PREPARED FOR SUBMISSION TO JHEP

Boundary Description of Microstates of the
Two—Dimensional Black Hole

Amr Ahmadain,® Alexander Frenkel,*® Krishnendu Ray® and Ronak M Soni®

@ Department of Applied Mathematics and Theoretical Physics, University of Cambridge,
Wilberforce Road, Cambridge, CB3 0WA, United Kingdom
bStanford Institute for Theoretical Physics, Stanford University,
382 Via Pueblo, Stanford CA 94305
¢ Rudolf Peierls Centre for Theoretical Physics, University of Ozford,
Parks Road, Ozford, OX1 3PU, United Kingdom
E-mail: aa2260@cam.ac.uk, afrenkel@stanford.edu,
krishnendu.ray@physics.ox.ac.uk, rs2194@damtp.cam.ac.uk

ABSTRACT: We identify the microstates of the non—supersymmetric, asymptotically flat 2d black
hole in the dual ¢ = 1 matrix quantum mechanics (MQM). We calculate the partition function of the

theory using Hamiltonian methods and reproduce one of two conflicting results found by Kazakov
and Tseytlin. We find the entropy by counting states and the energy by approximately solving the
Schrodinger equation. The dominant contribution to the partition function in the double-scaling

limit is a novel bound state that can be considered an explicit dual of the black hole microstates.

This bound state is long-lived and evaporates slowly, exactly like a black hole in asymptotically flat

space.
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Introduction

The fact that black holes have entropy has been one of the most significant discoveries in the study
of quantum gravity. It is a piece of UV physics that we can observe in the IR. In the 40 years since
this discovery, however, there are vanishingly few examples in which we understand the microstates

that make up this entropy. Examples in which they are understood in the bulk description are

extremal maximally supersymmetric black holes — see [1] and its many follow—ups. There are also
a larger class of examples where there is some handle in a holographic description, e.g. BTZ black



holes (via the Cardy formula) [2], theories that admit quantum mechanical descriptions [3-5], 4d
A =4 SYM [6-8], 3d holographic theories [9], etc. Even in this second list, many examples are
supersymmetric and extremal.

This paper explores one of the examples from the second list. This is a two—dimensional black
hole [10] with no supersymmetry and at finite temperature; however, this black hole is non-standard
in that the physics in this background is ‘stringy’ and its temperature cannot be varied. A lot is
known about this solution — this two—dimensional black hole is dual to a one-dimensional matrix
quantum mechanics (MQM) system. The finite-temperature partition function of this MQM has
been calculated [11, 12] in the path integral formulation, and two candidates for the entropy and
energy were found based on this path integral result in [13]. We review the salient features of this
model in §2.

In this paper, we aim to go a step further than reproducing the Euclidean partition function in
this example — from a mere reproduction of the entropy (a count of the microstates) to a list of the
microstates. By this, we mean the following. The partition function can of course be reproduced

from a trace over a Hilbert space,’

Zyqu(B) =tre P = Y= e FF (1.1)
E € spec(H)

This partition sum, in the thermodynamic limit, is typically dominated by states of approximately
equal energy and can be written in the thermodynamic form,

Zaqu(B) = 5P e PP = tr(y_py e P, (1.2)

where S(E) is the entropy of the black hole. We have also rewritten this as a trace over a restricted
Hilbert space. ‘Listing’ the microstates of the black hole is tantamount to describing this restricted
Hilbert space in a way that does not amount to “all states with the right energy and other charges.”
There is also a subtlety that these are really microstates of black hole spacetimes rather than black
holes themselves; as we will see, we must be careful to disambiguate the microstates of the black
hole from states of exterior degrees of freedom. It should be noted that by this standard, only in
some extremal supersymmetric cases like [1] (and its follow—ups) have the microstates been listed;
in the /' = 4 case, this has been done in [14].

One caveat is that the 2d black hole is in a phase where the canonical ensemble is not
well-defined, and so we have to use a grand—canonical ensemble. In higher—dimensional black
holes where the canonical ensemble is well-defined the mass of the black hole is specified by the
boundary temperature; in the case we consider, the temperature is fixed but the mass is specified
by the chemical potential.

In this paper, we describe this restricted Hilbert space in the MQM system. The MQM has a
PU(N) global symmetry, and the restricted Hilbert space turns out to be a certain set of non-singlet
irreps of this symmetry, as first pointed out in [15] (see [16-18] for other explicit investigations of
the importance of these non-singlet irreps). The set of irreps is determined by the mass of the
black hole which, as just mentioned, is related to the chemical potential. As we show in §3, the
dimension of this restricted Hilbert space matches one of the two candidates for the entropy found
in [13]. However, we also find that this entropy is the count of IR degrees of freedom that decouple

1Tt should be noted that the relevant ensemble in our case is grand canonical rather than canonical, and so (1.1)
and (1.2) are only schematic.



from bulk dynamics in the double—scaling limit. We argue that this decoupling can be thought
of as a ‘renormalisation’ in the double-scaling limit in §5.1, and provide a (speculative) pictorial
description in §6.3. We thus argue that the actual entropy of the black hole is a value much smaller
than found in [13].

To actually describe the microstates of the black hole, we have to find the state of the degrees
of freedom that do participate in the bulk dynamics. We analyse the Schrodinger equation to find
this state, and find explicitly the state that dominates the grand canonical partition function. It is
a novel bound state that we call the ‘hole—in—the—world’ solution, and we discuss this in §4.2. We
argue that the properties of this state within quantum mechanics match properties expected from
the bulk dual in §6.1.

The plan of the paper is as follows:

1. In §2, we review the duality between the black hole and the MQM system and what is known
about the free energy of the black hole.

2. In §3, we show that the degeneracy due to the PU(N) symmetry of the MQM exactly repro-
duces one of the two candidates for the entropy found in [13].

3. The main section of our paper, §4, reproduces the energetic term in the partition function
corresponding to the entropy we find in §3.

In §4.2, we identify an interesting state, which we call the ‘hole-in-the-world’ state, with
the right energy. We argue that it dominates the fixed-charge partition function in the dou-
ble—scaling limit in §4.3.

4. The contents of §5 deal with the grand canonical partition function calculated in [11, 12].
In §5.1, we address whether the PU(N) symmetry should be gauged or not, and argue that
the passage from the ungauged to the gauged quantum mechanics can be thought of as
renormalisation in the double—scaling limit. Finally, we comment on the entropy of the black
hole in §5.2, and argue that its entropy is much smaller than that found in [13].

5. We conclude with some speculations and discussion in §6. After a broad overview of our
results and their limitations, we discuss how the hole-in-the-world state matches expectations
about bulk physics in §6.1. §6.2 talks about the implications on the phase structure of the
theory. Then, we provide a stringy picture for our analysis in terms of the stretched strings
of [16] in §6.3 and discuss a connection between our counting of states and Motzkin walks in
§6.4.

Some notation We will use i, j, k, [, etc. exclusively to denote elements of {1... N}. The imag-
inary unit is ¢.

Note added: During the final stages of the preparation of this manuscript, we became aware of
the related work [19] which appeared on the arXiv concurrently. Our results, specifically those in §3,
have partial overlap with theirs and agree when comparable. Our approaches are complementary.



2 Review

The system we work with is the two—dimensional black hole with asymptotically flat boundary
conditions [10, 20]. It was argued in [11, 12] that this is dual to a quantum mechanical system with
a single matrix degree of freedom. Some introductions to this set of dualities that we have found
useful are [21-27]; a relatively short review is [11]. In this section, we outline the various models in
this chain of dualities and summarise the main results of [13].

The cigar is the two—dimensional Euclidean black hole geometry specified by the metric and
dilaton,

ds? = ko' dp? + tanh? p dT?, T~T+2rvVka!

and ® = Py —logcoshp. (2.1)

As a manifold, this is the group coset SSLISQ(’QQ)?) / U(1). The inverse temperature and mass of this

black hole are

1
B =21R=2nvkd, M = e 20, (2.2)
ka'

Henceforth, apart from some crucial equations, we will set o’ = 1.
\T

\

P
Figure 1: The cigar background

Consider a string propagating on this background,? with worldsheet action

1

st =
4ol

/ d%0 [G (X) 0X" 0XY + By (X) ©(X)] + Iwzw- (2.3)
3

Here, G, is the metric of the cigar, and Iwzw is a Wess—Zumino-Witten term. %y is the Ricci
scalar of the worldsheet. The constant k is fixed by the requirement that the central charge of this

CFT be 26,

3k 9
Coigar = 1 —5 —1=26 = k=" (2.4)

This means that the 2d string theory has a black hole with a fixed temperature given by

B =3mVal, R:;\/J. (2.5)

21t is clear that the cigar and the Lorentzian black hole as metric manifolds are related by an analytic continuation.
However, the relation between the string theories defined on the two backgrounds is rather more subtle, as explained
for example in [28§].




However, its mass can be varied freely.

An important caveat here is that the worldsheet theory is strongly coupled. Since the target
space curvature is 0 (1/a), the G, (X)0X X" term is not approximately quadratic in the fields.
As a result, the interpretation of this theory as a string theory on a black hole background is not
sharp. Calculations are still possible, since the full theory has the properties of a WZW theory.
But it is much easier to work in a dual description, which we now describe.

2.1 From the Cigar to MQM via ER=EPR

This black hole can be described by a matrix quantum mechanics (MQM) through a series of
dualities.
1. By FZZ duality [11, 12, 16], the cigar CFT is dual to the sine-Liouville model.

2. The sine—Liouville model is the zero cosmological constant limit of the sine-Gordon model
coupled to Liouville gravity.

3. The sine-Gordon model coupled to Liouville gravity is dual to an MQM with twisted boundary
conditions in a double—scaling limit.

Cigar string theory Sine—Liouville string theory

\§ 5

< >
\ o
p ¢
w—0, R—>g

Sine-Gordon model ]

MQM coupled to 2d gravity

Figure 2: An illustration of the series of dualities that relate the cigar to the MQM.



The sine-Liouville model is the string theory with worldsheet action

/

! /i [(6T)2 + (8¢)2 +QRs b+ 3¢ cos RT| , T~T+ 277% (2.6)

4ol

IsL

The FZZ duality provides an identification between the fields and parameters in the sine-Liouville
and cigar CFTs. The fields ® and ¢ can be identified in the region ®, ¢ > 1 (where the background
is approximately just flat space with a linear dilaton, i.e. the weak-coupling region). The fields T
and T are T-duals of each other; 3 is a chemical potential for momentum +1 excitations in the T
direction, and therefore winding +1 excitations in the T direction — its value is set by the mass
5 o0 M(2=E)/4 The central charge of this theory is [29]

e, = 2+ 6Q%. (2.7)
The Liouville-field dressing of any operator in the action with conformal dimension A satisfies
bQ—-b)+A=1. (2.8)

The undressed sine-Liouville operator cos RT has conformal dimension A = R2. Matching central
charges across the FZZ duality then gives

Q=—--= — 2 (2.9)

Unlike the cigar, the target manifold in this case is an infinite cylinder, implying an ER = EPR
duality [27]. The entanglement is carried by a long string condensate, which is included in the last
term in (2.6). We will see this in greater detail through the course of this work.

An important and non—obvious point about the sine-Liouville theory is that it cannot be studied
in perturbation theory in 3. This is because any non-zero 3 can be rescaled to an 0(1) number by
shifting the dilaton ¢,

3b(#=90) _3eb0 = zeb%0 (2.10)

This shift also acts on the Q & ¢ term, and produces a topological term that can be thought of as
the string coupling. Thus, the sine-Liouville CFT is not perturbatively related to Liouville theory
— this makes it hard to study.

There are two important differences between the sine-Liouville and cigar CFTs. Firstly, the
sine-Liouville CFT is on-shell (has ¢g;, = 26) for all R as long as Q = 2. Secondly, k — 2 is a
strong—coupling limit in the cigar CFT but a weak—coupling limit in the sine-Liouville (since the
dressing parameter b — 0 in this limit). Since k = 9/4, we henceforth stick to the sine-Liouville
side of the duality.

The sine-Gordon model coupled to gravity defines a string theory given by the worldsheet

action
1

I = —
G 4o/

/ [(aT)2 +(00)° + Q Rs, ¢ + pe 2 + 5129 cos RT| . (2.11)
>

Here, we have T—dualised again to the T field in the kinetic part of the action, and added a
cosmological constant for the Liouville sector. The i — 0 limit of this theory is the sine—Liouville
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Figure 3: The sine-Liouville theories dual to the cigar and the sine-Gordon theory that can
non—anomalously be a worldsheet theory only intersect at R = 3/2, when the cigar is on-shell.

model.? The 3 — 0 limit of this theory is known as ¢ = 1 string theory. Once again, because
of the presence of the dilaton, the manner in which we take these perturbative limits is subtle.
In sine—Gordon string theory, perturbation theory in 3 is valid where 3 < p, since the zero-mode
of ¢ can’t be shifted while keeping u constant. We are interested in the opposite limit, where
perturbation theory in pu is valid.

The sine-Gordon model is dual to a quantum mechanical model with one Hermitian matrix
degree of freedom,

Ivgm = /dt tr {X2 - V(X)} , V(X)= —%X2 + %X‘*. (2.12)

Much of the literature uses a potential V(X) = —X?2/2 4+ g/v/NX?; we use this potential following
[26], see also [30, 31] for the supersymmetric version.

This action has a PU(N) = U(N)/U(1) = SU(N)/Zn global symmetry given by
X(t) = U X(t)U. (2.13)

Notice that the above transformation is the same for U and e‘?U, meaning that the symmetry
group is not the unitary group U(N) but the projective unitary group PU(N) — as indicated, this is
nothing but U(N) quotiented by the overall phase mode. In terms of SU(N), PU(N) is the quotient
of SU(N) by its Zy centre, which exists because a phase rotation by e“27/N j=0,1... N —1 has
determinant 1. As an example, PU(2) = SU(2)/Z3 = SO(3).

