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Abstract

We present exact results for partition functions of Jackiw-Teitelboim (JT)
gravity on two-dimensional surfaces of arbitrary genus with an arbitrary number
of boundaries. The boundaries are of the type relevant in the NAdS,/NCFT,
correspondence. We show that the partition functions correspond to the genus
expansion of a certain matrix integral. A key fact is that Mirzakhani’s recur-
sion relation for Weil-Petersson volumes maps directly onto the Eynard-Orantin
“topological recursion” formulation of the loop equations for this matrix integral.

The matrix integral provides a (non-unique) nonperturbative completion of
the genus expansion, sensitive to the underlying discreteness of the matrix eigen-
values. In matrix integral descriptions of noncritical strings, such effects are due
to an infinite number of disconnected worldsheets connected to D-branes. In
JT gravity, these effects can be reproduced by a sum over an infinite number of
disconnected geometries — a type of D-brane logic applied to spacetime.
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1 Introduction

Studies of the Sachdev-Ye-Kitaev (SYK) model [1, 2, 3] have led to a resurgence of interest
in Jackiw-Teitelboim (JT) gravity [4, 5, 6]. This is because the low energy dynamics of the
SYK model is described by the 1D Schwarzian theory [3, 7| which in turn is the boundary
description of bulk 2D JT gravity [8, 9, 10]. In particular, the low energy limit of the
thermal partition function of the SYK model (Z(3)) = (Tre #Hsvx) is approximated by the
Schwarzian theory on the circle, which is dual to JT gravity on the Fuclidean disk.

Several studies have pointed to the importance in JT gravity of surfaces of other topologies
[11, 12, 13|. In particular, recent work on random matrix statistics in SYK [13] showed that
the “ramp” region of the spectral form factor (Z(5+i1)Z(8—iT)) is described by the “double
cone” geometry with the topology of the cylinder. This, as well as other hints described in
[13], led us to study JT gravity on surfaces of arbitrary topology.

The main result in this paper is the calculation of the the Euclidean JT gravity partition
functions (Z(51)...Z(5,))com. corresponding to surfaces with n Schwarzian boundaries and
arbitrary numbers of handles. These can be computed from a certain double-scaled matrix
integral that we will discuss. The topological expansion of this integral gives the sum over
handles in JT gravity. The matrix integral supplies a (non-unique) nonperturbative com-
pletion of this expansion, which among other things gives an explanation of the “plateau” in
the spectral form factor.

We now give a brief summary of this paper.

In section two we review the topological expansion of Hermitian matrix integrals. We
start by describing a conventional integral over L x L Hermitian matrices with potential
V(H):

Z = / dH e LTV H) (1)

We will think of the random matrix H as the Hamiltonian of the boundary theory. A
natural observable to consider is the thermal partition function Z(3) = Tre ?H. In practice,
when studying matrix integrals, it is more convenient to work with the “resolvent” function
R(E) = Trﬁ. The two are related by a simple integral transform.

For a rather general V(H), the matrix ensemble correlation functions (Z(/5)...Z(5))conn.
and (R(E)...R(E,))conn. are of a very constrained type. In particular, a set of equations
known as the “loop equations” [14] determine all orders in the 1/L? expansion of these
quantities in terms of a function po(E). This function is simply the leading density of
eigenvalues that characterizes the infinite L theory.! So if one knows py(E), correlation
functions are fixed to all orders in 1/L?. And, in fact, this is a practical tool: the procedure
of implementing the loop equations was streamlined by Eynard [15] into simple recursion
relation, which is part of the more general theory of “topological recursion” [16].

For example, in the Gaussian matrix model, where the potential is chosen to be V(H) = %2, this
function would be the Wigner semicircle distribution po(E) = 5-v/4 — E2. This has been normalized so that
the integral is one; the actual density of eigenvalues would be L - po(E).



The type of matrix ensemble that will be relevant to JT gravity is not quite of the type
described in (1). It is, formally, a matrix integral in which po(FE) is not normalizable. This
type of problem is known as a “double scaled” matrix integral [17, 18, 19], and it can be
understood as a limit of a conventional matrix integral. In this limit, L is taken to infinity,
the potential is tuned in a certain way, and one focuses attention near the edge of the
eigenvalue distribution, where the density of eigenvalues remains finite. We refer to this
density as e%. The loop equations commute with this limit, and they lead to an expansion
of correlation functions in powers of e=2%.

