 4+ 3)
Equating (5.2) and (5.3) to (2.14) (reproduced here for convenience)
b ik b ik
s*L=—2j—(l+f)n—ZL, s*R:—Qj—(l—f)TH-ZL, (5.5)
a a a a
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and solving for a and b, we obtain

e (V2 + 3)(2ury — V12 + 3)

8Lv(ry —r_) ’ (5.6)
b ar_ (V2 + 3)(=2vr_ +ry V2 +3)
B 8Lv(ry —r_) ’

which reproduces the values obtained from the quotient (3.18). This shows that the pro-
posed Selberg zeta function zeroes for warped AdSs black holes are successfully mapped
to the quasinormal modes.

5.2 Warped self-dual solutions

For the self-dual solutions the left quasinormal mode vanishes, and thus we only match one
of the zeroes, s.g, to the remaining quasinormal mode. Along the lines of (5.1), we write

sep = ARt (Wh — wn) + A, (5.7)
and we find that the proportionality constant is
Ar = _i(m i), (5.8)
Plugging everything into the right hand side of (5.7) (using (4.5), (4.8), (4.17), (4.30)
and (5.8)), we find

2tk
ssp=—2(j +n)— (; . (5.9)

Comparing (5.9) and (5.5) allows us to solve for a and b:

T T
= — b=——. 5.10
=2, L (5.10)
This matches our previous result from the quotient (3.24). Thus, just as in the warped
black hole case in the previous section, the zeroes of our proposed Selberg zeta function

for the self-dual solutions are successfully mapped to the quasinormal modes.

6 Discussion

Using the quotient structure of warped AdS3 black holes [23], we have constructed a Selberg
zeta function for this spacetime in the spirit of [3], providing an example that extends the
work of [3] beyond hyperbolic quotients. We have shown that the zeroes of this zeta
function are mapped to the scalar quasinormal modes on the warped AdSs black hole
background [37, 40], in exactly the same way as in the non-warped (BTZ) case [15, 18].
We repeat this analysis for the warped self-dual solutions reported in [23, 28], which are
obtained from different quotients than the spacelike warped AdS3 black holes and are
interesting in their own right.

Along the way, we develop a method of constructing a warped version of the AdSg
Poincaré patch metric, using the symmetry structure of the Klein-Gordon equation and
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a familiar ansatz for conformal coordinates [27, 42]. To the best of our knowledge, our
metric (3.12) does not appear in the literature. This metric could be of interest in the
context of the warped AdS/warped CFT correspondence [24]. The conformal boundary
of the metric (3.12) seems to have the correct properties (such as a degenerate metric)
required by the geometry on which a boundary warped CFT lives, which is not manifest
in other coordinate systems.

Perhaps the most immediate and intriguing direction for future work is to connect the
Selberg zeta function to 1-loop determinants on the warped AdSs black hole background,
in a similar fashion as in [15]. With this connection in hand, it might be possible to
study quantum corrections on the near-horizon extremal Kerr (NHEK) geometry (which
is warped AdS3) [26], as well as in other contexts where warped AdSs appears (see the
Introduction for more details).

Furthermore, it is extremely tantalyzing to explore whether this Selberg quotient for-
malism can be related to the recent and very interesting connection between black hole
quasinormal modes and quantum Seiberg-Witten curves [43, 44]. Both this work and [43]
fix a geometric lens on the problem of computing spectral data, and a connection between
them seems both likely and fruitful to persue. Indeed, such a connection was already hinted
at in [45].

Hyperbolic quotient spacetimes occur in several other interesting physical systems
in which quantum corrections are of interest. One notable example is AdS wormholes
(see for example [46]). In fact, it was recently shown in [47] that certain k-boundary
wormholes were constructed by quotienting AdS by the discrete group Zj;. Since the
quotient group that we consider is isomorphic to Z, these wormholes provide a physically
interesting and tractable arena to study more complicated quotienting groups. A second
notable example in which hyperbolic quotient geometries arise is in the calculation of
holographic entanglement Rényi entropies [48]. In that work, one difficulty was calculating
the generators of the quotienting Schottky group I', and most of the time the authors
relied on an expansion in small cross-ration. Perhaps now that we have more experience
in calculating generators of quotient groups from the bulk perspective, this problem can
be revisited with more success. The main challenge in that endeavor would be making a
meaningful connection to the boundary CF'T data.

There is strong evidence that the Selberg trace formula also has a different and interest-
ing physical interpretation: it is likely the formal like between two well-known methods for
computing functional determinants, namely the heat kernel method (see for example [12])
and the quasinormal mode method [49]. This can be seen from how the Selberg trace for-
mula is generally derived from the Selberg zeta function. As explained in [3], one considers
two different representations of the Selberg zeta function: the Euler product (2.9) and the
Hadamard product

ZF(S) _ BQ(S) H(l B S/S*)es/s*+1/2(S/S*)2+1/3(S/5*)3, (61)

Sx

where Zp is meromorphic and Q(s) is an entire function. The Selberg trace formula is
obtained by taking the logarithmic derivative of (2.9) and (6.1) and equating them. To
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extend this to warped AdS3 quotients, the non-trivial interplay between the asymptotics
of A, w and k may be important to interpret through the lens of [49], since this is used
to determine the UV counterterms of the partition function, like for example in [50]. We
leave this interesting and potentially insightful direction for future work.
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A Coordinate transformations

Here we list some useful coordinate transformations between some of the metrics used in
this work.

« Embedding coordinates. The hyperbolic 3-space can be written in terms of its
embedding
ds® = —dU? +dV? + dX* 4+ dY? (A1)

with the constraint
~U*+ VP4 X2 4Y2= 1% (A.2)
The following transformation

Y v L
"TUrrxy YPTuixr TTUusx

(A.3)

is used to write the Hj line element in the Poincaré patch coordinates (2.3). The
isometry generators of (A.1) are

Jap = XBos — X40B. (A.4)

We can write these explicitly in embedding coordinates and Poincaré coordinates:
1
Jor =Voy +Uby = —zyp0, + 5(1'2 —yp + 22+ 1)0y, — ypz0.,
1
Joo = X0y — VOx = 2ypd, — §(x2 —yh 422 = 1)y, + yr20.,
Jus=Y0y —VOy = —ygd, + .’L’ayE,

(A.5)
Jio =X0y +U0x = —x0; — yanE — 20,

1
Jis=Y0y +Udy = —E(x2 — y% -2 1)0y — vyp0Oy, — ©20.,

1
Jog =YO0x — X0y = 5(1 — 2t y% + 22)073 — TYp0Oy, — v20,.
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e The stretched warped AdS3 black hole. The coordinate transformation between
warped AdSs in global fibred coordinates (2.17) and the warped black hole in rotated
coordinates (2.19) is:

7 =tan ! {2\/(2pp—_pp.:_)(_pp—_p—) sinh (1(P+ - P—)(V2 + 3)&)},

4
o =sinh™! {2\/([) ;fi);()p_ P-) cosh (i(p+ —p )P+ 3)({5)},

u= V24j; : {25+ (V(P+ +p-) - \/MW}

2p — —p_ 1 -
+ coth™! {M coth (7(p+ —p )+ 3)(;5)].
P+ — P— 4

(A.6)

This transformation is valid for p > p4 [51]. For p < p4 we instead have [23]:

u= V241— : [2$+ (v(ps +p-) - \/mﬂ)}

— tanh ™! [— Qpp—er%p—_p_ coth (i(m_ —p )+ 3)(}5)}

(A7)

e The warped self-dual solution. The coordinate transformation between warped
AdSs in global fibred coordinates (2.17) and the self-dual solution (2.27) is [28]:

R {2\/@ —p)(p—p-) Smh(m —p- T)] ’

20— py — p- 2
2./(p— ) (p — p_ 5y — P
> — sinh-! J(p~ p~+)(p~ P )Cosh(p+ p %> 7 (A.8)
2p — py — p- 2
- 25 — pu — e — P
uzd@—&—tanh*l{ p~ p+~ p coth(p+ p %)}
P+ — p- 2

B BTZ conformal coordinates

In this appendix we illustrate how our method for obtaining conformal coordinates works in

the case of the BTZ black hole. We reproduce the Lorentzian version of (2.2), as expected.
The BTZ metric is given by

r2— 2 2 272

-
= dt?
L2 + (7’2—7"%)(7"277’3)

rer—

dr? + r2d¢? — 2
r° +r“d¢ 17

ds?® =

dtdo. (B.1)

For the BTZ black hole, we find the Klein-Gordon operator is proportional to the quadratic

Casimir as:
2 _ Lo
The Klein-Gordon equation with field ansatz (3.6) takes the form
1 P
(am <1’2 - Z) O+ ——2x + QBTzl ) ® =0, (B.3)
4(z=3%) 4(s+3)
99 _
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r2—1/2(r2++r3)

where z = R and
Z—r2
L?(kr_ —wLry) L2 (kry —wlLr_)
Pyry = —Pr= T @0 - L\ m i) B.4
BTZ T2y @BTZ 2 )2 (B.4)

When equating the coefficients k and w of (3.7) to those in (B.4), one has 4 branches to
chose from. The branch which yields the correct transformation to the Poincaré patch (3.1)
is the following:

a+y Ly B+6  Lr_
I e —ad 12—’
By T , By T (B.5)
a—vy _ Lor -6  Lry
By —ad r3 —r2’ 67—&5_ri—r3'
On solving these set of equations, we have
e —1r_ re+r_
S B =—Lf=—"_"—. B.6
a=Lp 7 T (B.6)

Again, we see that these are related to the left and right temperatures o = 277 and
~v = 27Tg. Plugging these values into (3.5), one obtains the coordinate transformation
from the Boyer-Lindquist coordinates of the BTZ black hole to the Poincaré patch

2 _ 2
o [T o) (L)
w = erL
r2 — 2 ’

2 _ 2
I T+eﬁ(r++r,)(L¢—t)7 (B.7)
r2 —r2
2 2
_ T G Lrierot)
z = 5 €l .
r2 —r?

These are nothing more than the Lorentzian version of (2.2).
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We explore TT deformations of warped conformal field theories (WCFTs) in two dimensions as
examples of 77 deformed nonrelativistic quantum field theories. WCFTs are quantum field theories with a
Virasoro x U(1) Kac-Moody symmetry. We compute the deformed symmetry algebra of a 7T deformed
holographic WCFT, using the asymptotic symmetries of AdS; with 77 deformed Compére, Song, and
Strominger boundary conditions. The U(1) Kac-Moody symmetry survives provided one allows the
boundary metric to transform under the asymptotic symmetry. The Virasoro sector remains but is now

deformed and no longer chiral.