Some authors, like [16, 18, 19], gauge this symmetry while others, like [11, 32|, don’t. We
will keep this symmetry global for the bulk of this paper; in §5.1 and §6.3, we argue that there is
nevertheless a sense in which the gauging ‘emerges.’

3Up to the fact that the dilaton dressing for the vortex term is now exp[(R — 2)¢] instead of exp [—\/ R? — 2(15].
It is easily checked that they agree at R = 3/2. The two different expressions correspond to plugging in either Q = 2

or Q@ =1/vk—2 into (2.8).



Precisely, the duality can be written as

o= Zec(Rpn3) _ Z e27rR;LFN/ dQ eNav Re[trﬂ]/ e J§ dt L(X,X)
N=0 PU(N) X (B)=01X(0)Q

double-scaling limit

(2.14)
Zsc is the vacuum partition function of the sine-Gordon model and e~%:¢ is the partition function
of the corresponding string field theory. up is a chemical potential for the size of the matrix, and 3,
for the non—trivial representations of PU(N). At 3, = 0, the Q integral localises the MQM to the
singlet sector of this symmetry — this is dual to ¢ = 1 string theory, which is just the sine-Gordon
theory at 3 = 0. pp is related to the Liouville cosmological constant, g, in (2.11), and 3, to the
fugacity for vortices, 3; the precise relations involve some renormalisations.

Importantly, the duality only emerges in the double—scaling limit, which can be thought of as
a specific way of taking N — oo. There are two different but equivalent pictures for this limit, one
based on Feynman diagrams and the other based on the Fermi statistics of the eigenvalues of these
matrices. We outline the main points of how this is to be understood; more details can be found in
the reviews listed at the beginning of this section.

In classic large N fashion, each Feynman diagram can be interpreted as the triangulation of a
2d Riemann surface. Since the expansion in the coupling constant g has zero radius of convergence,*
1

the series is asymptotic; near a critical value g. diagrams with @ (m) vertices dominate the sum.

The double-scaling limit is the limit ¢ — g., N — 0o, with N (g. — ¢) kept finite. In this limit, each
diagram becomes a worldsheet and the sum over diagrams becomes a sum over worldsheets; the
constant parameter (after renormalisation) becomes the Liouville cosmological constant p. This is
illustrated in figure 4a.

9 — 9Ge
A 4
(a) A double-line Feynman diagram appropriate (b) The Fermi sea is made by filling up the phase
to the MQM becomes a string worldsheet in the space up to a Fermi level. In the double-scaling
double—scaling limit. limit, the bottom of the well is at oco.

Figure 4: The double—scaling limit.

The other equivalent picture for the double—scaling limit is as follows. In the ground state,
because of the PU(N) symmetry, we can focus on only the eigenvalues of the matrix X. As we
explain in §4.1, because of a Vandermonde determinant, these eigenvalues are fermions. In the
vacuum, the N fermions fill up the potential up to a Fermi level, see figure 4b. The Fermi level
grows monotonically with g up to a value g. where it becomes equal to the local maximum at 0.

4This is most easily seen by considering the case g < 0.



We take the g — g., N — oo keeping the Fermi level at some finite value —up ~ O (NO). This
pp is the same as the chemical potential in (2.14), by standard free fermion arguments. This free
fermion theory becomes the dual string field theory, with the direction given by the log of the
eigenvalue being identified with the target space spatial direction ¢ (i.e. dilaton), up to a non-local
transformation that won’t be important to us [25].

The renormalisation is controlled by Khnizhnik—Polyakov-Zamolodchikov (KPZ) [33] dimen-
sions; in particular, the sine-Liouville fugacity and the MQM fugacity are related as

3= N (2.15)

The relation between p and pp, which are both renormalised quantities, is a non-universal ©(1)
factor. Since we will carry out an MQM calculation, an important consistency check for us will be
that, along with this renormalisation, the sine-Liouville answer be independent of N.

2.2 Free Energy and Thermodynamics

The matrix partition function can be calculated explicitly [11, 12|, and the piece in the free energy
corresponding to the genus 0 partition function of the sine-Liouville model for R < 2 is
o__1 P

F :_Z(Q_R) 3R . (2.16)
Here, the mass is M ~ 5ﬁ — it is taken to be large to suppress higher genus effects. On the face
of it, this is surprising, since it is a non—zero sphere partition function in string theory. Usually,
this vanishes because of the infinite volume of the conformal Killing group, SL(2, C), on the sphere.
In the cigar case, however, this result indicates that this volume cancels with the volume of the
SL(2,C) factor in the quotient [12].5

There are two different approaches to using this result to understand the thermodynamics, as
Kazakov and Tseytlin (henceforth, KT) argue [13]. Following their conventions, we will refer to
them as the first and second interpretations.

First Interpretation

1. The MQM free energy is the free energy corresponding to a grand canonical ensemble for a
dilaton current. The non—zero value of the free energy to corresponds entirely to the charge
term [34] and is proportional to R — 3/2.5

2. R is varied while keeping the mass constant (i.e. varying 3 as a function of R).

This approach gives a free energy,

-1
v BERT

—BF1(R,M) =27 <2 — R> 51 log M . (2.17)

The entropy—energy relation is then,
S =3rM. (2.18)

5This is not the only way in which the sphere partition function can be non-zero.
6Equivalently, we can subtract off the vacuum free energy as in [13].



The vanishing of the leading term in the free energy is attributed to a Hagedorn phase transition
at this temperature, that exists for reasons similar to [35].

Second Interpretation

1. The free energy is given by (2.16), without any subtractions.

2. The parameter 3 in the sine-Liouville model is interpreted as a chemical potential for vor-
tices. Thus R is varied while keeping 3 fixed, letting M vary as it wills. This is a Gib-
bons—Hawking—type variation.

Performing an inverse Legendre transform to replace 3 with a vortex number K, the free energy is

B Ao’
—BFy(R, k)= (2—— | kKlog— + 0 (k). 2.19
9. = (2 ) Klog S 4.0 (k) (2.19)
Here, A is a UV cutoff on the worldsheet with dimensions of inverse length, and K is related to 3
and the mass (at leading order) as

K377 oc M. (2.20)

This is finite but large in the sine-Liouville theory, and so we have 1 < k < N in the dual MQM.
For the energy and entropy (setting o’ = 1 again), this gives,
A

1

We also note that we can identify Ao’ ~ N based on the arguments of |36, 37].”

The authors of [13] concluded with the remark that the best way to decide between the two
interpretations would be to perform a microscopic calculation in the MQM. Note that the difference
between the two interpretations is not just a matter of convention or ensemble; the relation between
entropy and energy is a statement about the Hilbert space that is either true or not, and we can
check which one agrees with the Hilbert space structure. This is what we set out to do — we find
that the Hamiltonian analysis suggests the second interpretation is correct.

3 Entropy in the Ungauged Model

In this section, we reproduce the entropy in the KT result (2.19) by assuming that the PU(N)
symmetry is a global symmetry rather than a gauge symmetry. This entropy was originally calcu-
lated in [38], but we clarify some points and fill in some details. We present two calculations, one
in §3.1 and the other in §3.2, and find that they agree. The calculation in §3.1 is quick and direct
but badly motivated; the calculation presented in §3.2, which is a version of the calculation in [3§],
is slightly longer but better motivated. A novel calculation of entropy in a phase with k > N? is
presented in Appendix A; we have not studied the Hamiltonian in this phase.

7[36, 37] find an expression very similar to this for the free energy, with A being a worldsheet cutoff. In this case,
the worldsheet cutoff is controlled by N.

,10,



The entropy we calculate in the ungauged model reproduces the proposed black hole entropy
Kazakov and Tseytlin identify in [13]. We find that the entropy is entirely due to the large degen-
eracy dictated by the PU(N) symmetry, and not due to a large number of interesting interacting
degrees of freedom. We will therefore propose an interpretation in §5.2 and §6.3 that it is better to
think of the KT entropy not counting the black hole degrees of freedom, but of some IR degrees of
freedom that decouple in the double-scaling limit. In particular, we will argue in §5.1 that in the
double—scaling limit this symmetry is effectively gauged and the large entropy we calculate here is
therefore not relevant to bulk physics. An important intermediate result in this section that retains
its importance in the gauged model is the fact that a single irrep, illustrated in figure 5, dominates
the subspace with a large number of adjoints. This result has also been found in [19].

3.1 Direct Calculation

The direct calculation proceeds based on the simple observation that K is the charge conjugate to
the fugacity for singlets and non—singlets, 3. Since the basic representation of the symmetry in the
model is an adjoint representation (2.13), the subspace with fixed K is the one constructed out of k
copies of the adjoint representation. The dimension of this reducible representation, remembering
to quotient by the symmetric group Sk because the adjoints are indistinguishable, is

) N2k N
log dim (%a%f/sk) ~ log e 2klog N3 (3.1)

This is exactly the entropy in (2.19).

3.2 Calculation Using Irreps

While we seem to have reproduced the KT entropy, we have no reason to believe that the subspace
whose dimension we just counted above is even approximately degenerate. Exact degeneracy is,
however, guaranteed within each irreducible representation of the PU(N) group. We now proceed
break up the fixed k subspace into irreps of PU(N) and compute their dimensions — we will see
that we find the same answer. Further, we show that the mistake in [38] that was pointed out by
[32] is subleading. Substantial parts of this section are a re-iteration of the work in [38], as well as
[32, 39], so that the calculation may be presented as a unified whole.

The irreps of U(N) are usually given by Young diagrams (YDs) with at most N rows. Each box
corresponds to a copy of the fundamental representation #7; boxes in the same row are symmetrised
and those in the same column are anti-symmetrised. We modify this prescription, following [38, 40,
41], to also allow for ‘anti-boxes,” which correspond to copies of the anti—fundamental representation
5. An example irrep, using green to denote the anti-boxes, is

Teg = . (3.2)

With these anti-boxes included, the conjugate representation is constructed by mirroring the dia-
gram along the horizontal axis. We can ensure that we are not over— or under—counting by restricting

— 11 -



the maximum number of rows to N/ 2.8

The irreps of PU(N) are then given by Young diagrams with an equal number of boxes and
anti-boxes. This equality ensures that the overall phase mode of U(N) acts trivially in this irrep.
So, for example, (3.2) has 3 extra anti-boxes compared to boxes — meaning that it has charge (—3)
under the phase mode. A valid irrep of PU(N) is

[ |

(3.3)

PU(N) _
Teg =

As pointed out by [32], the authors of [38] erroneously imposed the stronger condition that the irrep
be self-conjugate, i.e. that the YD be symmetric under reflection.

Once again, the group PU(2) = SU(2)/Zy makes for a simple example. In this case, the
fundamental is its own conjugate and so anti-boxes and boxes are identical. That there are an
equal number of boxes and anti-boxes is simply the requirement that there are an even number
of boxes; these are just the integer spin representations of SU(2), which are well known to be the
representations of SO(3).

States in the irrep are given by Young tableaux (YTs) — this is a filling in of the boxes with
numbers taken from {1,..., N} following a set of rules detailed in [40, 41]. Thus,

11 | @2 Z'3|i4‘

= span 5 | g Jastia € {1,... N} following the rules below.

7z,

Teg

(3.4)
The number in the (anti-)box denotes the corresponding basis element in the (anti-)fundamental
representation. The rules can be found in [40, 41]; they follow more or less directly from the fact that
two boxes in the same row are symmetrised and two boxes in the same column are anti-symmetrised,
along with the requirement that every basis element in the irrep have only one associated YT. The
two most important rules are

e Ry: The entries in both boxes and anti—boxes increase from top to bottom.

e Ry: The entries for boxes (anti-boxes) increase from right to left (left to right).

These follow from the fact that different YTs, e.g. ‘ 1 | 2 ‘ and‘ 2 | 1 ‘, would represent the same
state due to the (anti-)symmetrisation rules. Note that these two rules apply separately to the

boxes and the anti-boxes.

The new complication due to the presence of both boxes as well as anti-boxes is as follows. The

i ‘ > € singlet. (3.5)
i=1

Any fundamental and any anti-fundamental can pair up into such a ‘trace.” To define a true irrep
then, we need to project out such possibilities; [40, 41| use a third rule stating that “If (i) and

state

8More precisely, we have to restrict the sum of the number of rows and the number of anti-rows to be at most
N. The precise specification then depends on whether N is even or odd in an obvious way.
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7(i) are the lowest rows containing the indices i and 4, 7(i) + (i) < ¢’ to deal with this subtlety;
they exclude enough possible YTs that a trace is never possible but keep enough so that the irrep
space has the right dimension. We will not impose this rule, and deal with the possibility of traces
explicitly, aided by the fact that we are working in the limit of large N.