In section three, we will see that the JT gravity correlation functions (Z(5;)...Z(85))conn.
are consistent with the matrix integral recursion relation described above, to all orders in
e~%0. Let’s briefly describe how this arises. JT gravity is a theory of a two dimensional
metric g, and a dilaton field ¢, with Euclidean action

[:—;—;B/M\/ERJr/(W\/ﬁK}—{%//\A@(RJrz)jJr\/aM\/ﬁﬂK—l)l}. (2)

-~

~
topological term = Sgp x(M) sets R = —2 gives action for boundary

To study (Z(f1)...Z(5,)) in this theory, we impose boundary conditions that the manifold
M should have n boundaries, with regulated lengths /3 /e, ..., 3, /€ and with ¢ = /e at each
boundary. We regard € as a “holographic renormalization” parameter that should be taken to
zero. With boundary conditions of this type, geometries of various topologies will contribute
to the JT path integral. The first term in (2) is proportional to the Euler characteristic of
M, and it implies that different topologies will be weighted by (e%°)X. For example, with a
single boundary, the first three topologies are

©+M++... (3)

A surface with one boundary and g handles, of genus g, has Euler characteristic y = 1 — 2g,
so the weighting is e(1729)%,

The sum over topologies is of the same form as a perturbative string expansion with
“string coupling” g, = e~*°. Our perspective is different, though. In string perturbation
theory these diagrams represent the perturbative splitting and joining of closed strings, the
amplitude determined by the perturbative coupling gs. In the JT context these diagrams
represent the nonperturbative splitting and joining of closed JT “baby universes,” the am-
plitude controlled by e~ nonperturbative in the gravitational coupling Gy ~ Sio Such
an expansion in multiple “baby universes” is sometimes referred to as a “third quantized”
description.

Our basic claim is that the JT gravity answer for the geometries (3), and their gen-
eralizations with n boundaries, are precisely consistent with the recursion relations of a
double-scaled matrix integral. To check this, a first step is to compute the analog of po(F).
For this, one has to compute the leading (genus zero) contribution to (Z(/3)), and then in-
terpret it as a Laplace transform of a density of states e%°py(E). A nice feature of JT gravity
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is that this can be evaluated exactly. One can think about doing the JT path integral in
two steps, where we first integrate over the dilaton ¢. If we do this integral along a contour
parallel to the imaginary axis, the dilaton functions as a Lagrange multiplier setting R = —2
everywhere. This implies that M is a rigid constant-negative-curvature surface. At genus
zero with one boundary, this is simply a piece of the hyperbolic disk. Since the bound-
ary conditions only fix the length of the boundary, we have to integrate over the “cutout
shape” of the geometry within the hyperbolic disk [9]. The action for this integral comes
from the final extrinsic curvature term in (2). The resulting path integral is the partition
function of the Schwarzian theory, which has been computed by several different methods
[20, 21, 22, 23, 24, 25] and it leads to the expression?

po(E) = L sinh(21\/27E). (4)

o2
Below, we will often set our units of energy so that v = %

A next step is to compute higher genus contributions to correlation functions such as
(Z(P1)..-Z(Bn)), and see if they satisfy the matrix integral recursion relation of [15], with
the leading density (4) as input. For example, suppose we are trying to compute (Z(3))
in JT gravity. Then we we should consider geometries with one asymptotic region and a
boundary of length 3/e. The first three topological classes of orientable geometries® are the
ones sketched in (3). The constraint R = —2 coming from the integral over ¢ simplifies the
path integral within each topological class significantly. However, there is still some work to
do. For each geometry, we have to do a path integral over the cutout shape of the regulated
boundary, with the Schwarzian action induced by the final extrinsic curvature term in (2).
For all but the first (genus zero) case, we also have to do a finite dimensional integral over
some moduli associated to the surface. It is convenient to divide this into two steps.? First
we fix the length of the minimal geodesic that circles the neck of the geometry to be b. This
geodesic separates a hyperbolic “trumpet” from a Riemann surface with boundary:

' (5)

geodesic of
length b

Holding b fixed, we integrate over all of the moduli of the Riemann surface, and also over
the wiggles at the boundary of the trumpet. Finally, we integrate over b. As we will explain
in detail in section (3), this leads to an expression

(Z(8)) ~ e ZIEB) + 3 1205 / " bdb V1 (5)Zi (8, ). (6)
g=1 0

2Up to a multiplicative ambiguity that can be absorbed into Sy. In this paper, unless stated otherwise,
we take /T to be positive for real positive x and branched along the negative real z axis.