DOI: 10.1103/PhysRevD.108.105016

I. INTRODUCTION

A warped conformal field theory (WCFT) is a quantum
field theory with an SL(2,R) x U(1) global symmetry in
two dimensions, which breaks Lorentz invariance. Such
QFTs have translation invariance, but scaling invariance is
restricted to only one coordinate. Finite warped symmetry
transformations take the form [1,2]

72— f(2), (1.1)
However, despite not being Lorentz invariant, this class
of two-dimensional quantum field theories still possesses
an infinite-dimensional symmetry algebra, namely, a
Virasoro x U(1) Kac-Moody current algebra. WCFTs are
interesting, as they appear in a number of holographic
systems with an SL(2,R) x U(1) symmetry, such as
warped AdS; [3], the near-horizon geometry of extremal
rotating black holes [4,5], and AdS; with Dirichlet-
Neumann boundary conditions [6]. Holographic WCFTs
have passed a number of consistency checks, such as
a Cardy formula [2], holographic entanglement entropy
[7-10], and one-loop determinants [11].

Since WCFTs are nonrelativistic, they do not couple to
standard (pseudo-)Riemannian manifolds. One approach is
to couple WCFTs to “warped geometries” [3], a variant
of Newton-Cartan geometries. These geometries can be
found at the boundary of warped AdS; spacetimes.
Unfortunately, these geometries have certain pathologies,
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such as a degenerate metric, which make some calculations
untenable. Another way to couple WCFT to a background
manifold is to allow the manifold to transform with the
warped symmetry transformations. Holographically, this
requires relaxing Dirichlet boundary conditions of the bulk
metric to boundary conditions which allow for asymptotic
symmetry transformations to transform the boundary met-
ric under the warped symmetry transformation of the
boundary WCFT. The Dirichlet-Neumann boundary con-
ditions of Compére, Song, and Strominger (CSS) [6] do
exactly this. This approach bypasses the need for a warped
geometry with degenerate metrics, and we can work with
conventional techniques.

Two-dimensional translationally invariant quantum field
theories admit a class of solvable irrelevant deformations
built from conserved currents, most notable of which is the
TT deformation [12,13]. The TT operator is defined by the
determinant of the energy-momentum tensor of the quan-
tum field theory, and the deformed action obeys the
following flow equation:

1
0:Sar(h) = = / P70,

1
OTT =detT = Ee‘upebaTﬂbT/)nw

(1.2)

where the deformation parameter A is the coupling to the
TT operator Orz. This operator is defined using point
splitting, which in the coincident limit produces a well-
defined local operator up to total derivatives. The expect-
ation value of O turns out to be a constant, and from this
one can derive the flow of energy eigenstates of the
quantum field theory defined on a cylinder of radius R:

0E, _ OE, P2
a4 ""OR R’

(1.3)
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Even though the energy eigenvalues are changed, the
Hilbert space remains undeformed, since there is a
one-one correspondence between the states of the original
and deformed theory. Similarly, other observables can
be calculated in the deformed theory, for example, the
deformed Lagrangian, partition function, two-two scatter-
ing matrices, correlation functions, etc. [14-21].

There are various ways to interpret how the T'T defor-
mation acts on holographic CFTs. One proposal by [22] is
to impose Dirichlet boundary conditions for the bulk metric
at a finite radius. Another proposal given by [23] is to
treat the TT deformation as a double-trace deformation,
which will deform the asymptotic behavior of the bulk
fields [24,25]. This approach agrees with the cutoff AdS
proposal when both are valid but has the advantage of
working when there are bulk matter fields and also for
either sign of the deformation parameter, which the former
does not. More recently, there has also been the “glue-on
AdS holography” proposal [26] which also agrees with [23]
for the positive sign of the deformation parameter in the
absence of matter fields.

Using the mixed boundary conditions and Dirichlet
boundary conditions at finite radius, the asymptotic sym-
metry algebra of the bulk dual to 7T deformed holographic
CFT was calculated in [23,27,28]. Despite losing conformal
invariance, the asymptotic symmetry algebra turns out to
still have a Virasoro x Virasoro structure. However, either
the central charge becomes state dependent, or one loses the
holomorphic factorization of the symmetry algebra, which
can also be expressed as a nonlinear deformation of the
standard Virasoro algebra.

In this work, we explore TT deformations of WCFTs
from a holographic perspective. To establish what a TT
deformation of a WCFT is, one must first define what the
energy-momentum tensor of a WCFT is. Canonically, for
WCFTs defined on a warped geometry, energy-momentum
tensors are not symmetric, and a determinant is harder to
define, since the metric is degenerate and noninvertible.
The energy-momentum tensor turns out to be a tensor with
components being a chiral stress tensor and a U(1) current.
For WCFTs dual to warped AdS3, it is also not possible to
use the Fefferman-Graham expansion to compute the
energy-momentum tensor for the same reason; the boun-
dary metric is not invertible. However, if we study WCFTs
dual to AdS; with CSS boundary conditions, for the price
of a boundary metric which is not invariant under warped
transformations, we have an invertible metric, a symmetric
energy-momentum tensor, and a conventional definition for
a determinant. Given these considerations, it is possible to
propose a definition for a TT deformed WCFT which is
dual to AdS; with TT deformed CSS boundary conditions.

This paper is organized as follows. We first briefly
review the mixed boundary conditions of [23] in Sec. Il A.
Then, in Sec. II B, we review the CSS boundary conditions
and derive the Virasoro x U(1) Kac-Moody algebra. In
Sec. III, we derive the 7T deformed CSS boundary

conditions to compute the deformed symmetry algebra
of a TT deformed WCFT. We will see that if one imposes
deformed boundary conditions equivalent to Dirichlet
boundary conditions at the radial cutoff surface, we recover
a deformed Virasoro algebra, but we lose the U(1) Kac-
Moody algebra. However, if we allow the Dirichlet-
Neumann boundary conditions to remain at the cutoff
surface, which is what the mixed boundary conditions
suggests is the correct approach, we recover an undeformed
Kac-Moody symmetry. We then conclude and discuss
future directions in Sec. IV.

II. REVIEW

A. Mixed boundary conditions from 77

We begin by briefly reviewing the mixed boundary
conditions derived in [23] from the variational principle.
The variation of the boundary QFT action with respect to
the boundary metric sources the energy-momentum tensor
of the QFT and of the bulk dual. The flow of the variation of
the QFT action is equal to the variation of the deformation
which generates the flow. So we have

0,88 = 89,5,

1 y
9, (5 / dzx\/yrﬁﬁaywlf) =5 / Px7O%. (2.)
oM oM

From this, we can compute the flow equations for the
boundary metric and the energy-momentum tensor with
respect to the deformation parameter A. Expressing the
equations in terms of the trace-reversed energy-momentum
tensor T,-j =T;j— y,«ij, we have

0yij = -2,

Ty =—Ty

G 1
Solving these equations, we can express the deformed
metric and energy-momentum tensor in terms of the
undeformed metric and energy-momentum tensor:

vii(A) = vij— 2/1Tij + /IzTiijIVkl’
Tij(}“) = Tij - }“Tiijlyklv (2~3)
where everything on the right-hand side is undeformed
quantities. The new deformed quantities are now the new
boundary conditions for the bulk fields. To see this, let us
consider pure Einstein gravity.

For pure FEinstein gravity in three dimensions, the
Fefferman-Graham expansion of the metric truncates at
second order in 1/r% [29]:
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d 2
ds* =2 r—rz + gupdz®dz?

dr 0 g(Zb) g(t)
= 127+12r2 <gab +%+ﬁ>dzadzb, (24)
using which we can now express the boundary energy-
momentum tensor in terms of the Fefferman-Graham
expansion:

~ k
Tab = Zg(a;e (25)
where k = ﬁ. For pure gravity, we also have
oy 1 oo,
Gut) = 796 900 98- (2.6)

Therefore, we can express the deformed boundary metric
and energy-momentum tensor in terms of the Fefferman-
Graham expansion:

k k\?
rad) = () = (25 )+ (2255) k).

A k 2 k 4
Tub (’1) = Z (gc(zb) - (2/1 ﬂ) gfzb)> .

Equating this to the Fefferman-Graham expansion (2.4), it
is easy to see that the deformed boundary metric can be
thought of as being placed at a finite radius r. = /= 7.
Indeed, it turns out that the Brown-York energy-momentum
tensor (with the appropriate counterterm) evaluated at this
surface reproduces the deformed energy-momentum tensor
derived here. This makes it clear that, in pure gravity, the
mixed boundary conditions and imposing Dirichlet boun-
dary conditions at r. = /=5 are equivalent.l

For a derivation of the mixed boundary conditions from
the Chern-Simons formulation of 3D gravity, see Ref. [30].

(2.7)

B. CSS boundary conditions

Examples of constructing a holographic bulk dual to a
WCEFT are either warped AdS; or AdS; with CSS boundary
conditions. We shall use the CSS boundary conditions,
since they are amenable to the mixed boundary conditions
from the 7T deformation.

Expressing the metric in Fefferman-Graham gauge (2.4),
we have the following Dirichlet-Neumann boundary con-
ditions for the metric [6]:

/ 1
o (P @ - 5) o
1 0 ’ JZZ

A
e

'We will be absorbing the factor of 7 into the normalization of
A and Oz7 from now on to avoid clutter in the equations.

where k = ﬁ and A is a constant. These falloff conditions

are chiral, with P(z) being an undetermined holomorphic
function. This is to accommodate (1.1), which shifts P'(z),
and, hence, we must leave it undetermined. Note that this is
unlike the warped geometry in [3], where the warped
geometry metric is invariant under (1.1).

One can compute the full bulk metric with the CSS
boundary conditions by taking the Fefferman-Graham
expansion (2.4) to be

ds? drr A _ 2AP'(z) AL(z)\ .
1—227+z“2‘<’2+7+ e )““‘Z
L AP'(z))*> AL(z)P'

+(rz,,,(z)+< ©+APQ) AL (z))dzz.

(2.9)

Here, both L(z) and P(z) are undetermined holomorphic
functions and parametrize the phase space of AdS; with
CSS boundary conditions. A special case is the Banddos-
Teitelboim-Zanelli black hole when P'(z)=L'(z)=0
[6,31].

The asymptotic symmetries of this metric are interesting,
as they differ from the usual product of SL(2, R) algebras
despite being locally AdS;. To compute asymptotic Killing
vectors, we first require that they preserve radial gauge:

L:g,, = 0. (2.10)

This fixes the asymptotic Killing vector £ to have the form

E=rf(z,2)0, + (V“(z,Z) - /g—iba,,f(z, Z)dr) a,.
(2.11)

Evaluating this for the CSS metric (2.9), we get

& =rf(z32),

o e oy k(0. (2.2) 4 (kr* + AP'(2))0-f(2.2))
& =Vi(z,2) - PR TALG) .
& = Vi) = g (0 + AP )OS

+ ((2kr* + AP'(2))P'(z) + L(2))0:f(z.2)). (2.12)

If we impose Dirichlet boundary conditions at infinity,

lim £, = 0, (2.13)

r—00
we get conditions on the undetermined functions in &:

Fle.7) = —%azvz(z,z),

Vi(z.2) = P'(29)Vi(z.2),

azva(z’ E) = 07
(2.14)
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and so we can write our asymptotic killing vector [where
V(z) = Vi(z,2)]

{V) = =3 V@0 + (V) + 3 s )

V”(z)) 0:.