With all of this in place, let us return to the tensor product of k adjoints that we considered
in the previous section — this can be broken up into a direct sum of irreps of PU(N) with at
most kK boxes and Kk anti-boxes. For the moment, let us focus on the YDs with exactly K boxes
and anti-boxes. In the large IV limit, each of these irreps, in turn, can be written as a product
of an irrep r; with K boxes, and 7, with k anti-boxes. Let us first calculate the dimension, i.e.
the number of YTs, corresponding to the YD r;. A useful trick to do this counting follows from
a simple observation [38]: since the number of potential labels is much larger than the number
of boxes, repetitions are non—generic. Thus the number of ways to choose the labels is just (Jl\([ )
Such a Young tableau, constructed out of numbers with a total ordering, is called a standard Young
tableau (sYT) and labels a state in an irrep of the symmetric group Sk. Letting df'f denote the
dimension of this irrep of Sk, we have

dim %, = (]: > . (3.6)

Of course, the dimension df‘f depends on the particular shape of the irrep of Sk. An explicit
verification of this trick can be found in [42]. Using the same argument for the anti-boxes, we find

N 2
dim %, o7, = ( k) 3 d3x. (3.7)

Summing over all such irreps with k boxes, we find

2

2
> dim #er, = (Z:) Sk . (3.8)

r1,72 | k r|k

The sum is a standard result in combinatorics (e.g. see Theorem 8.26b in [43]) and the result is
called the k*" telephone number. At large K, it is approximated by [44]

> dx =kl (3.9)

r|k

The sum of dimensions of all PU(N) irreps with K boxes and k anti-boxes is thus
A 2 N\ 2K
Kl~|—=] |, 3.10
(k) ¥= () 510

Of course, it is not correct to sum over all irreps — degeneracy is only guaranteed within an
irrep of PU(N), whereas we have counted the dimension of a reducible representation. This is in

reproducing again the result of §3.1.
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fact the same unjustified step we took in §3.1. However, let us note something simple:

2

Yodk| ~k=(s =Y (d)°. (3.11)

r|k |k

In other words, at large K, the dimension of the irrep of Sk has zero variance, indicating that the
sum is dominated by a single YD. This is an old result [45]; they found that the dominant irrep
is roughly a right isosceles triangle with somewhat concave sides i.e., the longest column, row and
anti-row have approximately v/2k boxes each. This irrep is shown schematically in figure 5. This
domination by a single diagram is why we were able to sum over all irreps and still reproduce the
entropy of (2.19). Another interesting consequence is that our counting is actually valid in the
regime 1 < k < N2 and not just 1 < K < N as originally claimed.

O(vZE) O(VZE)
O(v2K)

/

Figure 5: The shape of the YD that dominates the counting of states in the k < N phase.

Finally, let us deal with the possibility of traces; naively, the count above includes states in
smaller irreps since we didn’t project out traces. Since a trace causes the number of (anti-)boxes in
the YD to reduce by one, the counting above shows that the number of these states is approximately
(N/vK)?=2 which is a factor of N2 smaller. Further, the leading corrections in the count just given
(from corrections to Stirling’s formula and the approximation we made for the telephone number)
is a factor of e# X, which is a correction of @(K) in the entropy. Thus, the uncertainty from the
shape of the YD (comparable to the correction in the telephone number) dominates the uncertainty
from the possibility of traces.

Since both the boxes and anti-boxes are dominated by the same irrep, the dominant irrep in
the full counting is self-conjugate. This is why our result agrees with the counting in [38] even
though they restricted their count to only self-conjugate representations. It is interesting to note
that in a very different context, the authors of [46] also found that the microstates of an incipient
black hole are related to YDs that are almost an isosceles triangle.

4 Energy

Having found that the dominant degenerate space with K boxes reproduces the entropy of KT,
we now calculate its energy. In §4.1, we decompose the Hilbert space in a useful way and set up
the Schrodinger equation problem that we will attempt to solve. To reproduce the fixed—charge
partition function (2.19), we proceed in two steps. First, in §4.2, assuming that within a fixed
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k sector the canonical and microcanonical ensembles are equivalent, we construct a state whose
energy matches the KT energy; the construction of this state is the central result of our paper. In
§4.3, we justify this assumption, arguing that the two ensembles are indeed equivalent within the
sector.

Section 4.2.3 contains the central new result of our paper: the construction of a state when
1 < k < N in the irrep that dominates the counting above whose energy matches that from (2.19)
on the nose. This state is a new, interesting bound state that is reminiscent of a black hole. We
explore this facet, and argue that the dominance of such a bound state is exactly what is needed
for the MQM to be dual to the sine-Liouville string theory, in §6.1.

4.1 Decomposition of the Hilbert Space

The Hilbert space of the MQM is

We will first decompose this Hilbert space into its eigenvalue and angular directions and then
“Fourier transform” the angular directions using the Peter-Weyl theorem. This has the nice benefit
of isolating the action of the PU(N) symmetry.

We decompose the matrix X as
X(t)=U®)A®)U{t) st Aij=Xdij, MER, i>j=XN>XN;, UecUDLNU(N). (4.2)

The conditions on the diagonal and unitary matrices are required to make the decomposition
uniquely defined — we explain each of them in turn. First, the eigenvalues need to be ordered
since we can always rearrange them without changing X by absorbing an element P, € Sy € U(N)
into U,

UTAU = (P,U)Y(P,AP})(P,U). (4.3)

Thus, denoting the space of N x N diagonal matrices by D(N), we require A € D(N)/Sy.°
Similarly, the U(N) needs to be left—quotiented by U(1)" to account for the gauge symmetry,

X=UAU=U"e"®Ae®U, 0 =00 (4.4)

The global symmetry (2.13) is given by a right—action on U, U — UV. There is also a left—action,
U — VU, which doesn’t commute with the Hamiltonian. The measure over the space decomposes
into

VXN — dV ) dU

- - 2 _ o -
Nl U)Y AN AN =TG- (4.5)

i<j
The two terms in the denominator are the size of Sy and the volume of U(1)" in the Haar measure;

we will henceforth absorb them into normalisation factors. A(\) is the Vandermonde determinant,
whose square is the Jacobian for this change of basis. Thus, finally, we have

QM = Hp(N) /sy ® U 1)N\U(N)s (4.6)

where the two factors are spaces of normalisable functions over the respective spaces.

9As we will clarify below, D(N)/Sy is not a strictly correct description of the space of As.
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Ap(Ny/sy can be thought of as the space of wavefunctions on the subspace of RY satisfying the
ordering conditions. To extend it to all of RY, we need to contend with the fact that permutation
of eigenvalues also requires absorbing a left—action into the unitary, meaning that the extension is
therefore not independent of the state in the angular directions. However, since we are interested
in the case 1 < k < N, we can forget about this subtlety and extend it to R as a symmetric
wavefunction [17]. Furthermore, because the inner product on these wavefunctions is

(o) = / AV A2 g () (M) (4.7)

it is conventional to absorb a factor of A()\) into the wavefunction to get completely anti-symmetric
wavefunctions (ignoring the angular directions) and a conventional measure for the inner product.

We will largely be concerned with the angular part of the Hilbert space, #;(1)~v\u(v)- This
Hilbert space can be thought of as simply #;(x) specified by a gauge constraint. To do so, we

first parametrise the algebra u(N) in the weight basis {Hi,Tij, ~ij ‘ i,je{l,...N}, i< j}. In
the fundamental representation, these basis elements have the matrix representations

(Hi)py = Okt Oki
(Ti5) 4 = Oni 015 + 61 Oy »

(i)kl = —1(0ki 015 — 013 Okj) - (4.8)

The generators T;; and Tij can respectively be thought of as the Pauli matrices o7 and o acting
on the two—dimensional subspace corresponding to i, j. To each of these generators correspond two
operators on #y(n), the left and right actions,

i3 L AL AL
e‘/[a”Tij""BuTij'i"ylHi ] ‘

U) =

b

eb[aijTij+BijTij+’YiHi}U>
TS+ TE ATy [Uemtle Tt oty (4.9)
Now, the subspace Hyy 1)~y () 1s given by
%U(l)N\U(N) = {|’U> = /dU ’U(U) |U> ’ v (eLeU) = U(U)}
- {|U> € H i) ] AE o) = o}. (4.10)

The second equation arises from the fact that the change U — ¢‘©U is implemented by the expo-
nential of ©% H;. We will refer to the gauge constraint as the zero—weight condition.

To implement this constraint, it is useful to use the Peter-Weyl theorem to go to the “Fourier
transformed” basis

r,a, B) = \/E/dU Dy, (UY|U),
U) =D Vdr Dis(U) 1.0 5) - (4.11)
r a,B

Here, r is an irrep of U(N), usually represented by a YD. «, 5 are two different, unrelated YTs
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filling in the YD corresponding to 7.1 In the N = 2 case, with standard SU(2) notation, the states
are |7, m,m’) and the coefficients are matrix elements of Wigner D-matrices. The change of basis
is unitary because of the orthogonality relations

A r L rr’ T r —
/ AU Do (UT) D35(U) = -0 dan s, > de D, (U DLg(U') = 5(U'T"). (4.12)

Toap

The most useful fact about these states is that they ‘decouple’ the right and left actions;
denoting by VI, V' the left and right multiplications by V respectively, we have

VL |'I", Oé,ﬁ> = ‘T7776> D:a(v)

VR |T’7Oé,ﬁ> = DZ‘?S(VT> ‘T,Oé,5>. (4]‘3)
Indeed, we see that the left and right actions act on the two indices (i.e. YTs) separately. We
remind the reader that the right action is a symmetry of the theory, and therefore the YTs denoted

by the § index here are the ones we counted in §3 (more correctly, in that case r was an irrep of
PU(N) — a restriction that we will impose presently).

In the Fourier—transformed basis, the zero—weight condition is
atir,a,B) = |r,, ) DI, (H;) = 0. (4.14)

We can simultaneously diagonalise all the weights in #;., and then just pick the zero—weight subspace
%T(O) as the span of all a(?) that have all weights vanishing. Thus, we have

Howmuw =P x0 © % = Span{ r,al, ﬂ>} : (4.15)

We emphasise that the zero—weight condition is a condition on the irreps of U(N) as well as the
states within the representations. In particular, there are irreps of U(N), like the fundamental
representation, that don’t contain any zero—weight states.

The set of irreps that contain zero—weight states are exactly the irreps of PU(N). We can see
this as follows: H; annihilates every basis vector of the fundamental (anti-fundamental) except the

it" one where it takes the value 1 (—1). Thus, the zero-weight condition is simply [40, 41]

Vi, HE[YT) = {# -+ } IYT) = 0. (4.16)

This cannot vanish for all ¢ unless the number of boxes and anti-boxes agree in the YD, as was
pointed out in [32]. This is an alternative way of deriving the restriction to irreps of PU(N). This
condition is actually stronger, and says that the boxes and the anti-boxes have to carry the same
set of labels.

To calculate the energy, we first decompose the Hamiltonian according to (4.2). Plugging in
the decomposition (4.2) of X into the action (2.12), we find

Iiqum = /dt tr BAQ —V(A) +% [UUT,A} 2} . (4.17)

103 should actually be considered a basis element in the conjugate irrep, but there is a canonical map and so it
can also be considered a YT of the same shape.
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Notice that the action contains UUT but not UTU. The operator UUT generates a change from the
left — (1 +dt UUT) U =U+dtU — whereas UTU generates a change from the right; the fact
that the latter doesn’t appear in the action but the former does is indicative of the fact that only
the latter is a symmetry. The Hamiltonian is

1 02 +T ij
H = XZ: |:_2A(>\) 37)\12 A()\) :l Z Owt )\ Y Ij POWt (418)

Once again there are only left—action generators in the Hamiltonian, and the weight operators
don’t appear at all, since the weights are fixed by the gauge condition. Py is an explicit projector
onto the zero—weight subspace; this is necessary because Tgw doesn’t commute with it in arbitrary
representations. We will drop the L subscript henceforth since the right—acting operators don’t play
a role at all. We will also drop the hats since only the quantum operators appear in the following
discussion. In what follows, we will find it useful to define

1 T2 + T2
Hyw=S Hy;,  Hy=-—Y_"4_ 4.19
s Z ij =y (O — >\j)2 ( )

i<j

where H,g is the Hamiltonian of the non-singlet sector. It has precisely the form of a spin-Calogero
model (see [47] for a discussion in the context of MQM), an integrable system that has been
extensively studied in condensed matter, MQM, and mathematics literature.

The singlet sector, which is annihilated by H,g, is just N non-interacting fermions. Denoting
the ground state of this sector by |0) its energy is is obtained by filling up N levels of a Fermi
sea of eigenvalues,!!

sing’

Eo ~ O(N?). (4.20)

In comparison, Hys scales with K < N? and can thus be treated as a perturbation [39]. With
H,s turned off, the Hamiltonian does not act on the angular directions at all, and there is a huge
degenerate subspace, given (after dropping the right—action index) by

Haegen = |0)ing @ span { ‘r, a(0)>} : (4.21)

H,s breaks this degeneracy, and we have to use the techniques of degenerate perturbation theory.
The perturbed energy levels are the eigenvalues of the operator Piegen Hns Pdegen; Where Pyegen
is the projector onto the degenerate subspace (4.21). Below, we will find that this will not be
enough to reproduce the KT partition function — the non-singlets will backreact on the eigenvalue
distribution in the dominant state. This is nonetheless a useful starting point.

The eigenvalue ground state is characterised by a phase space density function

o) = 5 0 (B - P V). (422)

Integrating over momenta gives the eigenvalue density function

1 1 VIE A
= —\2Er —2V(\) & —/—2up + N2 22V 2 (4.23)
™ ™ i

where EFrp = —pp is the Fermi energy we mentioned in §2; the double scaling limit of interest

11We subtract off this zero—point energy in the double-scaling limit.
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involves keeping up ~ 0 (1) as N — co. Here, we have replaced the quartic part of the potential
by a wall at A\, ~ O (\/ N ), since the precise form of the cutoff doesn’t matter in the large N limit.

The number of eigenvalues between \; and \g is [, ):\12 p(A)d\ — the eigenvalue density is then
normalised as'? \
/ p(A)dA = N. (4.24)
V2ur

We will for many purposes drop the prp—dependence in what follows, reinstating it only when
necessary. Any expectation value in the ground state |0>Sing is controlled by this eigenvalue density
—— thus, the projector Pyegen ensures that the part of H,s acting on the eigenvalues is determined
by this eigenvalue density.

Clearly then, the eigenvectors of Pyegen Hns Paegen have the form [39] (dropping the right-action
indices)

|07 L) {w}> = |0>sing ® Z Wy (0)

The distribution over zero—weight states has to be found by solving the eigenvalue equation

r, a<0>> . (4.25)

Hys |0, 7, {w}) = AE|0,r, {w}). (4.26)

We proceed to do (approximately) this.