3See [26] for treatment of the nonorientable case relevant for other matrix ensembles.

4A related approach was proposed in [27].



Here the first term comes from the disk topology, and the others are from genus g. The Zs.,
expressions come from doing the path integral over the wiggly boundary of the disk and the
trumpet. These are explicit functions

2 2
. 3/2¢ 45" /20~ %5
disk 7 € trumpet i €
Zsan (B) = (2m)1/233/2° Zgen (B,0) = (2m)1/2 5172 (7)

The only non-explicit part of this formula is the factor of V, ;(b). This is the Weil-Petersson
volume of the moduli space of hyperbolic Riemann surfaces with genus g and one geodesic
boundary of length b. The “~” symbol will be commented on below.

If we were studying instead (Z(51)...Z(Bn))comn., Wwe would have a similar integral to do
involving V ,,(b1, ..., b,), the Weil-Petersson volume of the moduli space of a genus g surface
with n geodesic boundaries of lengths by, ...,b,. These volumes were shown by Mirzakhani
[28] to satisfy a recursion relation.” This was later shown by Eynard and Orantin [33]
to be closely related to the “topological recursion” that determines the genus expansion of
a matrix integral. As we described above, the matrix integral recursion relation depends
as input on a leading expression for the density of states po(F). It turns out that if one
plugs in the leading answer computed from the disk contribution to JT gravity (4), then
the two recursion relations agree with one another. To summarize: to all orders in e,
and for arbitrary correlators (Z(5;)...Z(8,)), the JT gravity answer coincides precisely with
the expected answer if we say that Z(3) = Tr(e %) and H is drawn from a double-scaled

random matrix ensemble with leading density of states given by (4).

In section four, we briefly review an older connection between 2D gravity and random
matrices [34, 35, 36, 37, 17, 18, 19] ¢, the ¢ < 1 “minimal string.” In this body of work, it was
argued that Liouville gravity coupled to a (2, p) minimal model (where p is odd) is related
to a matrix integral with [41]

E o
po(E) = sinh {garccosh (1 + ;)] -~ VE <CL(] +a B+ agE? + ... + aprlETl> . (8)

In the limit p — oo, this agrees with (4) after rescaling FE. Since both JT gravity and the
minimal string are supposed to be dual to matrix integrals, matching po(E) implies that
their partition functions agree on surfaces with arbitrarily many boundaries and handles.
This suggests that JT gravity is the large p limit of the (2, p) minimal string. Further work
on this is in progress [42].

From the perspective of a matrix integral, the e expansion is a perturbative expansion.
Matrix integrals also contain nonperturbative effects, and in section five, we review these
and give a tentative JT gravity interpretation. One can motivate the need for these effects
from Eq. (6). This was written with a “~" symbol because the sum over genus is an asymp-
totic series, due to the (2¢g)! growth of the volume of moduli space with genus g [43, 44, 45].

5The first general procedure for calculating Weil-Petersson volumes used topological gravity techniques
and the associated matrix integral constructions [29, 30, 31]. For a recent discussion see [32].
SFor reviews see [38, 39] and for some more recent work see [40].



To make sense of this formula, one would like to find a nonperturbative completion of this
series. This (2g)! behavior is generic in string theory [44] and the e~'/9¢ nonperturbative ef-
fects it points to are due to D-branes [46]. In the context of matrix integrals, these effects are
related to the dynamics of single eigenvalues and there are procedures for computing them.
In the Liouville-minimal string context these effects have been connected to two types of
branes, ZZ branes and FZZT branes [47, 48, 49, 50, 51, 52, 53, 54, 55, 53, 40].” In JT gravity
we can imitate this connection and give these matrix phenomena a spacetime interpretation.
In doing so, we will again encounter two different types of nonperturbative effect.