(2.15)

k(kr* + AP'(z))

+ (P’(Z)V(Z) + 2(k3r* — AL(2))

Asymptotic Killing vectors generate flow in the phase
space; i.e.,

‘Cfgy,v = aL(z)g;wafL(Z) + aP’(z)gﬂbd’,‘P/(Z)' (216)

From this, we can compute 6L and SP. It turns out that &

transforms only L(z) and reproduces the infinitesimal
Schwarzian transformation:

8:L(z) = V(z)L'(z) +2V'(z)L(z) — ]Ec V"(z), 6:P=0.

(2.17)

To transform P(z), we cannot allow the asymptotic
killing vector to satisfy Dirichlet boundary conditions at
infinity (2.13), since warped symmetry requires changing
the boundary metric. The “asymptotic Killing vector™
which generates transformations in P(z) is

n(e) = o(2)o:, (2.18)

and the transformations of the parametrizing functions are

o,L =0, 6,P(z) = —o(z). (2.19)
Note that # also generates the warped symmetry trans-
formation zZ — Z + o(z2).

We can use the Fefferman-Graham expansion to com-
pute the boundary energy-momentum tensor

k2 2) (0)
Ty = E (gab - gf(l))gkz gub)

:i(L(zH-AP’(Z)Z (2.20)

—AP'(z) )
—AP'(2) A '

At this point, it should be stated that this energy-momen-
tum tensor is not the canonical energy-momentum tensor
for a warped CFT. For a warped CFT defined on a manifold
with warped geometry, the energy-momentum tensor is not

*The quotes are to indicate that, since this vector does not
satisfy Dirichlet boundary conditions, it is technically not an
asymptotic Killing vector, but, since it generates flows in the
phase space, it will continue to be referred to as such later in this
paper.

symmetric, since symmetry of the energy-momentum
tensor is a result of Lorentz invariance. However, a warped
CFT dual to AdS; with CSS boundary conditions is not
defined on a manifold with warped geometry. Rather, the
manifold is not invariant under warped transformations,
but for that price we gain the symmetry of the energy-
momentum tensor.

The conserved charges corresponding to the asymptotic
Killing vectors are

1 1 2r
Qf(f) = ZAE d¢n“Tab§b = @/; d¢f(Z)L(Z),

1 A 2r
O =55 [ dbnTan’ = 15 [~ abr (P2 -1,

2 )y
(2.21)

where 0X is at r — oo, t = £5£ constant, ¢ = 5= € (0, 27),
and n =0, = 0, + 0.

We can now also compute the charge algebra, using the
Dirac brackets of Einstein gravity:

{Q¢,() Qerio)} = 3c,(1) Qerto)- (2.22)

So we have

1 2r
Qe et} = %51 Qet0) = 5 2 A dpg(2)3¢5) L (2)

1 2r
—4—”2%) 9(z)

< (FOUE) + 26 - 56,
(2.23)

Expanding the functions in modes,

FR)=D1we™ 9@ = gne™,

L(z) =) Lye™¥. (2.24)

Replacing Dirac brackets with commutators, we obtain the
Virasoro algebra

L, L) = (m—=n)L, , —=n%8, _,. (2.25)

2
3l
26y
Similarly, we obtain a U(1) Kac-Moody algebra from the

commutator of the charges Q,:

Note that equating g = 5 gives the familiar ¢ = 6k =

[Py, P,] = mAG,, _,. (2.26)

Note that the Virasoro and Kac-Moody algebra is factorized
in this basis. This is presented in this form in [32], which
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also gives the relation between this and the algebra
presented in [6].

III. 7T DEFORMED CSS BOUNDARY
CONDITIONS

To compute the 77T deformed bulk metric corresponding
to the 77T deformed boundary WCFT, we first compute the
deformed boundary metric using (2.7):

vij(A)dzidzl = —(dz + (AL(z) — P'(2))dz)

x (dz 4+ 2A(dz — P'(z)dz)). (3.1)

This metric is flat, so we express it in explicitly flat
coordinates with indices a and b:

Yap(A)dudu® = —dudv. (3.2)

Equating the two, we can calculate the state-dependent
coordinate transformation for a 77 deformed WCFT,
analogous to the ones introduced in [33,34]:

du = dz + JA(dZ — P'(z)dz),
dv = dz + dz(AL(z) — P'(2)),

de — du — AAdv
1—2AL(z)’
_ (P'(z) = AL(z))du + (AAP'(z) — 1)dv
dz= 1-2AL(2) (3:3)

Furthermore, we can use the flow equations to compute the
full bulk metric dual to the 77 deformed WCFT:

ds> _dr’*  (du(AAL + kr*) — Adv(kr* 4-1))
roop K2r2(2AL - 1)
x (du(Akr? + 1)L — dv(AAL + kr?)),

(3.4)

where L = L(u, v) = L(z). Note that, on doing so, we lose
the P(z) degree of freedom, since this is equivalent to
imposing Dirichlet boundary conditions at the constant

radial surface r. = _k_l/r If we are to impose Dirichlet-

Neumann boundary conditions on this surface, we can
recover the U(1) degree of freedom. To do so, we have to
perform the transformation
u— u—AAP(u,v), v—v—Pu,v). (3.9)
This is the analog of the warped symmetry transformation
but now in the state-dependent coordinates. We will explore
both types of boundary conditions, starting with the simpler
case of only imposing Dirichlet boundary conditions.

A. Asymptotic Killing vectors I:
Dirichlet boundary conditions

We will first compute the 77 deformed asymptotic
symmetries which preserve the deformed boundary con-
ditions, which is equivalent to imposing Dirichlet boundary
conditions at the radial cutoff surface.

Preserving radial gauge (2.10), we see that the asymp-
totic Killing vector in the deformed spacetime has the form

EQA) =rf(u,v),

éu(ﬂ) = V”(u, 1}) - m (A(Zﬂkrz + leL + 1)6”f
+ (AAL(2 + kAr?) + kr?)o, f),
v v k

+ (AAL(2 + kir?) + kr?)o, f). (3.6)

It will be convenient to define
W (u,v) = V" (u,v) + kA0-f (u,v),

W2 (u,v) =V (u,v) + kA(0.f (u, v) + P'(u, v)0:f (u, v)),
(3.7)

where, using (3.3), the derivatives in z and Z are

0: = AAJ, + 0, 0, =0, + AL(u,v)0, — P'(u, v)o:.

(3.8)

In terms of W¢, the mixed boundary condition, or,
equivalently, the Dirichlet boundary condition at r = r,

‘Cf(/l)g;w(iﬂr:r,. =0, (39)
constrains the functions in £(4) to obey
1/1-22AL
> =75 oW +09,W"),
fluv)==3 (1 +,12AL)( +o,W)
AA
L e [CALR A
(1 +/12AL>( oW 0.
AL
W' =~ ——— | (0, W" +9,W"). 3.10
(1 +/12AL)( u +0, ) ( )

It turns out that this is not enough to solve for L. In the
undeformed case (2.15), the functions in the asymptotic
Killing vector are all holomorphic functions, so we apply
the holomorphicity property in the deformed case as well:

0:W4(u,v) =0, 0:L(u,v) =0. (3.11)
Combining the previous two equations, we get the
conditions
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flu,v) = —7(1 - 22AL(u, )0, W (u, v),
WL(u,v) = —1A0,L(u,v),
9, W”(u,v) — 200, W (u, v),
0,W"(u,v) = —AL(u, v)o,W"(u,v). (3.12)

We can use these equations to eliminate v derivatives of all
the functions and all derivatives of W".

Now we have enough information to be able to solve for
SL. To do so, we solve

£§(/1)g/w (’1)

There are three equations, but, with the relations in (3.12),
all three equations become identical, and the r dependence
drops out. Solving for L, we get

= aL(u,v)gm/‘SﬁL(uy 1}). (313)

8:L(u,v) = (W* = AAW")L/
1
+3 (4L + KA1~ 2AL)L")(1 = ALY W™

k
+ﬂ,2kA(1 —},ZAL)ZL/WW/ —5(1 —AZALPW”’”,

(3.14)

where ' = d,. When 1 — 0, we recover (2.17). Note that
this depends on two arbitrary functions W* and W".

1. Deformed charge algebra

To compute the symmetry algebra of the 7T deformed
holographic WCFT, we must compute the conserved
charge algebra of the dual spacetime. We first compute
the deformed boundary energy-momentum tensor using the
flow equations, which also coincides with the AdS; Brown-
York energy-momentum tensor evaluated on the constant
radial surface r = r.:

L L+ Ak+A2AL
70 l ( 1—2AL k(1=7%AL) >

3.15
Y 27 \ 1Ak+2AL A ( )
22k(1-22AL) 1-22AL

Conserved charges are defined with respect to a constant
time coordinate 7, which is defined in terms of « and v by
J

u=t+¢, v=t—¢. (3.16)

Since L is holomorphic in z, we can express the ¢ derivative
in terms of the ¢ derivative:

1+41A
i o4L.

oL =—"2
-t

(3.17)

So we can express the u derivatives of holomorphic
functions only in ¢ derivatives as well:

1
(0, + 0p) = ———+ 0.

Ou 1-7A

(3.18)

l\Jl’—‘

For constant ¢, we can now eliminate W" in (3.14), using
Egs. (3.12) and (3.18):

0,W" = =AL(¢)0,W" = 0yW" = —AL(¢)9,W". (3.19)
Integrating over ¢, we have
¢
wig) = [ apL@iow@). G20

Now we can label the variation of the conserved charges
with only one arbitrary function W*. Using (2.21) but with
the deformed energy-momentum tensor, the conserved
charge is

[ A-L(p)
=— — - 21
O =yp | WD ar g B2
We can now compute the charge algebra:
{QW’ Qf} = 5WQf
l Zﬂd
i |t
—owL A-L
AdyL) |.
* (1 —PAL (= Ay FAow )>
(3.22)

Using (3.14) and (3.20), substituting f(¢) = e™? and
W(¢p) = e™?, and removing ¢ derivatives from L using
integration by parts, we have

1

{Ow. O}

[(1+2A 2z
=6wQs = (1+ ))/ d

872 (1 — 1A)?
. ¢
+ e L(gh) <2mn/1A(l —2A)? /

x (n2AA(3 = 2A(3 = AA)) = m?)) —

1 - 22AL(¢)

[2in3k(l —AA)P et (1 — 22AL())
e L(¢)dp — ie (nA2kA(1 — 22AL(¢))

2(1 =AM ((m —

n) — 2n/1AL(¢)))}. (3.23)
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Since L is not independent of 7, only the zero modes are
conserved in time. In this choice of basis of functions and
Fourier modes, the central charge term is state dependent.
This is similar to what was found in [23] for a TT deformed
CFT. It is straightforward to verify that, on taking the A — 0
limit and expressing L in Fourier modes, one recovers the
Virasoro algebra.