4.2 A State with the KT Energy

We construct the state of interest in three steps. First, in §4.2.1 we review the calculation of the
energy in the adjoint sector [16, 32, 38, 39]. We then argue that, at finite N, a straightforward
extension of these methods to a state with a gas of 1 <« k « N weakly—interacting adjoints gives
an energy much higher than the KT value (2.19). This failure to reproduce the KT energy arises
from a trade—off between keeping the momenta of each adjoint low and minimising the interactions
between them; we find that reducing one in a straightforward way increases the other. An important
peculiarity of our approach is that we keep N finite for much of the discussion, taking it to oo only
at the end; the state of interest is more clearly isolated at finite V.

We then show that a ‘liquid’ state in which we ‘clump’ these k adjoints together has a much
lower energy in §4.2.2; however, its energy is still higher than the KT value. We describe this as a
liquid state because although the adjoints have condensed together, there is no appreciable barrier
for one or more adjoints to ‘spill’ out and leave the clump.

To get the KT energy, it turns out that we need to ‘solidify’ this clump, i.e. make it so that
there is a large barrier for an adjoint to leave. We solidify it by modifying the eigenvalue distribution
in a radical way by creating a large O (kl/ 4) hole in it; since the Fermi surface of the eigenvalue
distribution is the spatial direction in the string theory, and since we are positing breaking it up
into two disconnected pieces, we call this a “hole-in—the—world state.” This is a solid because any
adjoint that wants to leave has to tunnel across the hole in the world — this has a large cost and
thus prevents adjoints from spilling out. This is the content of §4.2.3.

12The RHS should really be N/2, since the potential we have written down has two wells; this fact will not matter
in our discussion.
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4.2.1 A Gas of Adjoints

A Single Adjoint

We begin by reviewing the calculation in the adjoint (k = 1) sector [16, 32, 38, 39]. The zero-weight
states are given by ), wy ‘ >, with ), wyp = 0. The action of the algebra generators on
this state are (i < j)

v, | L)) = 0| 1) + )
7, | ] ) =0 50| B]) - )
o5 | ) - 73 | L) -2 0n -0 | WL G0 )

Thus, the eigenvalue equation becomes
Z ()\ _ )\ 2 ‘O sing ® ’ - > =AF |Ovadja {w}> (428)

This can be rewritten as the integral equation

)—w()\/) ) Ae _
AEw()) = 2 / [ e s /md)\ p(N) () =0, (4.29)

where the & means that the integral is evaluated using a principal value prescription (which follows
from the ¢ # j in the sum). As pointed out in [16], it is useful to shift to the following variables,

A 2>V log A +.... (4.30)

2 VEF

Matching the normalization condition (4.24) in these variables then gives, 7, ~ % log (N/up). The
eigenvalue equation then becomes [16]

1
1 N 5 log(N/pr) /
AEh(r) = (log 2 2rcoth T) 96 / 7’ % (4.31)
2 1F log(N/m sinh” =T

h(\) = p(Mw(X) and 7= cosh™*

This last term can be thought of as a kinetic term, whereas the rest can be thought of as a
potential term. The kinetic term can be Fourier transformed to give \/ﬁ (1+ wpcothmp) h(p).
This eigenvalue equation was explicitly solved in [48]; we will not use the details of this solution.

Taking A > ,/ur, all the coths can be approximated by 1 and this Hamiltonian becomes just

N

Hipe = log (4.32)

\/7 |p|7
where p is the momentum operator that we defined implicitly by the Fourier transform of the last
term in (4.31), and we have gone back from 7 to A.

A Gas of Adjoints

We first consider states where the distribution of matrix eigenvalues is perturbatively close to the
singlet sector ground state, and where the adjoints are well-spread out and weakly interacting, as in
figure 6. To be more explicit about what we mean by interaction, consider the effect of Tfj + Tf] on
a state with multiple fundamentals and anti-fundamentals. Because the Hamiltonian comes with
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Figure 6: A gas of adjoints. We have drawn an adjoint at eigenvalue A as a purple dot in the
position in the Fermi sea where the corresponding eigenvalue is. By a gas, we mean that the
wavefunction approximately factorises into a product of wavefunctions of individual adjoints. The
wavefunction above each dot is placed to remind the reader that the adjoints are not localised.

projectors onto the zero—weight subspace, we only consider the branches of the action that result
in terms within the zero—weight subspace.

We take YTs of size 2 as an example. Suppose we take the YT

. (4.33)

Defining
T2 4 T2
ij ij

—2, (4.34)

T =

when k # i, j we have

2 )
P22 )

We notice that the action of any generator that rotates an index appearing within the YT to
one not appearing within the YT decouples into independent action on each box—antibox pair that
share an index. We can therefore treat these terms as K copies of Hip in (4.32).

We now analyze the action of |T¢j|2 where both indices 4,5 appear in the YT. For simplicity,
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we first consider a YT where the boxes labeled ¢ and j share neither a row nor a column.

g ik AA A

> au > (436)

1 H >
Taking apart this equation, we see that the first two lines on the RHS correspond to the H;p¢ action

|2 on the i boxes and the j boxes respectively. The third line contains
a new action — one that exchanges the i and j anti-boxes in the first term and the 7 and j boxes

T/

+

+

. g
o

we would expect from |7},

in the second term. Thus, the last line is generated by an exchange operator, which we denote 4;;,
and suggests that the interaction term between boxes is given by the ‘cross’ term

He=Y (Ai—fA) (4.37)

)

We now check that this works for states where ¢ and j share either a row or a column. Returning
to two—box representations for simplicity, we find

BB )

T

) |l)

+ - — - + (4.38)
o B

+ - + - .

The LHS is equal to zero because the columns comprising the boxes and antiboxes are singlets
under rotations from ¢ to j. The RHS is equal to zero due to the antisymmetry properties of the
YT states. States corresponding to YTs with two i’s/j’s in the same column vanish, and the states
appearing in the third row on the RHS cancel the first two states of the first two lines due to the
anti-symmetrisation. We may again decompose this action into the sum of the H;p action and
an exchange operator, neither of which vanishes separately. A similar analysis can be done for the
other possible combinations we can have of boxes sharing rows and columns, and we find that we
may decompose the non—singlet Hamiltonian into

Hns = Hdir + HXa (439)
where Hg;, is the sum of K copies of Hip, and Hy is given by (4.37).

With this decomposition of the Hamiltonian in hand, we now search for wavefunctions of the
labels of the dominant representation (figure 5) that match the KT prediction for the energy. We
first present several general types of non—singlet excitation configurations on the singlet saddle point
eigenvalue distribution and demonstrate why they fail. Then, we will resolve these confusions by
showing that a certain class of states introduces a violent deformation of the eigenvalue configuration
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Figure 7: We can reduce the energy. at finite N, by clumping the adjoints together inside the
Fermi sea as shown here.

which precisely lowers the energy enough to match the KT result.

We first consider wavefunctions where the labels are taken to be well-separated, i.e., the maxi-
mum label that is allowed to appear in the YT is 4., > K — this allows us to neglect the cross—term
to leading order. This state can be likened to a gas of adjoints. Due to the antisymmetrisation
rules of the YT, we need at least O(v/K) different labels for its construction. Since 7 takes values
in a range of width log N, the spectrum of the momentum operator p has a spacing of 0 (1/log N).
Pauli exclusion then pushes labels up into states with a typical momentum of at least p ~ +——
The energy of such a configuration then scales as

k K3/2
Ek:%log]\H_@(logN)' (4.40)
The leading term in the above expression comes from the oc log N term in Hg;, (4.32). The  log A2
term can be ignored because of a subtlety in the order with which we take limits—for a fixed N, we
populate the gas by choosing k (< N?2) eigenvalues to label the adjoints. We then take the large
N limit, whilst keeping these labels fixed. Thus the contribution from the o log A2 term does not
scale with IV and can be ignored to leading order.

If we assume k'/2 < O(log N) we can certainly find states with the KT energy where the
non-singlet excitations are spread out as described above.!? However, once K crosses this bound,
the kinetic energy on its own is much higher than the KT energy. Indeed, in the the double—scaling
limit of interest, K = O(N?) and so such a state likely exists. However, there is nothing special
about the state with energy (27) 'klog N/v/k and we have no reason to believe it will dominate
the partition function.

As aresult, we are forced to look for other classes of states where the momentum and interaction
cancel each other (the potential energy is strictly positive and can’t cancel the kinetic energy). This
is what we turn to now.
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4.2.2 Condensing the Adjoints into a Liquid

We now show how to use the interactions to cancel the large momentum contributions and achieve
a state with a much lower energy. Our strategy to do this is to kill significant subsets of the U(N)
generators by considering states that are singlets under subgroups of U(N). In analogy with the
‘gas’ of adjoints that we described described earlier, we think of this as a ‘liquid’ solution, where
the adjoints are clumped together as in Figure 7 but there is no significant barrier against them
‘spilling out’ of the clump.' This is an intermediate step in our analysis — as we will see, this
reduces the energy but still gives a larger value than the KT energy (2.19); this ‘liquid’ state never
dominates the partition function and should not be regarded as an intermediate phase.

The interaction term between a box—antibox pair with index ¢ and one with index j is the
positive operator |T;;1?/ (\; — ;). Thus the way we minimise its contributions is to construct a
state that is annihilated by as many of the operators T, T as possible. As a start, we first consider
YTs with all indices taken from the set {1,...,v} — this ensures that all the generators with both
indices larger than v kill the state. Further, as we explain below, we can ensure this state is an
U(v) singlet — this results in all the generators with both indices in {1,...,r} also annihilating it.
Thus, the state that we are after is a singlet of the subgroup U(v) x U(N — v). We note that if we
are interested in the approximately isosceles YD that dominates the entropy, we need

v > Vak, (4.41)

since this is the size of the largest (anti—)column (see figure 5) and different boxes in a column must
have distinct indices (otherwise they can’t be anti-symmetrised).

Now we turn to constructing a U(v) singlet. Such a singlet in the adjoint sector is simply a
trace over the subset of indices,

IESNE L (1w On—wxw
'”>Eﬁ;’> H ﬁ(oyx;y ONNVX;)‘ (4.42)

where the matrix on the right is the wavefunction written as a two-index tensor.!® The state we
are interested in is k copies of this U(v) singlet (4.42), projected into the irrep of interest.

That the state remains a U (v) singlet after the projection is clear by the fact that the generators
act irreducibly within each irrep, and so the state can only be annihilated by any generator if each
projection is; schematically, for any generator 1" we have

() F ) = P ™

r € adj®K

Y)=1 = T.P.|¢)=0. (4.43)

Further, the projection is unnecessary, since we know from the discussion in §3.2 that a single irrep
dominates the tensor product of k adjoints. One can check using the same techniques that the

2
dimension of the zero—weight subspace of the dominant irrep is <I|Z ) - (\/W) = NK, which is the

13The minimum spreading required goes to the entire eigenvalue distribution as vk — log N.

140nly a few adjoints can spill out without a high energy cost.

15This state isn’t exactly in the addjoint irrep — for instance, it has a non—zero inner product with the state
Inyxn/VN, which is a U(N) singlet. However this inner product is /v/N < 1, and so we can safely ignore this
subtlety.
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dimension of Kk zero—weight adjoints. Thus, the the U(v) x U(N — v) singlet of interest is merely,

v ®k
I, k) = [1) %K = (%; ‘ >> ’ (4.44)

and the liquid state is therefore given by,
00) = [p(A)) @ [v,K) . (4.45)
Written in terms of YTs in the dominant irrep, this state is a uniform superposition over all
reflection-symmetric (i.e. self-conjugate) YTs with indices in {1,...,v}.1

We can also check this last point explicitly by calculating the value of the second Casimir and
its standard deviation in the state. The second Casimir is

Cy=> -1 -2

1<j

gy +T ZHQ (4.46)

The only generators that don’t annihilate the state are those with i < v,j > v; and each of these
can act on any of the 2k (anti—)boxes. Its expectation value in the state above is

2k
(0] G2 [0r) = = D> 1 2kN +0(kv). (4.47)

i<v,j>v

which can easily be checked to be the value of the Casimir in the dominant irrep of Figure 5, using
standard formulae found in e.g. [49]. However, this is not enough; we must also check the variance
to make sure that it has a small spread in irreps. By a similar logic as above, we find

(G ~ (Co)f (4.48)

and the variance is therefore subleading. All of this is concomitant with our result in §3 that one
irrep dominates the product of many adjoints.

The expectation value of the non-singlet Hamiltonian in this state is

(o)t = (Ou] HnelO1) = ( <\> 42(? (Z‘>>
(4.49)

We need only consider the case when j < v, k > v, because the state is annihilated by all the other
generators. The action that contributes to this expectation value is the one where both operators
in each T2 act on the same (anti-)box. This gives

AN
Z Z v _Ak / dx/w dA pA Af;). (4.50)

16 A zero—weight state in any fixed irrep can also be written as a tensor T (1) w0 where o is a permutation in
U

Sk and the symmetry properties of the upper (lower) indices are dictated by the shape of the YD (anti-YD). This

tensor is the wavefunction on the space of YTs. The wavefunction of |v,K) is zero if any of the indices ij - - - ik is

bigger than v or if the permutation o is not the identity element of Sk, and 1 (up to a normalisation) otherwise.
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Here, ); is the value of the i*" eigenvalue, which is the solution of the equation

/M p(\) dA = i. (4.51)
0

Let us plug in now the vacuum eigenvalue density p(A) = \/7. We find

k A Re
(Hasht = 5= [[AX + (2 4+ X%) log |A = X] }Ml
Kk

%

575 {2 Mgt + A2 log Ae — (A2 + A2, 1) log(Awg1 — M) + A2, log Apgn b (4.52)
To simplify this further, we have to use the facts that A\; = V27 and A\,41 — Ay ~ \/§ in the
vacuum eigenvalue density. Thus we find

k
(Hps) = Py <1ogN + glog k> + O0(K). (4.53)
™

The UV divergence coming from A, 11 approaching A, , while of the same magnitude as the sublead-
ing term in the KT energy, causes the subleading term to have the wrong sign. The UV divergent
term is the penultimate one — ()\,% + )\12,4_1) log(A,+1 — Ay); this is a positive quantity because the
argument of logarithm is small. This divergence is the last remnant of the large kinetic energy
discussed in the previous section, and it seems we cannot push this contribution lower without
drastically modifying the structure of the UV cutoff in the emergent geometry.