The first is called, in the matrix literature, a “one-eigenvalue instanton” [58, 59, 60, 44].8
This represents a configuration in the matrix integral where one out of the L eigenvalues
has been displaced away from the rest. In JT gravity, this can be interpreted as a type
of D-brane effect which in Liouville theory is called a ZZ brane. In JT gravity there is a
similar construction where the spacetime plays the role of the worldsheet. The spacetime is
allowed to end at a new type of boundary associated to the location of the eigenvalue. By
the usual rules of D-branes [46], we can allow other disconnected spacetimes to also end at
the same boundary condition. These disconnected spacetimes exponentiate, adding up to a
tiny prefactor that makes the contribution proportional to e~ (comst)e™ - Tp fact, as we will
see, this contribution also comes with a prefactor of 7, indicating that in the interpretation
of JT gravity as a matrix integral, it is one which is expanded about a metastable point.
Such a model can be defined nonperturbatively on an appropriate contour, but it doesn’t
have the reality properties of a conventional matrix integral.

The second type of effect corresponds to adding a “probe brane,” and is analogous to
the FZZ'T brane in the Liouville context. These branes are characterized by a parameter F,
and they correspond go an insertion of det(E — H) in the matrix integral. (An insertion of
1/det(E — H) will be referred to as a “ghost brane.”) In the JT gravity interpretation, this
object involves an infinite set of disconnected spacetimes. To see this, one can write

det(E — H) = exp(Trlog(E — H)) (9)

Each trace corresponds to a boundary of the spacetime, so after expanding out the expo-
nential, this object involves an infinite number of boundaries. At leading order in the genus
expansion, each trace is associated to its own disconnected geometry with the topology of a
disk, with a boundary condition that depends on E. As in the ZZ brane case, this is formally
equivalent to a D-brane calculation [46].

These probe branes can be related to more familiar quantities like the resolvent using

1 det(E — H)

T = Py =)
"E—H " “Pdet(E — H)

. (10)
E'—E
This expresses the resolvent as a “dipole” of a brane and ghost brane. It is a trivial equality for

matrices, but in the semiclassical approximation to the matrix integral, it is quite surprising.

"There has been an important parallel line of development investigating nonperturbative “brane” effects
in the topological string. See, for example, [56, 57, 32].
8For a review see [61].



In particular, the infinite number of disconnected spacetimes do not quite cancel out of the
RHS. These are interpreted as a nonperturbative contribution to R(E).

One of the motivations for this work was to understand the origin of random matrix
statistics in the SYK model [62, 63, 20, 13| from the gravitational perspective. The eigenvalue
pair correlation function (p(E)p(E’)) can be extracted from the two resolvent correlator
(R(E)R(E')). This in turn can be extracted from a four determinant expectation value
similar to (10), and this can be related to a FZZT brane type expression in JT gravity.
These contain effects that are nonperturbative in the “string” coupling, of order ™ which
explain the rapidly oscillating part of the sine kernel formula for the pair correlator. This
oscillating behavior, a D-brane effect, is responsible for the “plateau” in the spectral form

factor which occurs at exponentially late times, t ~ ¢%.°

Our analysis of these nonperturbative effects is not rigorous so it is important to make
a check. In principle, Borel resummation of the perturbative series gives another way to
determine nonperturbative effects (up to a choice of Borel contour). Nonperturbative effects
are associated to singularities in the Borel plane, and the closest singularity to the origin
encodes the large-order asymptotics of the perturbative series. We can therefore use the
nonperturbative effects described above to make a prediction for the large genus behavior of
the perturbative series.!® In particular, this gives a prediction for the large genus behavior
of the volumes of moduli space. For Vo and for V,;(b) with b < g, this prediction agrees
with the Zograf conjecture [69]." For V,;(b) at general b/g, this method provides a new
conjecture, which appears consistent with extrapolation to g = oo of results up to g = 20
kindly provided to us by Peter Zograf.

In section six we discuss some open questions.

2 Review of the genus expansion in matrix integrals

For the purposes of this paper, a matrix integral means an integral over Hermitian L x L
matrices H with a weighting that is determined by a potential function V (H):

ZzZ= /dH e IV [ = [ x L Hermitian matrix. (11)

We use the curly “Z” to refer to the matrix integral partition function, not to be confused
with the partition function Z(3) = Tre " which is an observable in this matrix ensemble.
Expectation values of such observables are given by e.g.

(250 2(60) = 5 [ dH VD Z(3)...2(5,) (12)

9Essentially the same method was used in the semiclassical quantum chaos literature to derive the plateau
from a sum over periodic orbits [64, 65, 66, 67, 68].

OFor a review see [61].

HParts of this conjecture have been established rigorously [31, 70, 45].