B. Asymptotic Killing vectors II:
Dirichlet-Neumann boundary conditions

If we want to impose the same boundary conditions
at the radial cutoff in the 77 deformed metric as the
undeformed Dirichlet-Neumann CSS boundary conditions
at infinity of the undeformed metric, we have to find a
global Killing vector which corresponds to translations on
the boundary. It is easy to verify that AAd, + 9, is such a
global Killing vector of (3.4). To generate transforma-
tions in the boundary metric, we then promote this global
Killing vector to an “asymptotic Killing vector” analogous
to (2.18):

u— u—AAh(u,v), v—v—h(u,v), (3.25)

which is generated by the asymptotic Killing vector (3.24)
as the analog to the warped transformation z — Z — h(z).
The state-dependent coordinate transformation is now
du — AAd(h(u, v)) = dz + 2Ad(zZ — P(2)),

dv —d(h(u,v)) = dz + (AL(z) — P'(z))dz,

dz — du — AAdv
1-22AL°
dr — dv —ALdu + (du + 2Adv)P'(z)
1-22AL
— (d(h(u,v)), (3.26)

where d is the exterior derivative. Note that, since both &
and P are arbitrary functions of (u, v), we can choose the
gauge where i1 = P. The coordinate transformation now
becomes much simpler:

77(’1; 6) _ —G(I/t, U)(ﬂAau + av). (324) du = dz + AAZ, dv =dz + lL(Z)dZ,
_ du — AAdv _ dv — ALdu

To introduce the P(z) degree of freedom back into dz = 1— 2AL ° T AAL (3.27)
the metric (3.4), one can make the coordinate transforma-
tion (3.5): The metric now reads
ds® = lzd—r2 —+ # ((kr*(PAL = 1)0,h — (1 + 2kr*)L)du + (kr*0,h(J2AL — 1) + AAL + kr?)dv)

2 k(1 - 2AL)? u v
X ((A0,h(PPAL — 1) — AAL — kr?)du + A(9,h(A2AL — 1) + Akr? + 1)dv). (3.28)

This metric still has the asymptotic Killing vector (3.24), and when ¢ = 1 it is a global Killing vector. Computing the

flow in phase space generated by (3.24), we have

C;](/Lﬂ)g/w(ﬁ; L(I/t, ”)’ auh(u7 1})) = aLg;waL + ahgﬂlléh’

(3.29)

which, on solving, we see that we recover the undeformed U(1) symmetry:

oL =0,

sh=o. (3.30)

Now we will see if on performing the warped transformation (3.25) we lose the deformed Virasoro symmetry (3.14). The

vector field which preserves radial gauge is

& =rf(u,v),

k
&=V (u,v)+

(AL — K2r*)(1 — AAd,h — 0,h)?

[0,/ (AAL (AN, h(=20,h 4 kAr? + 1)

+(1 = 2kr?)oyh — Akr? = 2) 4+ Ad,h(d,h — Akr® — 1) + kr*(d,h — 1) + 2P AL20,h(AAd,h — 1))
— A0, f(2(Akr? + 1)(A2AL — 1)0,h + (0,h)*(A2AL — 1)? + 22AL + 22kr* + 1)],

k

v — VU ,
¢ (o) R e (= adah— o)

50 (=

0,h(A2L = 1)(AIL + kr?)

+ A9 h(ARPL = 1)(0,h(ARPL — 1) + kAr* + 1) — AAL(Akr? + 2) — kr?)

+0,1(20,h(P2AL — 1)(AIL + kr?) — A(0,h)2 (AL — 1)% = L(ALL + 2kir® + 1))).

(3.31)
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To have solutions which preserve the mixed boundary
conditions, we are required to impose holomorphicity of &
in z, Z coordinates:

0:h =0 = d,h = —1A0,h. (3.32)

To simplify the equations, one can introduce the following
definitions:

Wi =V — 3kA2(1 = 2AL)3, fo,h.
WP =V 4+ k(1 = 22AL)3,f(1 — AAd,h).

X =W" - AW". (3.33)
To compute the variation of the functions L and 4, it will be
necessary to impose holomorphicity in z for the functions
W4, X, and f. We can now compute the variation of the
metric which preserves the mixed boundary conditions or,
equivalently, impose Dirichlet boundary conditions at the
constant radial surface:

Le.0) G (A L1, v), 0,h(u,v)) =0. (3.34)

| r=re.

1
5§L = 2@2 h//

+ X' (=222k(L")2L2 K" (1 = 30AK + 222 A% (h')?)

This is a set of three equations; however, only two are
linearly independent. The conditions we get from solving
the above equations are

1/1-22AL
fluv)=—3 (m)xl(”’”)’
_ WOu,v) B (u,0) = AL(1 = AAR (u,v)) X' (u, )
X 0) =400, 0) W' (u.0) (14+22AL) ’
(3.35)
where ' =

-

We are now in a position to compute the flow of the
metric in phase space generated by this vector field subject
to the above constraints:

L(.6) G (43 L(u, v), 0, h(u, v)) = 0.9, 0L + 03,9, 0.
(3.36)

As before, this set of three equations subject to the
constraints reduces to two equations and removes any
dependence on the radial coordinate r. The variations of the
functions & and L are

(2AKL'LAL,(2AAK — V)" + 3KL3, L3 (H"2)W" — kOL3,L 1" W"

— 6kL3,L23(h")* + B (=OL,,(AkL" (1 = 2AAh')

+4AL*(1 — 2AK') + L(=APkAL" = 2(2 = *kAL")R')) + 6kOL;, L ") — L' (20°
+ AkL2, (=7 + 8AAR — 22AL(1 — 8AAR))(W")? + 22kOL2,(1 — 2AAW )W) — k@2L3, W)

+ WL/ (2€2L,, + 2KL2,L (1 = 22A1 )i + kOL3, L ,h"™") = 3kL3, LA W"H")),

m~p

where
® = 9,h — AL(1 — AAd,h), W =Ww,
L, =1-2AL, L,=1+2AL. (3.38)

We see that we still preserve a deformed Virasoro generator
and do not generate a transformation in the U(1) generator.
However, the algebra produced the modes of the charges
will not be closed, as the variation of L depends on the
U(1) generator h. We will not compute a charge algebra
for this, since it is not illuminating but, in principle, can
be computed using the same procedure outlined in the
previous section.

Let us compare the results of this section with Sec. III A.
We find that the TT deformation does not affect the spin 1
currents, and, therefore, the deformed theory should retain
whatever Kac-Moody algebra the undeformed theory has.
This suggests that the results in Sec. III A are only a special
case of this section, where the bulk dual is dual to a state
with zero momentum in the boundary deformed WCFT.

(3.37)

I
IV. DISCUSSION

In this paper, we computed the 77 deformed generators
of a warped CFT, using holographic techniques developed
in [23,27]. Previously, holographic T7 techniques have
been used to compute 77 deformations of holographic
CFTs. Since the TT deformation is a double-trace defor-
mation, the boundary conditions of the holographic bulk
dual are modified. For the 7T deformation, this can be
interpreted as imposing Dirichlet boundary conditions at a
finite radial surface for the bulk metric. However, when
considering a holographic WCFT dual to AdS;, one has to
employ the CSS boundary conditions [6], which are
Dirichlet-Neumann boundary conditions for the bulk metric.

We, therefore, computed the TT deformed CSS boun-
dary conditions, by imposing either only Dirichlet
boundary conditions at the cutoff radial surface or
Dirichlet-Neumann boundary conditions at the same sur-
face. Using this, we computed the 7T deformed asymptotic
symmetry algebra for both cases and found that, for a 77
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deformed holographic WCFT, the U(1) Kac-Moody gen-
erators are not affected, but the Virasoro generators are
deformed in a nonlinear way. In fact, when considering the
Dirichlet-Neumann boundary conditions at the finite radial
surface, we see that the deformed Virasoro generator will
no longer create a closed algebra with itself, but the full
deformed asymptotic algebra is still closed. This suggests
that the symmetry algebra of the 77 deformed WCFT still
contains the U(1) Kac-Moody algebra, which follows from
the fact that the 77 deformation preserves translation
invariance.

A natural question to ask now is which of the two
boundary conditions corresponds to the correct T'T flow of
the boundary field theory. Since the TT deformation does
not effect spin 1 currents, the deformed theory should not
lose the U(1) Kac-Moody algebra, which suggests that the
second approach yields the correct deformed theory.

This result strengthens and extends the proposals of
[22,23,27] to the case of an example of bottom-up
holography where the boundary theory is not a conformal
field theory but instead a nonrelativistic theory. It will be
interesting to explore how the holographic 77 dictionary
extends to other examples of holography and, in particular,
non-AdS holography.

There are many directions one can take from here.
Another starting point for a bulk dual to a nonrelativistic
QFT would be a JT deformation of a CFT dual to AdS;
with a U(1) Chern-Simons matter field, to generate CSS-
like boundary conditions [35]. Since warped CFTs can also
be formulated as dual to modified gravity theories with a
warped AdS bulk, it would also be interesting to use the
Chern-Simons formalism of holographic TT [30] to com-
pute the 7T deformations of WCFT dual to warped AdS; as
a solution to lower spin gravity [3] or as a solution to
massive gravity [36,37]. Stepping away from holography, it
would be interesting to compute the 7T deformed WCFT
partition function and explore the deformations of other
nonrelativistic QFT's such as the quantum Lifshitz model in
2 + 1D, which will require understanding 7T deformations
in higher dimensions.
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1 Introduction

Three dimensional (3D) spacetime has been a very useful playground for understanding
aspects of gravity and especially quantum gravity. The lack of propagating degrees of freedom
in 3D Einstein gravity was, in the early days, thought of as an indication of the triviality
of the theory. The discovery of the Banados-Teitelboim-Zanelli (BTZ) black holes in 3D
Anti-de Sitter spacetimes (AdSs) [1] made it clear that 3D gravity was rich with structure
but more analytically tractable than its higher dimensional avatars, making it a particularly
useful tool in understanding elusive quantum aspects.

Non-extremal BTZ black holes of generic mass and angular momentum make up the most
general zero mode solutions with Brown-Henneaux [2] boundary conditions. BTZ black holes
can be understood geometrically as orbifolds of AdSs [3]. For asymptotically flat spacetimes
in 3D, a very similar story exists. The most generic zero mode solutions with boundary
conditions outlined in [4] are cosmological solutions with mass and angular momentum [5]
called Flat Space Cosmologies (FSCs). FSCs can also be understood as orbifolds of flat
space. Specifically the FSCs correspond to the shifted-boost orbifold of 3D flat space. The
connection between the non-extremal BTZs and FSCs is actually more profound. Minkowski
spacetimes can of course be reached by an infinite radius limit of AdS spacetimes. One can
take a similar infinite radius limit on BTZ black holes. This rather straightforward exercise
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is made interesting by the fact that there are no black holes in 3D flat space. What the
limit does is take the outer horizon of the non-extremal BTZ to infinity while keeping the
inner horizon at a finite value [5, 6]. We thus end up with a spacetime which is the inside of
the original black hole. The radial and temporal directions are flipped and hence we have
a cosmological spacetime instead of a black hole.