In summary, in our efforts to use the interaction between the non—singlet excitations to eliminate

as many of the |T};]*’

s in the Hamiltonian as possible, we were forced to introduce a sharp cutoff in
the non-singlet distribution. This sharp cutoff functions as a domain wall between a region dense
with boxes and a region with no boxes, and the UV divergence can then be thought of as a domain

wall energy.

We have not been able to conclusively prove that there is no state in the unperturbed eigenvalue
distribution that matches the KT energy in the regime where k > log N. There may still be room
for careful interplay between the cross term and direct term in the non—singlet Hamiltonian to
cancel the large kinetic energies seemingly forced on us by Pauli exclusion. However, the methods
we have considered have not yielded a way past this obstruction. In the next section we show
how allowing the domain wall described above to violently backreact on the background eigenvalue
distribution, ripping a hole in the emergent geometry, eliminates the UV divergences and lowers
the energy to precisely match the KT result.

4.2.3 Freezing the Liquid by Blowing up a Hole in the World

We now show that there is always a bound state for 1 < k << N? — the same regime where the
entropy calculation is valid — whose energy matches the KT value (2.19). This state is one where
the non-singlet excitations have backreacted strongly on the eigenvalues, creating a large gap in the
eigenvalue distribution. Since the bulk spacetime on which the string theory lives is formed by the
eigenvalue Fermi sea (up to a non—local integral transform), this configuration is like a hole in the
world; we call it the hole-in—the-world state.!” Blowing up a hole in the world naively seems to be

17This might not be precisely a hole in the string theory, due to the non-local integral transformation relating the
eigenvalue and dilaton directions. However, as we discuss in §6.1.1, there are indications of hole-like behaviour in
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in contradiction with the string theory, but we argue that this hole is exactly what is needed for a
duality with sine-Liouville string theory in §6.1.1.

The hole-in—the—world solution can be motivated by the following numerological observation.
Rearrange the terms of (4.52) as

k

272y

Ay
Fns {—)\V g1+ A2 log Ae — A2 log (A1 — Ay) — A2, log (1 — ) } . (4.54)

)\1/+1

The last term here gave a large positive contribution to (4.53) because \,11 — A, < 1 in a smooth
eigenvalue distribution, and this made the energy exceed the KT value (2.19). Numerologically,
these terms can add up to the KT energy if we allow the eigenvalues A, and A, to differ by a
large amount,

k N
M1 =M =X, -0(1) =k 6(1) =  (Hyu)— —log— +06(k). (4.55)

2m vk
Here we’ve again taken v = @(\/E) and Ay, A\yy1 =0 (k1/4). This is a radical change in the eigen-
value distribution, demanding that there are no eigenvalues for an 6 (k'/*) region of eigenvalue space,
as shown in figure 8. Denoting the new eigenvalue distribution by p,(A), the hole-in—the—world

state is given by
10) = [pn(N) @ 1K) - (4.56)

The remainder of this section is devoted to arguing that there is indeed an approximate eigen-
state of the form (4.56) that satisfies (4.55). Since this state differs radically from other considered
previously in the literature, we should treat it with care. We begin with a more general variational
ansatz and show that the variational principle leads to the hole-in-the-world state we described
above. This is a rather technical exercise and readers interested only in the main physics points
may safely skip to §4.3.

We now modify the eigenvalue density to

) A+n/(A) 0<A<)
Pn(A) = —30 A <A< A - (4.57)
A+n(d)  A> A

The functions n,n’ are constrained by

Ac )\2 _ AQ A1 Ac
/ pmNdA=N — % = / n/(A) d\ + / n(A)dA. (4.58)
0 0 A

2

We will minimise the energy over the parameters A1, A2 and the functions n, n’. We assume that
the maximum value of the eigenvalue A\, = /27 IV is not modified.

To calculate the energy of these contributions, we first review the calculation of the energy in
the singlet vacuum, using the phase space density as in (4.22). The eigenvalue density is given by
integrating over the momentum, and the energy by integrating the Hamiltonian against this phase
space density. Setting pr = 0, which we are now allowed to do, the integral is over |p| < A.

the string side as well. We argue that the scattering and bound states of sine-Liouville theory are excitations to the
right and left of the hole respectively.
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Figure 8: A visual representation of the hole-in-the-world state, showing the new eigenvalue
density (4.57). The coloured eigenvalue are host to non-singlet excitations and the uncoloured ones
are unoccupied. \,, A,41, and A, 1 — ), are all O(k'/4). Here, we have taken the double-scaling
limit N — oo.

The energy difference between the new and the old eigenvalue distributions is
1 Ae Tpn(N) 2 )2
AFeig = 7/ dA- 2/ dp r-_2 (4.59)
2T 0 wp(N) 2

The factor of 2 comes from the fact that we have to sum over both positive as well as negative
momenta. We find

1 A1 / Py )\4 1 Ae
AEg, = %/0 dA n? (’; + >\> + 2 el n? (g + A) . (4.60)

The term in the middle is the cost of scooping out the eigenvalues to create the hole — it is a
positive term because the original energy of these eigenvalues was negative.

The non-singlet energy with this new density of states is found by plugging in the new density
of states into (4.50). This gives

A1 / n A1
= (0| Hys |0) = —/ dA’A d)\ (' + o )S)+ ), 1/:/0 pn(N) dA. (4.61)

The n, n’-independent part was discussed in (4.55), modulo the fact that the scalings taken there
have not yet been justified. The n—dependent part of this is

k [ AL A k[, [ n(\)n/ (V)
Ens‘n = 7T2 N d)\ n()\) |:10g (1 — )\) + )\ — )\1:| + @/Ov dA N d)\ W, (462)

and its n’~dependent part is

k M A N k M Ae (M) n!(N)
=— [ AN /(\) |1 ¢ — [ A | a2 (4
' 2 m ){Og)\2—>\’+>\2—/\’}+ﬂzl//o /,\2 (A —\)? (4.63)

EHS

" TV Jo
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Because of the large log A\ ~ log N term in (4.63), minimisation requires that we set

/ " n/(N)dN = 0. (4.64)
0

In other words, all the eigenvalues we scooped out between A\; and Ao get sent to larger eigenvalues
— this makes sense since the repulsion wants to send them far away and there’s a lot more space
at larger eigenvalues. The ones to the left of the hole can move around but stay to the left of the
hole. In particular, this means that

A=A, =V2v (4.65)

as was the case even in the old eigenvalue distribution.

To minimise the energy, we have to minimise the ‘action’

A 2 2 e
« c A A « v
E=AFE,, +FE,s — — A)dy— 22 L ——/ ") dN 4.6
& 2T (/\ n(A) 2 ) 2w Jo n () ’ (4.66)

2
where a, o are Lagrange multipliers. Setting 0E/dn,d0E/dn’ to 0 gives
n(\) = VAT a— B - A,
n'(\)=N2+ o = B(N) =N, (4.67)

where

BN _ ko M M /Al , ')
e p B C W A v W AL AN S S Ul

pN) _ Kk / N A n(A)
o 7TQV{Iog()\Q)\)Jr)\z_)\/Jr/)\2 d/\(/\_w}- (4.68)

Now we have to plug in these solutions into the constraints to solve for the Lagrange multipliers.
The constraint for n is easier to deal with, because the integral has a large IR region A > A; 5. At
large A, the n'~dependent term in J is effectively proportional to [ dX n/(\) = 0, up to corrections
that scale with A?/A2, and the 1/ contributions from the first two terms cancel each other, giving
B(N) ~ K/v-A2/A2. Thus, at large A, we find that n ~ «/2). Plugging this back into the constraint

to solve for o gives'®

_ =X
~ log Ae

= n%/\{ 1—ﬁ>(\2\)—1}. (4.69)

Close to the hole, this quantity is negative and we have thus found that the non—singlet interaction

pushes the eigenvalues away from the hole. Far away from the hole, it vanishes. Since A1/A2 < 1,

we expand in A\ /A to find

A k A2 k A2 k

Mz - na— L (4.70)
27 212y \2 4m2p A3 2w A3

18Here, we are assuming that log N > vk, consistent with our interest in the double-scaling limit. It can be
checked, by not dropping the « term in this equation, that this is not necessary for the main result of this section to
hold. We will use this fact in the discussion to follow.
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Plugging this into (4.68) and expanding in A'/Aq gives

! k klog A
5 ~———log s, n' ~ \//\’2—|— og 2\ (4.71)
27 v 2v
The constraint (4.64) can only be satisfied if
n=0. (4.72)

It is straightforward to plug (4.69) and (4.72) back into the energy (4.66) to find

SR
127

E =

k ) Ao ) A
— 1 — A5l 1-——1. 4.
l/ |: )\1 AQ + )\1 Og )\2 — )\1 AQ Og ( )\2>:| ( 73)

Here, a is an 0(1) factor. To minimise with respect to A2, we set the derivative with respect to Ay
to 0, giving the equation (setting A2 = 27v and not keeping track of coefficients)*”

2

Ozal/\5

k k - 1/4 _ 1/4
+a2)\2+a3\f—|—a4m—@<k ) — ﬁ,AQ_@(k ) (4.74)

With this scaling the last three terms are all ©(k3/4) and the first term is smaller. We can now
check with this scaling that the energy is
k

N
EF=—log—

2 108 0. (4.75)

Fluctuations in the Energy

Since this is not an exact eigenstate, we should also check that it is an approximate eigenstate of
the Hamiltonian by calculating the standard deviation of the energy. Since the eigenvalue sector
is in a classical limit (which is why we could use the language of eigenvalue densities), it doesn’t
contribute to the variance at leading order.

To calculate the variance due to the non—singlets, we first consider the action of the non—singlet
Hamiltonian on one copy of the U(v) singlet, |v),

Hy|v) = V)= — ‘->_’->

B (A — )

%

]<ll k>v

= 2 oy LD - XX o [ - )

i<v k>u k>llj<ll

Sl-

=y =Bk

19We have dropped terms arising from the derivatives of the logarithms for brevity. Because we are only interested
in the scaling of A2, it is easily checked that the addition of these terms don’t change the result.
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Converting the o; and 8, to integrals give,
Ae pn(N) 1 Ae A
aj:/ d)\2:{log + 4 },
Aog1 (A=2Aj) m Akl —Aj  Augr — A

o pn(N) 1 A 1
5k_/0 dxm_; log(l—Ak)-i-l_)\V—l . (4.77)

Ak

Acting on the hole-in-the-world state |0), the Hamiltonian gives

Kk
Hus[0) = [pa (V) © (Z WP e ) e |v>®<k”> : (4.78)
r=1
The expectation value of the Hamiltonian is

(Hys) = gzaj

ka. (4.79)

Now we can calculate the two—point function of Hy

k k\ _
OUZI0) = e )17 = 3 | S+ 2 | +2(5) o (430)
J k

The first term proportional to K/v is from the terms where both copies of H,s act on the same
adjoint, and the term proportional to (g) comes from the case when the two H,’s act on different
adjoints. The variance is

(HE) = (Hae)® =K(a—a)"+ 7 37 6} (4.81)
k=v+1

where the overline means the average over the first v eigenvalues. The two terms can be calculated,
as always, by converting the sum into an integral

K(a—a)® ~ K o(k), (4.82)
K o )
=D Fi=0(K), (4.83)
k=v+1
= (H2) — (Hyps)? = O(K). (4.84)

Thus, the standard deviation is O (\/R), which is significantly smaller than both the energy
and the corrections to it that we have not kept track of. We can then safely conclude that the

hole-in—the-world state is an approximate eigenstate whose energy matches the energy found by
KT (2.19).
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4.3 The Fixed—Charge Partition Function

We have isolated a particular bound-state within the dominant PU(N) irrep, so we have picked one
state out of a possible NK.29 Further the considerations in §4.2.1 and §4.2.2 together provide some
(inconclusive) evidence that this is more or less the lowest energy state in the sector. However, our
Hamiltonian derivation of the KT partition function is not yet complete. This is because this state
may not dominate the partition function, since in general the interplay of energy and entropy can
cause a higher energy state to dominate the partition function.

The hole-in—the—world state has two free parameters that the analysis in §4.2.3 did not fix, the
position of the hole’s edges A1, A2 and the modification of the eigenvalue distribution to its right
n(A). All we found was that the former is 0 (k!/4) and the latter has the asymptotic form (4.69).
Thus, the number of orthogonal hole-in—the-world states grows polynomially with Kk, giving an
entropy ~ logk (apart from the large entropy discussed in §3). Thus, we have to check if there are
any other states such that

S —27rRE > —Rklogﬁ+@(k), 1<R<2. (4.85)
vk
The condition on R comes from the string theory [11, 12]. Since R is an O(1) number, all we need to
check is that the energy cost of excitations outweighs the entropy cost. There are two sorts of states
to check, excitations of the solid itself and states where we let all or part of the solid evaporate into
the large eigenvalue region.

There are roughly \/Ek states that are excitations of the solid. The count of states is the
dimension of K zero—weight U(v) adjoints. Thus the entropic advantage here is ~ klogk. To
calculate the energy cost, we use the result (4.72) that the eigenvalue distribution doesn’t get
modified within the solid. We start with the observation that compressing K vortices into a region
of size i log kK in T—space will lead to kinetic energies of order %. We now evaluate the variance due
to the interactions around this large kinetic energy by noting that the exchange operators appearing
in the numerators in the cross—term have precisely one positive and one negative eigenvalue of unit
magnitude. We therefore model a generic contribution from the cross term as a random walk — each
pair of boxes located at eigenvalues i, j will randomly contribute either (A; — A;) ™2 or —(\; — \;) 72
to the energy. The number of steps in the random walk will be the number of pairs of boxes —

k?/2. The mean square of the step size is evaluated as

),
Ky

Here the 1/k factor comes from averaging over K pairs of eigenvalues inside the solid. The random

1/4 1/4
k k 1

/ I ~ 1/4
)\dA/O N dA G 6(kM4y. (4.86)

walk approximation therefore implies that the standard deviation in the cross—term energy goes
like
AEy ~k-k'® ~ 0(K®). (4.87)

Thus, we have determined that the typical energy in this class of states is O (E)Zf() + @(k9/8), This

dominates the entropic contribution to the free energy of 0(klogk), showing the ground state we
have picked out indeed dominates the partition function.

20We have factored out the degeneracy discussed in §3. The number NK can be derived by the argument above
(4.45).
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We can perform a similar analysis if we allow the box labels to range over the entirety of the

k
eigenvalue range, from A\ = 0 to A = v27N. There will be (%) such states, with a typical
1';:12\[. The energy will again suppress the contribution from these states provided

klog N < {£°C i when

energy of order

k > log N. (4.88)

We saw a similar but stronger condition in §4.2.1 as the condition that there are no gas of adjoints
states with the KT value of the energy. Thus, we have found that the bound state above genuinely
dominates the partition function at k > log N.

Unfortunately, however, (4.88) is not satisfied in the double-scaling limit, where we expect
k ~ 5ﬁ = O(N"). This is natural, since in the double-scaling limit the black hole is not in a
finite-volume box and so should evaporate, whereas when (4.88) is satisfied there is a box with finite
size relative to the black hole. However, as we argue in the following section, the hole-in—the—world
state is nevertheless metastable when kK = 0 (N 0), with a lifetime that grows polynomially in k.

This leaves the question of why this state should dominate the partition function in the double-
scaling limit. We have not been able to reach a definitive understanding of this question. If we
calculate the partition function after taking the double-scaling limit, the partition function is dom-
inated by state where A1k ~ O(N), since in these states the non-singlet term in the Hamiltonian
is suppressed. However, these are states in which the adjoints are infinitely far away, and the bulk
theory is the same as in the singlet sector. Thus, we conjecture that the correct way to do this
calculation is to first calculate the partition function at finite N and then take the double-scaling
limit in the final answer. In this order of limits, the dominance of the hole-in-the-world state is
clearer. It would be interesting to return to this question in future work.

4.3.1 Evaporation Rate and Page Time

Let us now calculate the lifetime of the state above in the double-scaling limit 1 < k ~ N°. We
will find that it grows polynomially in K, which, as we discuss in §5, we may consider to be a
renormalised mass .

The action of an infinitesimal amount of time—evolution on the state yields just a phase with
high probability, since it is an eigenstate, and with a small probability, a state where one adjoint
escapes, i.e.,

eHnse |y K) = e P\ /T — 1 |1, K) 4 1ey/r [, K — 1) @ |free adjoint) . (4.89)

There is also a slight rearranging of the adjoints within the solid, as given by the o term in (4.78);
the branch where the adjoint escapes is the one proportional to the Sis in the same equation. We
ignore the a; branch for simplicity of exposition, but the following discusion is not modified by its
inclusion.

The second branch in (4.89), where a single adjoint escapes, is illustrated in Figure 9. Because
the hole-in—the—world state is an approximate eigenstate, the second branch has a much smaller
amplitude that we have denoted by +/r. r, which we may call an escape rate, can be estimated
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straightforwardly to be?!
r=(H2) — (Hy)’ = k. (4.90)

The log of this escape rate can also be thought of as the imaginary part of the energy of the state,
and the lifetime of the state can be calculated using formulas for that of a resonance.

p(A)

&>

Y

2up Av Av+1

Figure 9: The evaporation process of the solid — an adjoint jumps out of the solid and into the
rest of the Fermi sea.

We adopt a more direct method here. Upon n steps of time—evolution, we find
(€)™ |1, K) = e Fren (1 — )™ |1, K) + tney/r v,k — 1) @ |free adjoint) + 6(e?) . (4.91)

Thus, we see that the branch where a single adjoint has escaped has an 0(1) amplitude after time

1 1
t ~ ~N — ~ — 4.92
esc ne \/F \/R ( )
The inverse of this quantity is the evaporation rate of the black hole.
Since there are k adjoints, the time for most of them to evaporate is
k
tPage ~ / dK tese(K) ~ V. (4.93)
1

We may consider this the Page time of this black hole.

The inclusion of a third branch in (4.89) corresponding to the «;s in (4.78) doesn’t modify this
discussion because it contributes to the variance at the same order, and so that rearrangement of
the adjoint distribution becomes important on the same time-scale.

a c
c* b
etHe|0) = etac (1 — §|c|2> |0) + tec|1). Comparing with (4.89), we see that r = |c|2. It is also easy to verify that
(0|H2|0) — (0|H|0)2 = |c|? in this two-state system.

21Consider a Hamiltonian H = ( ) After time-evolution by an infinitesimal time e, the state |0) evolves to
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5 From the Fixed—Charge Ensemble to the Grand Canonical Ensemble

The partition function that [11] calculate isn’t in the fixed—charge ensemble but in a grand canonical
ensemble,

Z(3) = /U . dQ Noltrre 2] 7). (5.1)

where Z(Q) is the partition function with twisted boundary conditions X (3) = Qf X (0) Q. In this
section, we verify that our results are consistent with theirs and attempt to shed some light on the
question of whether the PU(NN) symmetry is gauged or not.??

Let us first assume that the PU (V) is a global symmetry and show that our results are consistent
with those of [11, 12]. Since the twisted partition function is a class function [32], we can decompose
it into fixed PU(N) irrep sectors as

z(Q) =3 % d(rQ) Z,. (5.2)

Here, the characters are normalised so that

(1) = d,, / A s () s () = 11 s - (5.3)

The factors d,. of the dimension of the irreps ensures that

Z(]l) = Z Z, = Ztr%“ e PH — tro (@ e_ﬁH> =try e PH s (5.4)
r r Hr

meaning that Z(1) is the trace over the entire Hilbert space and Z, is the trace over the fixed—irrep
Hilbert space #,. Here, unlike in some earlier section, %, is not the irrep Hilbert space but the
space of all states that transform in the irrep r — in a hydrogen atom where the irreps are labelled
by I, % is spanned by states with all n, m indices consistent with /. This justification for the factor
of d, is only sensible in the case that PU(N) is a global symmetry. We now show that the fixed
irrep partition function we have found results in the partition function of [11] after the convolution
(5.1) and a crucial renormalisation.

The first step is to expand the exponent

worna) _ o= (Na) K (k+K K
eNov{trattral}y _ > ((kar)k')' « (tr )" (trQfH)" . (5.5)
k,k’=0 ’

Using the fact that Z(£2) is independent of the global phase mode of © (by definition), we can
integrate over it to find

o0 N 2k
/ eN;&b{trQthr Q‘L} — Z % (tr Q/)k (tl" Q’T)k , (56)
U(l)centre k:() (k!)

22We thank Juan Maldacena for sharing some unpublished notes which directly inspired this section. Some of the
statements were sharpened due to discussion during and after a talk at the Tata Institute of Fundamental Research,
and we thank the audience there for the discussion.
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where ' is valued in PU(N). The integral over the phase mode is proportional to dk k. So we
have, renaming Q' — Q,

Nﬁb 2k k t k XT(Q)
i /PU(N) (tr Q)" (tr QF) ZT:TTZT' (5.7)

The next step is to do the €2 integral

1
dT'1 dfz

R 7o () Xy () (5.8)
N

Notice that we are integrating over all of U(N) and not just PU(N) — because the integrand is
invariant and we aren’t keeping track of normalisations, this makes no difference. We have also
written the irrep r as the symmetrisation of an irrep 71 of the boxes and an irrep 75 of the anti-boxes.
At leading order in large N, we can forget about the symmetrisation and take the full irrep to be
simply 71 ®73.23 Now, Schur-Weyl duality states that k copies of the fundamental decomposes into
irreps with K boxes in the YD with multiplicity d&sk) equal to the dimension of the corresponding
irrep of Sk. For the characters, this implies®*

f=Prvw) @5, = Xpox = > dx,. (5.9)
r|k

The symbol 7|k denotes the restriction to representations with exactly k boxes. Thus, for rq,ry
with k boxes each, we find

1 Sk dSx N\ 72 (k)2
rak ()X (Q) =7 212 o . 5.10
dr1df2 /U(N) Xf®k®f®k( )X ! 2( ) drldr2 (k> N2k ( )

Here, we’ve used (5.3) and (5.9) in the first equality and (3.6) in the second equality. The first equal-
ity is only approximately true because we’re ignoring the possibility that some pairs of fundamentals
and anti-fundamentals could fuse to a singlet state.

The final partition function, plugging (5.10) into (5.7) and using the KT free energy, is
(2-R)k _(2—
N 2 r\ 2K (2—R)k
XYz =X () X @) ()T s
k 71,72 I k k k

The quantity within the brackets is exactly the renormalised fugacity (2.15).2° Evaluating the sum
by saddle—point, we find exactly the answer (2.16) from [11] with 3 being the renormalised fugacity.

Let us observe that we can define a renormalised fixed—charge partition function?®

(24+R)k

k
Zren,k = <\/R) ) Sren = 2k10g \/Ea Eren = 7% IOg\/R, (512)

23 At finite N, r1 ® 72 contains irreps with fewer than k boxes as well.

24The fact that each irrep appears with such a multiplicity can be rephrased as the statement that we are summing
over irreps with a ‘Poissonised—Plancherel’ measure [19].

25We thank Juan Maldacena for pointing this out.

26This quantity was originally defined by Juan Maldacena in unpublished notes.
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which is dual to the renormalised fugacity 3 rather than the bare fugacity 3,

2k
3
Z(5) =z Zrenk- (5.13)
K

Comparing this with (5.7), it seems that Zen k is a renormalised version of the fixed K partition
function fPU(N) (tr Q)k (tr QT)k Z(€). We will return to this point in §5.1 and §6.4.

5.1 Gauging as Renormalisation

We finally address the difference between our approach and that of [16], which is the question of
whether the PU(N) symmetry should be gauged or not. We find that, even if we start with the
ungauged theory, a gauged description might still emerge after renormalisation in the double-scaling
limit.

To begin, we note that we can rewrite the twisted partition function Z(2) as the path integral

of a gauged theory,?”
2X| (D A]
Z(Q) _ / [ ] [ ] e—S[X,A]7 (514)
peifA_q Vol (gauge)
The integral over A excludes the zero—mode, which is fixed. This is the same as the ungauged
twisted partition function, since for every A degree of freedom, i.e., the non—zero modes of A, that
we include in [P A], we introduce a corresponding constraint. The zero-mode of the gauge field is
just the twist.

Where the gauged and ungauged partition function differ is in the definition of the fixed—irrep
partition function. In the ungauged theory, it can naturally be defined as the trace over a Hilbert
space as in (5.4). In the gauged theory, however, the most sensible definition is

(&) — [2X][24] i§ A\ —S[X,A]
Z / vol (gauge) trr (Pe ) € : (5.15)

We have reintroduced the integral over the zero-mode of A here. This was how the adjoint partition
function was defined in [16]. Comparing this with (5.2), we find that

Zﬁg) _ Zr dominant YD ekalog%' (516)

r

The partition function of [11, 12] is then

(N 2k B or N
2(30) = - S [0 Xy pon(@) 3 (@) €K, (5.17)

k=0 71,72

The © integral gives, as in (5.10),

> / dQ X g fer () Xrr () & Y dS Y " dS) ~ ki (5.18)

71,72

2"We thank Shiraz Minwalla for emphasising this fact to us.
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The sums are done as in §3.2, and we know from there that they are dominated by one irrep. Thus,
we see that the fixed k partition function has extra entropy of 2k log v/k compared to the fixed-irrep
partition function, and that this entropy is entirely from the multiplicity of the dominant irrep in
the product of k adjoints.

Absorbing the powers of N to renormalise 3, we see that the fixed—Kk partition function in the
gauged interpretation is

(2+R)k
Z&g) = (\/E) = Zren,k> (519)
i.e. we get exactly the renormalised partition function defined in (5.12).

So we see that we can reproduce the result of [11, 12] from both the gauged as well as the
ungauged interpretations. Since the gauged entropy agrees with the renormalised entropy defined
in (5.12), we speculate that the passage from the ungauged theory to the gauged one corresponds
to a renormalisation in the double—scaling limit. We give pictorial evidence for this speculation in
§86.3. We leave further analysis of this difference to future work.

5.2 Entropy of the Black Hole

Now, for the sake of clarity, we collect our results on the entropy. There are three important
partition functions: the fixed—irrep partition function, the fixed—charge partition function, and the
grand canonical partition function. We summarise the main points in table 1.

There are two versions of the fixed—irrep partition function: the gauged and the ungauged.
The ungauged model has an entropy given by the log of the dimension of the irrep dimension,
as we found in §3; for the dominant irrep at a given K this entropy is 2klog N/vk + 0 (K). The
gauged fixed—irrep partition function (5.15), which is really the expectation value of a Wilson line
wrapping the thermal circle, is the number of excitations of the hole-in—the—world state that change
the energy only at O (K). As discussed above (4.85), this entropy is O (logk).2®

For the fixed—charge partition function, there is a new contribution to the entropy from the
dominant irrep appearing with a certain multiplicity in the product of k adjoints. This contribution
is klog Kk, as we discuss around (5.18). The grand canonical ensemble is at leading order equivalent
to the fixed—k ensemble and so there is nothing new in this case.