3D quotient manifolds (such as the BTZ black hole and FSC spacetime) are ideal for
studying quantum corrections in the presence of horizons. The 3D aspect is important,
because gravity is known to be 1-loop exact in this context [7, 8]. The quotient aspect is also
important: in recent years, a technique has been developed to expediently calculate functional
determinants of kinetic operators from the spacetime quotient structure alone [9-11]. In
this technique, one utilizes the generators of the quotient group to build a Selberg-like zeta
function Zp(s), which is directly related to the regularized scalar 1-loop partition function.
For example, the 1-loop partition function for a complex scalar field of mass m is

ZW(A) = /D(ﬁe’f‘z’*(*w*mz)qﬁ  det (—vz + m2)_1 , (1.1)

where A is the conformal dimension of the scalar field (for AdS3, we have A = 1++v/1 + L?m?).
Traditional methods of computing (1.1) include the heat kernel (for example, [8]), which one
must then regulate. Alternatively, using the Selberg technique, we directly obtain

Z(A) = ZFE 5 (1.2)

The original Selberg zeta function is defined for the quotient manifold H?/T" [12], where
I is a discrete subgroup of SLa(R), the isometry group of H2. Selberg introduced his zeta
function while studying his trace formula for characters of representations of a Lie group
G on the space of square-integrable functions on G/I', where I' is a discrete subgroup of
G. The inputs for the function are details of the quotient, in particular the lengths and the
number of primitive geodesics, for example when H?/T is geometrically finite, the Selberg
zeta function is defined as

)
Zigoyr(s) = T TL(1 - e 70, (13)
p n=0
where p denotes the conjugacy classes of primitive geodesics, £(p) is the length of the primitive
geodesic p, and I' consists of the identity and hyperbolic elements only.

There is a beautiful number-theoretic aspect to the Selberg approach as well: the zeros of
Selberg zeta function correspond to the quasinormal modes (QNMs) of the field in question.
Thus, Selberg technique can be viewed as an extension of the work of Denef, Hartnoll and
Sachdev [13], who used the Weierstrass factorization theorem to cast Z() as a product over
its zeros and poles. The extension is that, with the Selberg method, we seem to get the

overall factor ePol&)

for free, without resorting to the heat kernel.

The Selberg technique was introduced in [9] in the context the BTZ black hole, using
the results of mathematicians Perry and Williams [14]. The approach was then extended
to higher-dimensional hyperbolic quotients in [15] and for higher spin fields in [10]. An

important extension to this program appeared in [11], where a Selberg zeta function was built
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and defined for a non-hyperbolic quotient manifold (namely, the warped AdSs black hole). In
addition to the physical results, the work [11] is of mathematical interest, potentially signalling
the validity of the celebrated Selberg trace formula beyond hyperbolic quotients. Emboldened
by the warped AdSs result, in this work we endeavor to construct a Selberg zeta function for
flat space quotients, using the FSC as a prototypical example mirroring the BTZ solution.

In both the contexts of the BTZ black hole and the FSC spacetime, we are further able
to recast the Selberg zeta function using representation theory. We conjecture a general
prescription for computing for the Selberg zeta function on general smooth quotient manifolds
M/T, where T' ~ Z:

Gar(s) = I (=M scatanr primary of weight s (1.4)
descendants
where v € I'. We are optimistic that this expression provides a tantalizing arena to further
study the physical meaning of the so-called non-standard representations the appear in
the calculation of Wilson spools [16, 17]. We will descibe this connection more fully in
the Discussion section.
The seminal analysis of Brown and Henneaux [2] revealed that the asymptotic symmetries
of 3D asymptotically AdS spacetimes enhanced from the isometry algebra so(2,2) to two
copies of the Virasoro algebra

C
[Lny Lon] = (0 — M) Lpim + En?(n —1)8n4m.05

[Ls L] = (1 — M) L + 1—C2n2(n —1)0nrmos L L] = 0. (1.5)

In the above, ¢ and ¢ are the central charges, which for Einstein gravity is given by

3L
=c=—, 1.6
c=c=ox (1.6)
where L is the AdS radius and G the Newton’s constant. The symmetries are of course
that of a 2D conformal field theory and the Brown-Henneaux analysis is often look upon as

a precursor to the AdS/CFT correspondence. Due to the underlying infinite dimensional

symmetries, AdS3/CFT2 has become a favourite testing ground for the holographic principle.

BTZ black holes are dual to thermal states on the field theory side and have played (and
continue to play) a starring role in lower dimensional AdS holography.

Barnich and Compere [18] showed that an analysis similar to Brown and Henneaux in 3D
asymptotically flat spacetime led to what is called the 3D Bondi-van der Burg-Metzner-Sachs
(BMS3) algebra.

[Ln, L] = (n—m)Lpim + %6n+m,() nz(n -1),

(€0, ] = (1 — )M + %‘%mo n2(n—1), [Ny, M) = 0. (1.7)

The central terms can again be computed and for Einstein gravity they are given by

3
Ce = 07 Con — 5 (18)
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Taking a cue out of the discussion above about holography in AdS, a line of research on
the construction of holography for flat spacetimes has emerged which currently is called
Carrollian holography. The principle claim is that the holographic dual of 3D asymptotically
flat spacetimes is a 2D quantum field theory which has the infinite dimensional BMS3 algebra
as its symmetries [19, 20]. The word Carrollian is reflective of the fact that the 2D field
theories with this symmetry can be obtained in a Carrollian limit of 2D relativistic CFTs
when one takes the speed of light to zero [21, 22]. In the above context, this is the fact
that the BMS3 algebra can be obtained from an Inénii-Wigner contraction of the two copies
of Virasoro algebra:

o =Ln—Lon, M, = % (Lot L0), L—oo (1.9)

Here the inverse of the AdS radius plays the role of the speed of light in the boundary
theory and the L — oo limit is analogous to the ¢; — 0 limit, where ¢; is the speed of light.
More generally, the BMS;,1 algebra which one can obtain from the asymptotic analysis of
d-dimensional flat spacetimes and the Conformal Carrolly algebra that arises in the ¢ — 0
limit of relativistic conformal algebra in (d — 1)- dimensions are isomorphic [21, 22]. The
proposal that Carrollian CFTs are putative duals of asymptotically flat spacetimes thus
passes the first and most obvious check of holography, the matching of bulk and boundary
symmetries. Carrollian holography is a co-dimension one holographic dual and has recently
also been used in the more physically interesting 4D asymptotically flat spacetimes, starting
with [23, 24]. The Carrollian approach is to be contrasted to the Celestial approach which
advocates a co-dimension two holographic dual [25, 26]. A comparison between the two
approaches has been recently discussed in [27].

This line of enquiry has led to some interesting successes in the 3D bulk — 2D boundary
case, including the matching of the bulk entropy to a BMS-Cardy analysis [6], matching of
entanglement entropy between the bulk and boundary theories [28, 29], matching of stress-
tensor correlations [30]. In a manner analogous to the BTZ black hole, the FSC solutions play
a central role in the construction of holography for 3D flatspace. The entropy of the FSC is
reproduced by the above mentioned BMS-Cardy analysis, which uses a Carrollian version of
modular transformation [6]. One can also look at a matching of structure constants of the
2D Carrollian CFTs with an analysis of a one-point function probe in the background of a
FSC. This was done in [31] following methods similar to the AdS story [32]. The BMS-Cardy
and the one-point analysis has been generalised to FSCs with extra U(1) symmetries in [33].
There is a natural generalisation to Carrollian torus two point functions and connections
to bulk quasi-normal modes (QNM) in [34].

Our investigations in this paper would address the question of QNM of the FSC solution
from a completely different point of view, using the method of the Selberg zeta function
which we alluded to above and go on to describe in more detail below. The most obvious
way forward in computing say scalar QNM, i.e. by solving the Klein-Gordon equation in the
FSC background, runs into problems as one now needs to put boundary conditions on the
cosmological horizon as opposed to the black hole horizon. We choose to circumvent this
problem by appealing to the quotient structure of the FSC and generalizing the construction of
the Selberg-zeta function to these orbifolds of 3D flatspace. We will see that we will reproduce
results of FSC QNM of [34] derived earlier using Carroll modular transformation techniques.

86



This paper is organized as follows. In section 2, we review the two necessary topics for
this work: the Selberg zeta function in the context of BTZ black holes and the relevant
aspects of the FSC spacetime. In section 3 we derive the Selberg zeta function for FSC
spacetimes in two ways: (1) using representation theory as in equation (1.4), and (2) from the
quotient group action, as reviewed in section 2.1. In section 4, we show that our FSC Selberg
zeta function does indeed reproduce the correct scalar 1-loop partition function. In section 5,
we calculate the zeros of the FSC Selberg zeta function, and compare them to the FSC QNMs
that were calculated in [34]. In section 6 we review our results and discuss future directions.

2 Review

We review the two main ideas that we will need to construct a Selberg-like zeta function
for FSC spacetimes. In section 2.1, we review how a Selberg zeta function was built for the
Euclidean BTZ black hole (H?/Z) [14]. In section 2.2, we review the geometry and quotient
structure of our spacetime of interest: flat space cosmologies (R3/Z) [5, 6, 35].

2.1 Selberg zeta function for H3/Z

In this section, we review how to construct the Selberg zeta function for the Euclidean BTZ
black hole, which has quotient structure H?/Z. Many of the ideas that we will discuss in
this section were first presented in [14].

We begin with the BTZ black hole metric in Boyer-Lindquist-like coordinates
(r2—r3)(r* —r2) L2

2
2, 2, .2
72,2 dt (r2 sy Tg)dr +r (dqb ~ 7.2 dt) , (21

where L is the AdS radius, and the outer and inner horizons, 1 and r_, are related to the

ds® = —

black hole’s mass M and angular momentum J:

ri = \2GL(LM + J) £ \/2GL(LM — J). (2.2)

The Euclidean BTZ black hole is obtained from (2.1) via the transformations ¢t — —ir,
J — —iJg and r— — —i|r_|. The Euclidean BTZ black hole metric can be built from
the Poincaré patch metric

L2
ds* = Z—Q(daz:2 + dy% + dz?) (2.3)

through a set of discontinuous coordinate transformations, valid in regions r > ry, ry >
r > r_ and r_ > r [3]. For concreteness we will focus on the coordinate transformation

_ [z (Car 4+ 18 g (0 )

valid for r > ry:

—7r? r T e r r_|T
;r + | L|¢> exp (%ﬁb - | L2| ) (2.4)
i - % 7"+¢ [r—|™
22 ° 2 )
_ 5 _
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We can now view the coordinate transformation (2.4) through a group theoretic lens.
The identification ¢ ~ ¢ + 27 allows for the BTZ black hole to be understood as a quotient
of AdS3 by a discrete subgroup I'" ~ Z of the isometry group SLa(R)xSLa(R). We can study
the group action of the single generator v € ' by taking ¢ — ¢ + 27n in (2.4). This will
map a point (z,yg,2) € H? to another point (2/, 4y, 2')

V" (@,yE,2) = (@, yp, 2) (2.5)
through
@’ = ™+/L (g cos (2mnlr_| /L) — yg sin (27n|r_|/L))
Yy = ¥+ (yp cos (2mnlr_| /L) + xsin (2wn|r_| /L)) (2.6)

S = 627rnr+/LZ.