’ H Entropy \ Source of Entropy \ Discussion in paper ‘
Ungauged MQM
Fixed irrep 7 || logd, =~ 2klog % Degeneracy due to symmetry §3
Fixed charge k 2k log N Dimension of dominant irrep and its multiplicity Around (5.9)
Gauged MQM
Fixed irrep r 0 (logk) Fluctuations of the hole-in-the-world state Above (4.85)
Fixed charge k klog k Multiplicity of dominant irrep Around (5.18)

Table 1: The entropy of different ensembles in the gauged and ungauged models.

As we have argued in sections 5.1 and 6.3, the ungauged entropy is dominated by IR degrees of
freedom that decouple from the bulk theory and thus shouldn’t count towards the entropy of the

28This is in agreement with unpublished results of Juan Maldacena.
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black hole. The actual entropy of the black hole should be the log of the number of states in the
gauged theory in the sector with k adjoints,

Sgu = klogk + @(k) . (5.20)

We prefer this answer over the number of states in the dominant irrep because to actually see this
state we would need to collapse k adjoints; we would see e® distinct bound states, corresponding
to the different permutations of the K adjoints that we collapsed.

6 Discussion

In this work, we have found a Hamiltonian derivation of the free energy of the two—dimensional
black hole. The microstates of the black hole are dual to the subspace of k adjoints of the PU(N)
symmetry. The entropy can be calculated either directly in terms of Kk indistinguishable adjoints
or by counting the dimension of the irrep that dominates this tensor product. The energy was
calculated by a direct analysis of the Schrodinger equation, and finding a non-trivial bound state
that dominates the fixed—charge partition function. Since [13] had two interpretations that resulted
in different free energies, the final outcome is not only that we have reproduced the free energy but
that we have picked out one of these two prescriptions.

Our main result, however, is the existence of a novel, long-lived bound state — the hole-in—the—world
state — that has properties very reminiscent of a black hole. We will discuss further the ways in
which the properties of this state match the two—dimensional bulk description in §6.1, but we may
also wonder about higher—dimensional black holes. The purely two-dimensional black hole has
the unsatisfactory property that, because k — 2 is small, strings on this background are strongly
coupled, because of which its black hole-like nature is unclear. However, as discussed recently
in [50] among others, the SL(2,R)x/U(1) CFT when considered as a two—dimensional sector of a
higher—dimensional string theory can have k > 3 where it is weakly coupled. Further, the WZW
model is believed to be exactly dual to a sine-Liouville CFT at arbitrary k and so sine-Liouville
theory is relevant for the description of higher—dimensional black holes. While we have not verified
that the MQM description is relevant in this higher—dimensional setting, our result indicates that
the Lorentzian description of the microstates in the sine-Liouville CFT might be a condensate of
stretched strings similar to our hole-in—the-world state. In other words, we speculate that this
hole-in—the—world state points the way to a more general Lorentzian description of the winding
condensate that is believed to carry all the entropy of a black hole, see e.g. [51].

Another important avenue to explore in the future is to obtain the stringy bulk counterparts of
the black hole microstates we found in this paper on the bulk side, specifically on the cigar, using
the off-shell formulation of string theory presented in [52, 53].

In the rest of this section, we speculate on what our results might imply for the string—theoretic
interpretation of this system. First, in §6.1 we discuss aspects of our central result — the hole-
in-the-world state. We heuristically sketch out ways in which it behaves like a black hole and the
sine-Liouville string theory. We go on in §6.2 with a short summary of the thermal phase structure
of string theory, and what our results seem to imply for the phase structure of the ¢ = 1 theory. In
§6.3, we present a natural extension of the string theory construction of [16] that seems consistent
with our results; it also provides some motivation for thinking of the passage from the ungauged
MQM to the gauged one as renormalisation in the double—scaling limit. Finally, in §6.4, we point
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out that our count of states is related to a random walk model called the Motzkin walk model; we
speculate on the interpretation of this in string—theoretic terms.

6.1 Bulk Properties of the Hole—-in—the—World State

6.1.1 Stringy Justification for the Bound State (or) How We Learned to Stop Wor-
rying and Love the Hole in the World

Since the spatial direction of the string theory target space is identified with the Fermi surface, one
might worry that a hole in the eigenvalue distribution shouldn’t be allowed because it would cause
a radical change on the string theory side. In this section, we argue heuristically that the formation
of the hole is dual to the passage from sine-Gordon theory to sine-Liouville theory in the bulk.

In the usual duality between the singlet sector of the MQM and ¢ = 1 string theory, a probe
closed string is dual to a particle-hole pair in the Fermi sea. In the bulk, such a string scatters off
the tachyon wall — the pue™2? term in the worldsheet action — and in the MQM the particle-hole
pair scatters off the edge of the Fermi sea at A = /2up. Thus, the reflection amplitudes in both
the bulk and the boundary are non—analytic in p.

In the hole-in—the—world state, a particle-hole pair now scatters off the new edge of the Fermi
1
sea at k'/4 ~ 37=®F — note that the 3 scaling is that found in (2.20). In sine-Gordon theory, the

#
worldsheet action contains a term (3ﬁe_2¢) , much as it contains a term pe~??. We see that the

coefficient of e~2¢ is exactly the square of the position of the edge of the Fermi sea in both cases.
Thus, it is plausible that scattering of closed strings at large 3 and the scattering of particle-hole
pairs in the hole state are non—analytic in the same parameter 3ﬁ and are further exactly dual.
For example, the leading non—analyticity of the susceptibility at large 3 calculated in [12] is precisely
loggﬁ. Such similarities between p and 5ﬁ can also be seen in the reflection coefficients, see
e.g. [54, 55]. We leave a detailed check of such a duality to future work.

More evidence of the duality with sine-Liouville can be seen in the excitations of the solid
itself. Since it is a compact region in the double-scaling limit, we expect that the spectrum of these
excitations is quantised. Further, we should not be able to excite the eigenvalues without ‘carrying
around’ the adjoints, since the adjoint index is associated with the corresponding eigenvalue.

Sine-Liouville theory also has a spectrum of bound states in which momentum and winding
modes are excited together,

klw| — |n| 1 k-1
=——-N - — NelN
N 2 € 2° 9 ) ey,

JG=1 , —ke? G0 (k)

P = =55 4k gnw T T T 4k

(6.1)

Here, n counts momentum modes and w winding modes. The constraint on jy ensures that
momentum modes can’t be excited without winding modes. We can associate a momentum mode
with the eigenvalue and the winding mode with an adjoint. Thus, the constraint is entirely analogous
to what we expect from the solid.

Checking this duality by making the preceding statements precise is a promising avenue of
future work.
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6.1.2 The Hole—in—the—World and Black Holes

The hole-in—the—world state bears several qualitative resemblances to black holes. The state radi-
ates into free particles — because the interaction between adjoints falls off like 1/(A))?2, an adjoint
far away from the solid will behave to first order as a free particle.

As discussed in §4.3.1, the state radiates like a black hole at a slow rate, with a lifetime
polynomially large in k. When considering the bound state in 7—space, which is perhaps more
natural from the perspective of the free adjoints, the size of the hole is always 0 (A, +1/A,) = 0(1),
while the size of the bound solid itself is 6(logK). We can see from the discussion in §4.2.1 that a
configuration of free adjoints will only be energetically favored when they are spread over a region
AN of size log A\ ~ A1 ~ 0(k'/?), which we can interpret as a Schwarzschild radius. We note that
both the evaporation time and this effective radius are polynomial in the mass of the black hole.
This distribution of scales in 7—space is shown in Fig. 10:

12

O(logk)
)

_A 1 T\
O(vk)

Figure 10: A depiction of the eigenvalue distribution shown in Fig. 8, this time with respect
to 7 ~ log A. We note that in 7-space, the hole-in-the-world’s size does not scale with K. The
disconnected solid of non-singlets is of size O(K), and its Schwarzschild radius is of size 0(k).

This radiation can furthermore be mined as the black hole radiates entirely. It would be
interesting to compare the resulting entanglement curve between the solid and the collected radiation
with the semiclassical Liouville calculation [56].

The bound state of eigenvalues further bears resemblance to bound D0-brane models of black
holes in BFSS, whose evaporation processes were considered in [57]. However, in such models the
bound states radiate due to a supersymmetry—induced cancellation of strong attractive forces due
to open strings stretching between the branes. Despite being non—supersymmetric, this model
reproduces similar behavior.
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6.2 Thermal Phase Transitions in String Theory

In this subsection, we begin with a review of some of the classic results about the canonical ensemble
in string theory [36, 37, 58] and try to put the story reviewed in §2 into the context of this literature.
Finally, we attempt to physically interpret the fact that our calculation picked out the second
prescription of [13].

One of the first conclusions one can reach from the spectrum of closed string states is that
there’s a Hagedorn divergence in the one-loop partition function. This is because the log of the
density of states has the same asymptotic behaviour as the energy spectrum at large dimension
— both grow as v/A where A is the conformal dimension of the oscillators (that of the full vertex
operator must be 2). As a result, the partition function looks like

Z(B) ~ / dE ePrbe=PE (6.2)

where the first piece is the density of states and Sy = 4wy’ is the reciprocal of the Hagedorn
temperature Tyr; at T' > Ty the exponent grows at large energies and the integral diverges. Naively
then, it appears as if string theory has a limiting temperature.

Further progress was made by [36, 37|, who made a remarkable observation about this temper-
ature. The observation was that Ty is exactly the temperature at which two things happen:

1. The lowest winding mode of the string becomes massless. In the expansion of the worldsheet
field T'(r,0) where T is the target space Euclidean time and 7,0 are worldsheet coordinates,

T="T+ %T + mRo + oscillators, (6.3)

the mode with no oscillators excited and n = 0,m = 1 is the lowest winding mode, since
it is the lowest mass—squared mode where a spatial circle of the string winds around the
cylinder. The corresponding vertex operator is e/t =Tr)  Its mass depends on R; at lower
temperatures, it has m? > 0 and at higher temperatures it has m? < 0.

This means that this mode becomes a winding tachyon at T' > Ty and so one should think of
the Hagedorn temperature as the location of a phase transition where this tachyon condenses.

Of course, there is the question of whether the winding tachyon potential has a stable mini-
mum.

2. The worldsheet undergoes a Berezinskii-Kousterlitz—Thouless (BKT) transition, see e.g. [59]
for an introduction, in which vortices get deconfined and proliferate.

From the stringy point—of-view, a vortex is just a hole that winds around the thermal circle,
see figure 11. Interestingly enough, since a vortex needs to have a core where the derivatives
diverge, this proliferation also introduces a worldsheet UV cutoff — meaning that conformal
invariance is broken on the worldsheet. Since conformal invariance was the main reason that
the S? partition function of string theory vanished, this phase transition also causes the genus
0 partition function?® to become non-zero.

29 As a pedantic point, we note that introducing holes causes the Euler characteristic to change but not the genus.
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Figure 11: A vortex is a hole that winds around the thermal circle.

The fact that these happen at the same temperature is not terribly surprising, since the insertion
of a winding mode operator can equivalently be thought of as that of a vortex.?® The condensation
of the winding tachyon, then, is just the proliferation of vortices.

Despite their equivalence, the BKT point of view has an important advantage: the question of
whether the winding tachyon potential has a stable minimum becomes the question of whether the
worldsheet theory above the BKT transition flows to a non—trivial CF'T when you add a fugacity
for the winding mode operator, see figure 1 and subsequent discussion in [36] for an exceptionally
clear exposition. In R?> x S', the answer is no; there is a Jeans instability where, because of the
infinite volume of space, the matter starts “clumping” together.

In the ¢ =1 case, however, the answer is yes — the sine-Liouville theory is a non-trivial CF'T
at a non—zero value of the fugacity 3 for R < 2. An important point here is that the sine-Liouville
theory cannot be studied perturbatively in 3, see the discussion around (2.10), which can be thought
of as the fact that adding this term triggers a non—trivial RG flow to a new fixed point. This new
fixed point, in turn, can be thought of as being dual to our hole-in—the-world state. The fact that
the arguments of [36, 37] predict the location of the transition at R = 2v/a/ in the ¢ = 1 model was
noted in [38].

An important point added by [58] was about the order of the transition. Since the mass—squared
of the winding mode goes smoothly to 0 and then negative values as temperature is increased, the
above discussion might lead one to conclude that the Hagedorn transition is second or higher order.?!
However, it turns out that the coupling between the winding mode and the dilaton modifies the
effective Landau-Ginzburg potential and the transition is first order and, more importantly, it occurs
at a lower temperature T, < Ty. A simple cartoon for this can be seen in figure 12.

How do the two interpretations mentioned in §2 tie in to this discussion? Firstly, both interpre-
tations agree on the fact that there is an actual transition of ¢ = 1 string theory at the Hagedorn
value R = 2.32 This is similar to figure 12a. The first interpretation, however, posits a second
Hagedorn transition at the black hole temperature R = 3/2 and that is why the sphere free energy
vanishes [11]. The free energy in the second interpretation is completely analytic at the black hole
temperature and so under this interpretation there is only one phase transition for R > 3/2.

306 see this, consider a small disc around a winding mode operator. Using the state-operator correspondence and
the fact that the state looks like (6.3) with n = 0, m = 1, the boundary of this disc winds around the thermal circle.
This is the same property that characterises a vortex.

31Tt should be noted that BKT transitions are generically of infinite order.

328ee [11] for a discussion of this transition in the context of the first interpretation.
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The non-trivial minimum becomes the true vac-
uum at positive m? (T’ < Tyr). The bottom-most
line is the m? = 0 (T = Tg) graph; we can see
that there is nothing special about the erstwhile
Hagedorn temperature in this model. [58] argue
that this is the model that more closely describes
string theory in flat space, except that the tran-
sition is to an unstable phase — we have chosen
to make the new phase stable in this cartoon for

m? (T > Ty) with a smooth transition. simplicity.

Figure 12: A cartoon of how a first-order transition happens at a lower than expected temperature.
In both cases, increasing the temperature takes m? from positive to negative.

Thus, our results imply that two—dimensional string theory has only one Hagedorn—type phase
transition, at the naive Hagedorn temperature. Various arguments suggest another phase transition
at R = 1, and our results have no bearing on this question. The entropy calculation presented in
Appendix A is likely relevant for this highest temperature phase.

6.3 A Stringy Picture for the Entropy

In this section, we attempt to understand the relation between the MQM and the stretched strings
of [16]. We will also find a natural picture for the renormalisation from the ungauged MQM to the
gauged one we noted in §5.1. This section is entirely speculative and we hope to return to some of
these ideas in more detail in future work.

We begin by going to the deep UV of the worldsheet, which is a Feynman diagram for the
MQM, as emphasised in §2. A Feynman diagram that corresponds to the genus 0 partition function
in the adjoint sector is one with the topology of S? and with two faces that wind around the thermal
circle in opposite ways. These two faces are the vortex and the anti—vortex respectively, see figure
14a. For simplicity, we consider the case where the vortices are the only non—trivial faces. The
vortex and the anti—vortex have an index each, which we call ¢, j respectively.

This is a cylinder diagram corresponding to the propagation of the matrix element X;; around
the circle. Using the eigenvalue decomposition, this matrix element can be written as (UT) . Ay, Uk;.
The 4, j indices are the right-action indices that carry the PU(N) symmetry and the k index is the
left—action index whose wavefunction is given by the eigenvalue equation. In the double—scaling
limit, & is kept at ©(1) inside the solid, while 7, j are unconstrained and therefore typically of 6(N).
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(a) The simplest Feynman diagram with anti-vortex. It has topologically trivial
one vortex (blue) and one anti-vortex faces that don’t wrap the thermal circle.
(red). The point (¢ = 0) on the thermal cir- The face in the middle carries the index
cle where we cut the diagram has been indi- k and the propagators adjoining it corre-
cated by a dashed line. The corresponding spond to the matrix elements X;, and Xy
propagator X;; has been shown in black. respectively.
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(c) Our speculation for the stretched string interpretation of the previous
Feynman diagrams at ¢ = 0.

Figure 13: Feynman diagrams with one vortex and one anti-vortex.

Now, to give this Feynman diagram a Hamiltonian interpretation, we cut it at t = 0. Remem-
bering that the eigenvalue corresponds to the spatial direction in the string theory, we can associate
the cut loop at ¢t = 0 to a string that goes from A; to A\x and comes back to A;, see figure 13c. In
the double—scaling limit, this is an open string that comes in from oo to A\ and goes back out —
similar to the stretched string of [16].

In [16], the stretched string is anchored to an FZZT brane at co. However, in our picture,
the open string has two endpoints at different eigenvalues A;, A\;, which one might naively associate
to two different branes. One way to make our picture consistent with that of [16] would be to
remember that 4, j are summed over all O(N) values, which could be consistent with the fact that
an FZZT brane ranges over all values of the dilaton from some ¢,;, to co. We caution the reader
that this is a departure from the precise solution in [16], were the two ends of the stretched string
were at the same dilaton value (which is the same eigenvalue, up to an integral transformation).
Since the entropy count was a sum over the different values that ¢, j could take, this suggests that
the stringy picture for the entropy is related to the length of the FZZT brane. The fact that the
latter diverges is nothing but the fact that the entropy depends on N and also diverges in the
double-scaling limit.

Before moving on to the k = 2 case with two vortices, let us address how to think about this
when there are ng topologically trivial faces between the vortex and the anti—vortex, as in figure
13b. In this case the matrix we have to diagonalise is (Xl)iil(X2)i2i3-~-<an+1)inFi- The rest of
the discussion carries through at the low level of precision we have maintained in this section.

Let us now look at the case of two vortices, which we can draw as in figure 14a. At ¢ = 0 we
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(b) A stretched string interpretation of the Feyn-

man diagram to the left, at ¢ = 0. There is a

(a) A simple Feynman diagram with two vortices similar situation on the other side of the ther-
and two anti—vortices. It has two faces with no mofield double, but the strings stretch between
winding (one not visible), two with winding 1 different pairs of eigenvalues there as can be read
and two with winding —1. off from the dotted lines in figure 14a.

Figure 14: Feynman diagrams with two vortices and two anti-vortices.

see two stretched strings; and two corresponding stretched strings at ¢ = mR. The entire discussion
carries through for each string, with the small caveat that we can exchange the two strings by
shuffling the indices on the vortices. Therefore the number of states passing through t = 0 is a
factor of 2 less than what one might expect from two stretched strings.

More generally, at arbitrary K, each stretched string should be thought of as an adjoint, and
the different stretched strings as indistinguishable. The number of states is therefore counted by
the number of states in K indistinguishable copies of the adjoint — which was exactly the counting
we did in §3.1. Thus, the sine-Liouville model seems to directly realise one of the two countings we
have presented. We hope to return to these ideas and make them precise in future work.

Further, the renormalised partition function (5.12), which we saw in §5.1 to be natural for the
gauged theory, has a natural interpretation here. This is because the entropy we calculated in §3
corresponds to the number of places the open string can end, and the indices at the edge of the open
strings are infinitely far away in the double—scaling limit. These indices thus shouldn’t matter very
much for dynamics at finite distance, and so the renormalisation associated to the double-scaling
limit could be regarded as decoupling the PU(N) global symmetry from the bulk dynamics by
sending the objects charged under the symmetry (the ends of the open strings) infinitely far away.

Finally, the major caveat about the pictures in this section is that, in this interpretation, the
stretched string seems to ‘jump’ across the hole in the world. This suggests that there might be a
more useful picture in the black hole phase. This is what we turn to now.

6.4 Motzkin Walks

We end our discussion by describing another equivalent way of performing the entropy calculation
in 3.2 using a class of discrete random walks called Motzkin walks. As we will explain, this allows
us to draw a speculative but tantalizing connection between the solutions of the cigar string theory
and these random walks.

First, some definitions. Let {e1, ea} be the standard basis of R?. A Motzkin walk (or path) of
length n is a continuous lattice path from (0,0) to (n,0) that never dips below the x—axis created
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out of the following unit steps:

{er}U{e; + ez, e —e2}. (6.4)

For obvious reasons, the above are often referred to as ‘flat’ steps, ‘up’ steps and ‘down’ steps
respectively. An example of a valid and an invalid Motzkin walks are illustrated in figure 15. The
number of Motzkin walks of length n are counted by the n'® Motzkin number, ;. These numbers
appear while enumerating a host of other combinatorial objects — amongst other things, J,, counts
the number of non—intersecting chords that can be drawn between n points on a circle, the number
of grammatically allowed ways of placing left and right parentheses, and spaces in a sentence and
the number of configurations of a spin—1 chain satisfying > ., S7 > 0 form <nand > . ; S* = 0.
Given their prevalence then, it is no surprise that these numbers have been quite extensively studied
in the combinatorics literature. For a more complete list of the different manifestations of Motzkin
numbers and a thorough discussion of their properties and relations, see [60].

A
€2

€1

Y

Y

Figure 15: A valid example (red) and an invalid example (gray) of an uncoloured Motzkin walk.

In what follows, we will be interested in a higher dimensional generalization of the Motzkin
walk — for historical reasons, these extra dimensions are often referred to as colours, and these
generalized walks are called coloured Motzkin walks [61].33. Once again, let {e1,...e;, es1} be the
standard basis of R**1. An s—coloured Motzkin walk is a lattice path from (0, ...,0) to (n,0,...,0)
that always remains in the positive ‘quadrant’ of R**t!, created out of the following unit steps,

{el} U {e1 +e2, e — eg} U (U {e1 — € +e¢+1, e +ei — ei+1}> . (65)

1=2

An example of a valid and an invalid 2—coloured Motzkin walks with ten steps are illustrated in
figure 16. We will denote the number of Motzkin walks of length n with at most s colours by
,7. The constraint that the walker stay in the positive quadrant bounds the maximum number of
colours s by half the number of steps n/2.

The relevance of these walks to our story begins with the highly non-trivial observation that

33Rather unhelpfully, there are two separate notions of a Motzkin walk with colour degrees of freedom that appear
in the literature. Unfortunately, despite sharing the same name, these two generalizations of the Motzkin walk have
very different properties and it is therefore important that a distinction is made for our discussion. We will not
describe the other generalization of the walk or the differences between the two here, but only provide references for
the interested reader. The generalization of the Motzkin walk that we use is defined in [61]. The other generalisation
of the coloured Motzkin walk appears in [62-64].
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Figure 16: A valid (red) and an invalid (gray) example of a 2-coloured Motzkin walk.

the number of sYTs with n boxes and at most 2s + 1 rows is also given by Z,°.3% Indeed, the
authors of [61] take this a step further and construct a bijection between the two sets, assigning
each Motzkin walk to a specific sYT. The complete bijection is rather involved and will not be
necessary for our present discussion. However, the mere existence of such a map implies that we
can reproduce everything we that have derived about the string theory from the counting of the
sYTs using these walks. In particular, the following picture emerges:

1. Every state in the Hilbert space is assigned to two independent Motzkin walks — one corre-
sponding to the sYT for the boxes, and the other for the anti-boxes. Because the symmetry
group is PU(N), these two Motzkin walks have the same number of steps. In the gauged
model, we may think of these two Motzkin walks as corresponding to the state in the irrep of
the Sk that permutes the adjoints.

2. Given a state with K steps, each of the two Motzkin walkers can explore any number of
the available dimensions. However, in strict analogy with what happens with the sYTs, the
dominant contribution to the entropy arises from the walks that explore O(v/k) dimensions.

3. If we now calculate the entropy of all the doubled Motzkin walks traversing K steps, we see
that this is exactly equal to the renormalized entropy (5.12), i.e.

Sren.k = 2klog Vk. (6.6)

In other words, the Motzkin walks appear to directly compute quantities associated with the
fixed—charge partition function in the gauged model, Z;ep, k-

Bolstered by this last observation, it is extremely tempting to ‘forget’ about the sYTs en-
tirely and attempt to draw a deeper and more direct connection between these Motzkin walks and
the string theory on the cigar background. This idea is not new — beginning with the work of
Horowitz and Polchinski [65], a common motif in various investigations of string theory near the
Hagedorn transition have involved drawing parallels with various random walk models (see [66-68]
and references therein). The Horowitz—Polchinski solution (see [69] for a recent review) describes a
self—gravitating gas of strings that then condense into a single stretched string near the Hagedorn

34 A slightly smaller set of walks can be associated to sYTs with 2s rows. As elsewhere in this paper, we ignore all
even-odd effects.
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transition. The Euclidean picture of this computation involves a condensate that winds around the
thermal circle that grows massless at the Hagedorn temperature — in a first quantized description,
the path integral for this field is just a sum over random walks.

A similar cartoon emerges while studying the Euclidean cigar. Near the Hagedorn transition
there is a winding condensate that is concentrated at the tip of the geometry. More precisely, the
profile of this winding mode is described by the Nambu—Goto action of a string stretching from
the tip of the cigar up to a particular radial distance. As the work of [51] emphasize, it is this
condensate that carries the entropy of this system. We suspect that the Motzkin walks can provide
a direct Hamiltonian realization of this entropy.

If this picture is true, it has two neat consequences. First, [70] draws a connection between
the cigar random walks and ‘string bits’. These are fundamental point-like objects first introduced
in [71] in order to make the causality and stability of string theory manifest — strings are then
regarded as composite ‘multi-bit’ objects with a particular linear arrangement [72]. This would
allows us to interpret each step of the Motzkin walk as an individual bit. Secondly, the picture
that we have drawn describes a repackaging of the dynamics of a gas of strings (akin to dealing
with multiple adjoints) into Motzkin walks (which, like the sY'Ts are simply irreps with the correct
number of boxes). In other words, Schur-Weyl duality reorganises the physics of the system in a
manner very reminiscent of ER=EPR duality!

Of course, there is much work to be done before we can make this picture precise. To begin
with, here are some simple questions:

1. Why are there two Motzkin walks for each state?

2. What does the restriction of the walk to the positive quadrant of the R**! mean from the
perspective of the string theory?

3. What do the dimensions (colours) correspond to in the string theory?

We don’t have satisfactory answers to these questions yet — we leave them here as launching pads
for future exploration.
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A Entropy Count with k > N? Boxes

In this case, we have not been able to calculate the value of the energy; however, the PU(N)
symmetry guarantees a large degenerate subspace and so we might simply count its dimension as
an exercise.

Focusing on just the boxes for now, a typical Young diagram r has N/2 rows with row lengths

_ % %

Ao =5 +0ha, T >N, Xa:(ua =0. (A1)

N

Let us calculate the dimension of this irrep. The formula for the dimension is [49]

1 (N = (a—1)+\)!

dim %7« = )
Ha,aael...ka hl(a7a0¢) o (N - (a - 1))‘

where hi(a, a) is the hook length of the a* box on the a'® row.

Because the length of the tableau is much bigger than its height, we can approximate the hook
length by ignoring the boxes below any given box,

hi(o,a) ~ Ao —a, = [[hla,a) = ] Aa! (A.3)

So, the dimension is

e e
dim %, ~ [[ (N ! + A“) ~ (‘;\E) dim %, ~ [ (N B * A“) ~ (f\f) (A4)

To include the anti-boxes, we merely need to square this. So, we find that

N2
2
dim %, = dim %, gr, =~ () . (A.5)

So, our conjecture for the entropy in this phase is

5. R

Note that the growth slows down from linear to logarithmic in k.
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