By inspecting (2.6), it is clear that the group action can be understood as a dilation and

a rotation:
T e 0 0 cos 2bg —sin2bg 0 T
vylye| =10 €2 0 sin2bg cos2bg 0O ve |, (2.7)
z 0 0 e 0 0 1 z

where a = w7y /L and bg = w|r_|/L. The matrix v has three eigenvalues: €2* and 225,

The authors of [14] used these eigenvalues to construct the Selberg zeta function of the BTZ
black hole (which is explained in detail in section 3.2):

o0
Zr(s) = H [1 . ef(2a72ibE)k1ef(2a+2ibE)k2672as} ) (2.8)
k1,k2=0

In [9], it was shown explicitly that the function Zp(s) is directly related to the regularized
1-loop partition function for a complex scalar field, obtained in a rather simple way from
the spacetime quotient structure alone. As such, the authors of [9] also showed that the
zeros of Zp(s) are mapped to the quasinormal modes of a scalar field propagating on a BTZ
background, as expected from the work of Denef, Hartnoll and Sachdev [13].

We end this section with two comments. First, another useful way to write the zeta
function (2.8) is

[e}

ZF(S) _ H [1 _ qk2+8/2qk1+s/2i| , (29)
E1,k2=0
where ¢ = €2™", 7 = 1| + i1, a = 7wy and bg = —n7;. This has the benefit of having a

symmetric contribution of s. Second, it is worth mentioning that the quotient generator v € T’
can be written as a linear combination of embedding generators [3], using the conventions
in appendix A and (2.6)

||

r
8¢ = %JU,Y — TJX»VE (210)

Here J4 p are the isometries in the embedding space which preserve the AdSs3 hyperboloid,
defined in (A.3). In Poincaré coordinates (2.3), it is evident that these generate dilations
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Juy = 20y + ye0y, + 20, and rotations Jx v, = yr0y; — x0y,. Writing (2.10) in terms of
the SLa(R) generators £,, and £, using (A.11) and performing a Wick rotation, we have

210y = 2mi <—%(£o — Lo) + i%(ﬁo + Eo)) . (2.11)
Identifying these coefficients with 7 = —bg/7m = —|r_|/L and 79 = a/7 = r1 /L, we have
2w0y = 2mi((Lo — Lo)T1 +i(Lo + Lo)72)- (2.12)

This form of writing the quotient generator is useful in generalizing the Selberg zeta function
to other quotient manifolds, as seen in section 3.1.

2.2 Flat space cosmology

As discussed in the introduction, flat space cosmologies can be obtained by taking a particular
large L limit of the BTZ black hole as well as an orbifold of 3d flat spacetimes [5, 6]. In
this section, we review the limiting construction and the quotient structure of flat space
cosmologies: R3/Z [5, 6, 35]. We will also discuss briefly properties of these solutions and
their importance in the context of flatspace holography.
We begin by consider again the non-extremal BTZ black hole metric (2.1):
ds? saar— ) a4 dr 8G Jdtde + r2de? (2.13)
Shry = - = . — r . .
e L2 —8GM + Ty + WG

To obtain a flat space quotient geometry from (2.13), one rescales the horizons and sends
the AdS radius to infinity

[2G L
ry — LV8GM = Liy, r_ — M|J| = ro, el (2.14)

where Newton’s constant in the last expression is included to make the limit dimensionless!.

The result is the flat metric
2 7.2
2 A2 1,2 r
dspse = F1dl” — —

.
73 (r? = 13)

This spacetime is known as a flat space cosmology (FSC), because the radial coordinate is

+ r2d¢? — 27 rodtde. (2.15)

now timelike, and thus the horizon ry is a timelike (i.e. cosmological) horizon. The limit (2.14)
essentially pushes the outer horizon r; of the BTZ black hole to infinity, so that we are now

inside the black hole, and the BTZ inner horizon r_ becomes the cosmological horizon rg.

The FSC metric is a solution to the vacuum Einstein equations with no cosmological constant.
Just as the BTZ black hole is a quotient of empty AdSs, the FSC is a quotient of empty
3D Minkowski space. That is, for the Minkowski metric

ds* = —dT? + dX?* + dY?, (2.16)

Tt is important to note here that this rescaling of the radius with G' does not effect the structure of the
asymptotic symmetry algebra (1.7) except changing con from 3/G to 3.
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there are two coordinate transformations (either valid for r > rg or r < rg) that build the
FSC spacetime. The transformation valid for r > rg,

r2—p2 r2 —p2
2 cosh (Fy¢), X = = Osinh (7,¢), Y =rop— it (2.17)

L= +

T =

reproduces the FSC metric (2.15). Under the action ¢ ~ ¢ + 27, the Minkowski coordinates
transform as X+ ~ e*?™+ X+ and Y ~ Y + 27rg, where X* = X + T
The Euclidean FSC solution is constructed by performing the Wick rotation [35]:

fp=—ify, t=ir, T=—iTg. (2.18)
The quotient ¢ — ¢ + 27 is generated by the following Killing vector [6]:
27T(9¢ = 271’(?”0(9)/ + 7 (XOr + Tax)) = 271’(7“08)/ + f+(X8TE — TEax)), (2.19)

written in terms of the Lorentzian and Euclidean coordinates. In terms of the BMS generators
((A.14), after performing a Wick rotation), the quotient generator reads

27T(9¢ = 2m (2077 + imop), (2.20)

where ) =71, p= —{% are the modular parameters of the flat space quotient [6]. One can

also start with the quotient structure of the non-extremal BTZ and take the limit directly
on the generator of the quotient to obtain the above.
FSCs have many interesting properties some of which we briefly mention below.

* The thermodynamics of FSC solutions have been studied in the literature. One can
derive a first law of thermodynamics for FSC and this has peculiar negative signs [6].
The reason behind this is the cosmological horizon can be thought of as descending
from the inner horizon of the non-extremal BTZ, which itself comes with a peculiar
“wrong-sign” first law [36, 37].

* As mentioned in the introduction, one can compute the entropy of the FSC as the
area of the cosmological event horizon. This can then be matched with a Cardy-like
state counting computation in the boundary 2D Carrollian CFT [6] 2. (See also [38].)
This could be thought of as a first validation of the Carrollian holography programme.
Logarithmic corrections of the FSC entropy were addressed in [39]. The BMS-Cardy
formula was re-derived from the limit in [40, 41].

* There are phase transitions between hot flat space and the FSC solutions that can
be thought of as analogue of the Hawking-Page phase transitions in AdS3 [35]. These
cosmological phase transitions takes a time independent solution of 3d Einstein gravity
to a time dependent one.

2The initial works use Galilean CFTs instead of Carrollian CFTs. In D = 2, the Galilean and Carrollian
(conformal) algebras are isomorphic and hence computationally there is no distinction between the two. It was
later appreciated that calling the algebra Carrollian is more appropriate since the isomorphism, in its most
primitive version, does not hold beyond D = 2 and the connection between Carrollian CFTs and asymptotic
symmetries of flat spacetimes extend to all dimensions.
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* There are generalisations of FSCs to include additional U(1) charges and higher
spins [42—44].

Apart from the above, FSCs have been used in other holographic contexts e.g. in studies
of entanglement [28, 29, 45, 46] and chaos [47] in flat spacetimes, for verifying the construction
of an asymptotic formula for BMS structure constants derived from modular properties of
the BMS torus one-point function [31], and similar studies for torus two-point functions [34].
In general, FSCs can be thought of as the bulk duals of thermal states in the 2d Carrollian
CFT. So, in conclusion, FSCs play a vital role in understanding various aspects of gravity in
3d asymptotically flat spacetimes and especially are important in understanding holography
in this set-up.

3 Deriving the generalized Selberg zeta function for R3/Z

In this section, we derive a Selberg-like zeta function for the FSC spacetime in two dif-
ferent ways:

1. a novel method using representation theory

2. direct examination of the quotient group action, as done for the BTZ black hole in
section 2.1.
In both cases, the Selberg-like zeta function we build is precisely related to the regularized
1-loop complex scalar partition function [48] via:
Zr(8) =
r =—0
Zied()

where A labels the representation of the field. Thus our formalism constitutes a new and

(3.1)

easy way to derive 1-loop partition functions of scalar fields (as well as higher spin fields [9])
on quotient manifolds.

3.1 Selberg-like zeta function from representation theory

We propose the following construction for a Selberg-like zeta function generalized to non-
hyperbolic quotient manifolds M /T, where I ~ Z, motivated by representation theory:*

CM/F(S) = H <1 - ’7>scalar primary of weight s (32)
descendants

where v € I'. In the examples we consider, the quotient I' is generated by the identification
of the angular coordinate ¢ ~ ¢ + 27, so the discrete subgroup

I'={y"n € Z} C Isom(M) (3.3)

270y

is generated by v = e . Therefore, the zeta function will be expressed as

Cur(s) = T (1-e>%) (34)

scalar primary of weight s
descendants

3Since we consider only T' ~ Z, T has only one generator. For more general subgroups of SLy(C),
equation (3.2) will also contain a product over generators ~.

91



in the cases we consider. We will now demonstrate that this construction reproduces the
Selberg zeta function for the BTZ black hole, as well as the scalar 1-loop partition function
for FSCs [48].

3.1.1 BTZ black hole

Fields in AdS3 form representations of the asymptotic symmetries of AdSs, i.e. two copies of
the Virasoro algebra. We will restrict our attention on the global subgroup of the algebra,
which forms the AdS isometry group SLa(R)xSLa(R). The generators of the isometry group
are L, L,, where n = +1,0 (for explicit definitions of (£,, L), please see appendix A,
and in particular (A.11)).

All states ‘h, ﬁ> of the above theory are labelled by their conformal dimensions (h, h):

Lo

h,ﬁ>:h

h,ﬁ>, Lo

h,B>:B

h, B> . (3.5)

A primary state

h, l_z> with respect to SLa(R)xSLa(R) (and a “quasi”-primary with respect
P _
to the two copies of the Virasoro algebra) is further annihilated by both £q and £;:

Ly

h, B>p =0, L[

hh) =0. (3.6)
P
We will drop the subscript p on the primary state from now on. The descendants of this

primary state can be written as

k1

(L-1)*

h,ﬁ> -

h,ﬁ,k2>, (5_1)

h7h> -

h,h, k1> , (3.7)

with (k‘l, kQ) € ZZO'
In terms of the SLo(R) generators and the modular parameter for the boundary torus
T =1 + iT2 we have the group element 7 in terms of the generator of the quotient (2.12):

— 627T8¢ — 627ri((£0—E_Q)T1+(Lo+£_0)i7'2) _ Loqﬂ_o, (38)

Y =q

where ¢ = e*™7. If we consider a primary scalar field of conformal dimension A = h + h =
2h = 2h and its descendents, the eigenvalues of the SL2(R) generators will be

Lo

hoho k) = (h+ ko)

h,h, ki, k2> - (% 4 kg) )h, h, k1, k2>

- A
ha h7 kla k2> = (5 + kl)

Plugging (3.9) into the zeta function prescription (3.2), we recover the Selberg zeta function
for the BTZ black hole reported in [14], after identifying A with the parameter s:

(3.9)

Lo

h,ﬁ,kl,k2> = (B+k1)

h,l_z,kl,k:g> :

o0
Cezz(s) = H 1- eQﬂi((kl*k2)71+(k1+k2+8)”2))
e (3.10)
= II (1 _ 62ibE(k1*k2)*2a(k1+k2+s)) .
k1,k2=0

Recall that, for the BTZ black hole, the parameters a,b take the values a = mry /L, by =
w|r—|/L as discussed in section 2.1.
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3.1.2 Flat space cosmology
Now we apply the prescription (3.2):

C]R:s/r(s) = H <1 - ’y)scalar primary of weight s (3'11)

descendants

to the FSC spacetime, where I' ~ Z. The group element ~y in terms of the BMS3 generators is

~ = 2m05 — 2mi(Son+iMop), (3.12)

where 1 and p are the modular parameters of the flat space quotient defined in the section 2.2.

Since fields in flat space must be representations of the global symmetry group, we can
label a field with their mass m and spin ky — ka:

S)ﬁ() |1”I”L7 k1 - k‘g) =m |1”I”L7 k1 — k‘g) , 20 \m, k’l - k2> = (k‘l - kg) |m, k‘l — k2> . (3.13)

A primary scalar field will therefore have spin k1 — ko = 0. We have labelled descendents with
k1 — ko because of £'s relationship with the SLa(R) £’s (A.13) and the alternate construction
of the zeta function discussed in the following section 3.2. Now we can plug this into (3.11) and
obtain the zeta function for FSC from just considering the quotient, once again identifying
the mass m with the parameter s:

oo

Groju(s) = ] (1= e2mithizhartios)) (3.14)
k1 ka=0

where n = 74 and p = —r¢/G for FSC.
As a check, we will see that this is precisely related to the 1-loop scalar partition function
on FSC [48], and will obtain it as a careful limit from the BTZ zeta function below.

3.2 FSC zeta function from quotient group action

Another useful way to construct the zeta function is by looking at the eigenvalues of the
quotient group element as an action on the coordinates (as in (2.7)). We begin by revisiting
this technique for the BTZ black hole, including some further details regarding how this
construction works in terms of prime geodesics, in section 3.2.1. We then use this approach
to build the Selberg zeta function for FSC in section 3.2.2.

3.2.1 BTZ black hole

Let us consider the group action of ¢ ~ ¢ + 2w on H3, as constructed in (2.7):

T e 0 0 cos 2bg —sin2bg 0 T
vlye| =10 €2 0 sin2bp cos2bp 0| |ye |- (3.15)
z 0 0 e 0 0 1 z
The eigenvalues of ~ are e2®, ¢2(a+ibr),

It will be important to define the prime geodesic for the following discussion. The
quotient manifold M /T will have closed geodesics, which are geodesics that are periodic due
to the action of the quotient group. A prime geodesic is a geodesic which only requires a
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singular action of the group to trace out its path. In this example, the geodesic going radially
outward on the z axis is the prime geodesic, since it is invariant under the rotation in the
x,y plane. The length of the prime geodesic is therefore given by the eigenvalue e2?.

The zeta function can be constructed by an Euler product over the eigenvalues of «v. The
weights of the eigenvalues are non-negative integers, except for the eigenvalue corresponding
to the length of the prime geodesic, whose weight is the argument of the zeta function, and is
not restricted to integers. The resulting zeta function is therefore

CH3/Z(S) — H (1 _ e?(a-‘rib)kl eQ(a—ib)k:QGQ(ls) ) (316)
k1 ka—=0

which reproduces the zeta function for H®/Z. This method has the advantage of not
constructing representations of fields on the manifold, but the previous approach gives a
direct relationship to the 1-loop partition function of the scalar field on the corresponding
background.

3.2.2 Flat space cosmology

Similarly, let us construct the zeta function for R3/Z. The group action on the coordinates
of flat space can be expressed as

Tg cos(27mn) sin(27n) 0 Tk
v | X | = | —sin(27n) cos(27n) 0 X |. (3.17)
Y 0 0 e 2 ) \Y

To calculate the eigenvalue of the transformation corresponding to the translation along
Y, it will be convenient to perform the coordinate transformation ¥ = logZ. The flat
space metric is

2 2 » 427
and hence translations along Y are now scale transformations along Z:
Y>Y+a = Z—e'Z (3.19)
The group action can be expressed as a matrix acting on the coordinates
Tg cos(2mn) sin(27n) 0 Tg
v| X | = | —sin(27n) cos(2mn) 0 X |, (3.20)
z 0 0 e ) \Z

which allows us to calculate the eigenvalues of v as e~ 2™, eT2™  The prime geodesic is
along the Y axis, which means the length of the prime geodesic is the eigenvalue e=27CP,
and will be weighted by the argument of the zeta function. The zeta function, following the

prescription described before for the H?/Z case can now be constructed:

00 00
C]R3/Z _ H (1 o 6727Tps€27ri77k16727ri77k2) _ H (1 _ e?fri(n(k1fk2)+ips)> , (321)
k1,k2=0 k1,k2=0

which reproduces the zeta function constructed via our representation theory method (3.14).
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4 The 1-loop partition function and the Selberg zeta function

It was shown in [9]* that the regularized 1-loop partition function of a real, massive scalar
field propagating on a BTZ black hole background is directly related to the BTZ Selberg
zeta function of [14]:

Zl—loop (A) _

regularized

—_—. 4.1
(&) )
In the above expression, A = 14 v/1+ m?2L?, the function Zp(s) was presented in (2.8),
and the subscript “regularized” is to differentiate it from the full, divergent 1-loop partition
function arising from the heat kernel calculation [8]:

Z00P (A) = Vol (HP/Z) + Zogoil e (A). (42)

regularized

Equation (4.1) makes it clear that the poles of Z}%‘fﬁgﬂzed correspond to the zeros of Zr.
The 1-loop partition function of a real, massive scalar field propagating on an FSC

background was calculated by [48]. See also [49]. In that case, equation (4.2) is replaced by
2112 (m) = Vol (R*/Z) + ZJoo®.iea (), (4.3)

egularized
where m is the scalar mass. In this section, we employ our generalized Selberg zeta func-
tion (3.2) to obtain the interesting result

1

= @,
in direct analogy to the BTZ black hole. Thus, equation (4.2) provides a remarkably easy

1-loop
Zregularized (m)

(4.4)

way to compute the regularized 1-loop partition function, eschewing heat kernel techniques.
From equation (B.7), the 1-loop scalar partition function is

o e—27rmnp
= _— . 4.
€Xp (Z n|(1 _ 627Tzn7])|2> ( 5)

n=1

[SIE

1-1 2 -
Zﬁagosz:alar(m) = (det vﬂat, scalar)

This can be rewritten to fit the form of the zeta function,

1-loop .- 672ﬂpmn
Zﬂat, scalar(m) = exp Z n|(1 _ e2m’nn)|2

n=1
= exp Z Z - (6727rpm627rm(k17k2) )n (46)
n=1 kl,k2:0 n

= 1

- H — e2mi(n(ki—k2)+imp) *
i 1 — e2mi(n(k1—k2)+imp)
We see that the generalized Selberg zeta function constructed for R?/Z reproduces the
regularized scalar 1-loop partition function:

[o¢]

1 (1S - -100] -1
CR3/Z(S) = (det V%at, scalar)2 = H <1 - 62 (Gspt(ks k2)n)) = <ZI'1lalt7 s%alar(m))
k1,ka=0

m=s

(4.7)

“For example, see equation (47) of [9].
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5 The Selberg zeros as quasinormal modes

It was shown in [9] that the zeros of the BTZ Selberg zeta function give the BTZ quasinormal
modes. That is, given the zeros s, (defined by Zr(s,) = 0), the following statements
are equivalent:

sy =A “ WQN = W, (5.1)

where A is the conformal dimension of the field, w, are the thermal Matsubara frequencies
defined by regularity at the horizon, and wgy are the QNMs. As discussed in [9], equation (5.1)
constitutes an alternative method of finding quasinormal modes: given (s4,wn,won), we can
use (5.1) to determine wgn (up to an overall function). In this section, we first calculate the
thermal frequencies in FSC spacetimes, and then move on to study FSC QNMs via (5.1).

5.1 Thermal frequencies in FSC

Thermal frequencies are calculated by demanding regularity of the Euclidean metric at the
horizon, and then imposing the conditions on to the scalar field solution [50]. The FSC metric is

1 2 222 2 o 2
d? =~ 2T g TR0 ey o (d¢> - @dt) . (5.2)
rL T —"H r r

Performing the Wick rotation:
t =T, 7y =—ifg, (5.3)

we get the Euclidean FSC metric

1 72 72 (r? —rd)

2
5dr + 2

d52:~— B
T+ T —7”0

2 2 - 747 ?
dr® +r°(deo dr| . (5.4)

2
We now require the FSC metric to not have any conical singularities near the horizon. The
near horizon metric can be explored using the coordinate r? = 12 +¢p? for small €, which yeilds

= 2
ds? = r2 <d¢ - Tidr) + (dp? + 7% p%46%) + O(e2). (5.5)
0 7‘+

For there to be no conical singularities in the subleading term, we have to go around the
subleading term in ¢, while keeping the transverse direction ¢ — %T fixed. Therefore,

2 2
bt TeTH (5.6)
T4+ T+
The scalar field ansatz can be written as
o(t,r, ¢) = R f(r). (5.7)

Performing the Wick rotation (5.3) and applying the regularity conditions at the horizon (5.6)
to the scalar field, we have the condition

27 (i 4 kFrow)
e+

=1 (5.8)

so that the scalar field is also regular at the horizon. Solving the above condition for w, we
obtain the thermal frequencies in the spacetime:

Wn = i:i(nm —k), neZ (5.9)
0
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5.2 Quasinormal modes in FSC

We would now like to implement the condition:®
Sy =M = Wp = WQN- (5.10)

That is, tuning the Selberg zeros s, to the mass m is equivalent to equating the thermal
frequencies to the quasinormal modes. We can write this condition as

sy —m~+ Q (wp, —wgn) =0, (5.11)

where @ is an undetermined function. For the BTZ case, we know how to determine @Q: we
know that the BTZ QNMs should not contain the thermal integer n, so we can choose @ to
eliminate n. In the FSC case it is not so simple, because (in analogy to de Sitter QNMs) we
expect won to contain thermal and angular quantum numbers (but not radial ones).

Note that equation (3.14) is the Euclidean Selberg zeta for FSC. The zeros are given
by the condition

i5xp + (k1 — ka)np =4 (5.12)
with [ € Z, yielding
5, = M (5.13)
ip

Since in the exponent of the zeta function we have the vector field generating the quotient dy,
we should identify ¢ with the angular quantum number k, so that £ = £k. The zeros become

_ +k — n(kl — kg)

_ 5.14
Sx ip ( )

The values of p and n for FSC are
p=—%0, n= "7, (5.15)

as calculated in section 2.2. The thermal frequencies calculated by imposing regularity at
the horizon are (5.9)

wn = it (nfy — k). (5.16)
T
Substituting equations (5.14), (5.15) and (5.16) into (5.11), we get:

1

Ww=wy — — (8 —m
Q( )
Ay, B _l _ :I:k—f+(k1—k2)_ )
T (nry — k) Q( G - m (5.17)
m k ,’F+
= —Fi—(Gx2QF1)+i—(G(k1 — k2) + Qniy) .
0 Fign @) Qro( (k1 — k2) + Qniy)
5Note that in flat space A = m.
—15 —
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Since we expect the FSC quasinormal modes to make sense as a limit from the BTZ
quasinormal modes, we choose that the coefficient of k to be zero, since the angular quantum
number does not appear in the BTZ quasinormal modes. This implies @ = F+G/7;. Thus,
the quasinormal mode reads

w:;ﬁ<g+mwrmg;m%>. (5.18)

Taking inspiration from the BTZ case again, we can make the identification: k; — ko = +£n,
which recovers the leading quasinormal mode in the FSC spacetime as computed in [34].

w:xgﬁ:ngm. (5.19)
These correspond to the poles of a 2-point function of temporaly separated probes in the
FSC boundary theory [34].

We end this section with a technical note: we have called the modes we study “quasinormal
modes” due to their derivation from the BTZ quasinormal modes. However, unlike the BTZ
modes, our modes are purely imaginary. Thus they differ from the normal modes of thermal
AdS (which are purely real), as well as from the quasinormal modes of BTZ (which have both
real and imaginary parts). In fact these modes may be more properly termed something like
“evanescent modes” since they are purely decaying/growing, in analogy with the evanescent
waves of electromagnetism. Regardless, since these modes still correspond to the zeroes of
the zeta function, and thus to poles of the 1-loop partition function, we have chosen to stick

with the terminology “quasinormal mode” throughout the bulk of the paper.

6 Discussion

In this work, we have built a Selberg-like zeta function for flat space quotients R3/Z, with the
FSC as an interesting and concrete example. We showed that this zeta function correctly gives
the FSC scalar 1-loop partition function and the dominant QNM. These results extend the
previously established Selberg method of calculating 1-loop determinants beyond negatively-
curved spacetimes. In addition, we have reinterpreted how to construct the Selberg zeta
function based on representation theory of fields propagating on a given background, giving us
more insight into building the Selberg zeta function in more general quotient scenarios M /T

There are many future directions for this work. Most straightforwardly, it would be
interesting to apply the Selberg formalism to study quantum effects in other quotient
spacetimes such as k-boundary wormbholes [51-54], and those appearing in the context of
holographic entanlgement entropy [55, 56]. It would be interesting to see the implications
to corrections to black hole entropy using this formalism [57].

Perhaps the most intriguing quotients of all are the Lens spaces S3/ Zy (see for example
the de Sitter Farey Tail [58]). This is because de Sitter admits a so-called non-standard
represntation of matter, which turns out to be more closely related to quasinormal modes [59].
Further, these non-standard representations are instrumental in the recently constructed
Wilson spools [16, 17]. Although the non-standard representations appear to be physically
relevant, their precise physical description remains unknown. It would be interesting to
use (3.1) to gain more insight into these non-standard representations. This work is currently
under way.
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Getting back to the specific case of 3D flat spacetimes and the FSC solutions, while we
have matched up the QNM answer (5.19) that was obtained in [34] for temporally separated
probes, [34] also obtained an answer for spatially separated modes which was more reminiscent
of answers from a 2D CFT calculation. This was then curiously obtained from BTZ QNM
as the sub-leading term in a L — oo expansion. It would be of interest to see if there is a
way to also obtain this curious result from our Selberg zeta function.
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A Generators and embedding

In this appendix, we review some of the details of [5]. We describe how 3D flat space can be

embedded in R?? as a limit of AdS;. We then work out the six isometry generators J4 g in

a series of useful coordinate systems, ultimately defining the Virasoro and BMS3 generators.
We embed the hyperboloid

U+ X24+Y2 V=12 (A1)
in R?? with the metric
ds? = —dU? + dX* 4 dY? — dV>. (A.2)
The isometries of (A.2) that preserve the hyperboloid are
Jap = X0 — Xpoa, (A3)

where (4, B) take values (U,V, X,Y).
To embed flat space as a limit of AdS3 in R?2, we parametrize U and V with the compact
coordinate T/L by employing the following embedding;:

U=+vVL>+ X%+ Y2 cos (%) . V=VL>+ X%+ YZsin (%) . (A.4)
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To obtain AdS3, we should consider the universal covering space T'/L € R, where the metric is

(L2+uX2+YQLﬂQ+_L%dX2+dYQ)+(XdY¥—YdXV.

ds® = —
’ L? L2+ X2 +Y?

(A.5)
It is clear to see that in the limit L — oo we recover three dimensional flat space:
ds® = —dT? + dX* + dY™. (A.6)

The rotation generators (A.3) in these “flat” coordinates are

XL

Jux = i
RN PR E
YL

J = —Sin
YTV X2+ y?
Jxy = X0y — YOx,

T T
n<*L>6T7 \/L2+X2+)2COS (Z) 0)(,

T T

_ 2 2 2 ( )
(L)aT VI?+ X?+Y?cos T Oy,

(A7)
Juy =—Lor,

e B T XL T
- i : sl ( ) X Y ( )
Ix,v L%+ X%+ Y“sin 17 dx + T X2 1 v2 cos 17 or,

T YL T
_ /T2 2 2 o )
Jy,v L?+ X%+ Y?4sin I Oy + I X2 rv? CcoSs I or

We now present the generators J4 p in Poincaré patch coordinates

_ L2(da? — dy? + dz?)

ds® 5 . (A.8)

z

The Poincaré coordinates in terms of the embedding coordinates are:

X v L
r=-——- = =
v+y YT Uuyy U+yY’

u=y+z, v=y-—c. (A.9)
The generators (A.3) in Poincaré coordinates are

Jux = % ((—1 +u? =220, + (1 — 2 + 220, + (u — U)z82>

JUy = uau + ’Uav + Zaz

s

JIxy % ((—1 —u? 4 220, + (1 + 0% = 220, — (u— v)zf)z>

1 (A.10)
Juy = 3 ((1 +ul+22)0, + (1 + 02+ 220, + (u+ v)z8z>
JX,V = —u0y, + v,

Jrw = 5 (12 4 )00+ (<1407 + 2200, + (ut )20%)

If we take a particular set of linear combinations of the generators (A.10), we obtain 6
generators that form two commuting copies of the SLy(R) algebra. Explicitly, one can
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construct
1
L_1=—-0,= i(JU,X —Juv+JIxy +Jvv)

1 1
Lo=— (u&u + §Zaz) = §(JX,V — JU7y>

1
Ly =— (uzau + 220, + uz@z) =-(—Jux —Juv+JIxy —Jvv)
2
B 1 (A.11)
L_1=-0,= 5(*JU,X —Juy —JIxy + Jyv)
_ 1 1
Lo=— (U@U + 52’32) = 5(—JU,Y — JX,V)
_ 1
Ly =—- (223u + 020, + vzaz) = i(JU,X —Juyv —Jxy — Jvyv)
which obey the commutation relations
[Lons Ln] = (M = 1) Lonsny  [Loms L] = (M = 1) Losns  [Ln, L] =0, (A.12)

where (m,n) take values (0,4+1). For the Euclidean generators, one has to Wick rotate
V= Vg =iV, 0y = 0y, = —i0y and y — yg = 4y. In the linear combinations of the
embedding space generators above, this implies one must replace Jay — —iJa v,.
The BMS;3 algebra (the algebra satisfied by the asymptotic symmetry group of 3D flat
space) can be recovered as a limit of (A.12) by making the following definitions
- G

Ly = lgr(l)ﬁn —L_,, M,= 151(1) e(Ln+L_y), €= 7 (A.13)

The BMS3 generators in T, X,Y coordinates read

L1 =Y (-0x FOr)+ (X FT)0y, £o=(X0r+T0x),

(A.14)
M =G(Or £0x), My= Goy.
These obey the BMS3 algebra without central extension
(€, L] = (M —n)Lsns [ T] = (M — n)Mppsn, [P, M) = 0. (A.15)

B FSC partition function as a limit of the BTZ partition function

We will see that when we carefully take this limit, the partition function poles do not
accumulate into a branch cut. This allows us to construct a meromorphic Selberg-like zeta
function for FSC (for scalars, it is essentially the FSC partition function itself). This will in
turn allow us to predict FSC QNMs which are essentially guaranteed to be correct via an
appropriate application of the Denef-Hartnoll-Sachdev method of computing QNMs (which
is now applicable since we’ve established meromorphicity) [13].

First, let us label the representations of the global BMS algebra as a limit of the
SLo(R)xSL2(R) algebra, as discussed in the appendix (A.13),

Co=Ly—L_y, M,= lim g([,n + L), (B.1)
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where £ are the diffeomorphisms of the spatial circle at null infinity, and 9t are super-
translations, and we take the dimensionless limit % — 0, and £, £ are Virasoro generators.
Fields are representations of the global symmetry algebra are labelled by the zero modes
of these two sets of generators.

Lolj,m) =jlj,m)y, Molj,m)=m]j,m). (B.2)

We can write these eigenvalues in terms of the conformal dimensions h, h of the bulk field
with the appropriate limit:

. - .G -
j=h=h, m=lim Z(h—l—h). (B.3)

L)

Now let us consider the functional determinant of the scalar laplacian on AdSs:

—log det V3 *2%M (B.4)
g AdS, scalar — 1_ n|2’ .
n=1 n' 4q

where h = h since this is a scalar field and therefore has spin j = 0, 2h = A, and q = 2™,

T =711 + i72. To take the flat space limit, we have to take a limit in the modular parameter:

T+ T G T—T
n= =71, ( ) = T2. (B.5)

2 /=2
Now, rewriting the 1-loop scalar partition function in terms of the new modular parameter
and the eigenvalues of the BMS algebra, we have

) o) eﬂ'i(n-{-iep)n%e—ﬂ'i(n—isp)n%
_ IOg det vAdS7 scalar — 2 Z n(l — 627|'in(7l+€/0))(1 — e—Qﬂin(n—sp)) y
n=1 (B 6)
o 6727rmnp ’
= 27; ?”L(l _ eQTrin(n+ep))(1 _ e—Qﬂin(n—sp))'
where € = % We can easily take the limit ¢ — 0 now, to obtain
9 > e—27'rmnp
—log det Vﬂaut7 scalar = 2 nz::l m7 (B'7)

which is the functional determinant of the scalar Laplacian derived in [48] using the heat
kernel method, in which they use the notation (1, p) — (%, %)
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