Matrix ensembles of this type have been widely studied. They are solvable in the infinite L
limit, in the 1/L expansion, and in some cases beyond. For reviews, see [39, 71, 72|. In this
section, we will review the 1/L expansion, so that we can recognize the same structure when
it appears in the context of JT gravity.

In the matrix integral literature, a quantity that is commonly studied is the matrix
resolvent

R(E):TrEiH:ZE_lAj. (13)

j=1
Here E is an arbitrary complex number. For a fixed matrix H, this function is a sum of
poles in £ corresponding to the eigenvalues \;. But after taking the expectation value over
matrices, the poles are smeared into a branch cut. To specify the resolvent one has to indicate
which side of the cut one is studying; the discontinuity across the real axis given by

R(E +ie) — R(E — i) = —2mip(E) (14)

where p(FE) is the density of eigenvalues

L

p(E) =S 6(E - ) (15)

i=1

For a fixed matrix, p(F) is a discrete sum of delta functions, but its expectation value over
an ensemble of matrices is a smooth function. From either p(E) or R(E), one can compute
Z(B) = Tre PH by an integral transform, and vice versa.

Correlation functions of resolvents have a 1/L expansion of the form

o

Ryn(En, ..., Ey)

[29+n—2

<R(E1)“'R(En)>conn. =~

9=0

(16)

Of course, one also has a similar expansion for correlation functions of partition functions
Z(B) or eigenvalue densities p(E). The existence of such an expansion follows from the
analysis of matrix integral perturbation theory [73] in terms of ‘t Hooft double line diagrams
[74]. The parameter g is called the genus, because it is the genus of the double-line diagrams
that contribute to a given term. The =~ is because the series is asymptotic, and the “conn.”
subscript means that we take the connected part, or cumulant.

In the next three subsections, we will illustrate several techniques for studying matrix
integrals by showing how to compute Ry, o2, ;1.

2.1 Computing Ry,

At infinite L, matrix integrals of the type described above simplify dramatically. The eigen-
values of the matrix become very finely spaced, and from the perspective of coarse-grained
observables like correlation functions of resolvents, they can be approximated as a smooth



density. In the large L limit, this smooth density is non-fluctuating, or “self-averaging” which
means that it is the same for all typical matrices drawn from the ensemble.

We will refer to the unit-normalized density of eigenvalues in the large L limit as

po(E) = Jim T (p(E)). (17)

L—oo

We will focus on the simplest type of problem (the so-called “one-cut” matrix models) where
the density is supported in a single interval on the energy axis between a4. As an example,
po(E) might look like the following:

Po

(18)

a_ a

Note that in (17), po is normalized so that its integral is one. It is related to the leading
term Ry in the 1/L expansion of the expectation value of the resolvent (16), by

“ (A
E)= AN——= 1
Raa(B) = [ g (19)
and an inverse expression
1 , .
po(E) = —5— (Ro1(E +i€) — Roa(E —ie)) . (20)

There are several ways to determine py or Ry 1, starting from the matrix potential V(H).
One way begins by writing the matrix integral in terms of an integral over the matrix
eigenvalues,

Z=Cy / dEAT T — Aj)2e EEm VO, (21)
1<J
Here the numerical factor Cr, and the Vandermonde determinant [, (A — \j)? arise from
integrating out the unitary matrix that diagonalizes H. The leading density po(E) can be
derived from a mean-field analysis (valid at large L) of the statistical mechanics problem for
these eigenvalues. The idea is as follows: the effective potential that a single eigenvalue feels
is a combination of the bare potential and a term coming from the Vandermonde factor:

Ver(Aj) = LV(N;) = > log [(Ai — X)) - (22)
After making a continuum approximation to the contribution from all of the other eigenvalues

D log [(hi— )] =L / dApo(N) log [(A = \)?] (23)

i#]



the equilibrium condition is that each eigenvalue should sit at a stationary point of the
effective potential [73]:

—A

Here the integral should be defined by a principal value prescription, analogous to leaving
out the i = j term from the sum (22). Taking this prescription into account (24) can be
written as

T(B)=0 =  V(E)= / dxpow (24)

Ro1(E +i€) + Ro1(E — i€) = V'(E). (25)

To use (25) to get an expression for Ry;(E), one can use the following trick [14]. Let’s
imagine for a moment that we knew the end points a-., and let’s define a function

o(2) = (¢ — ay)(e —a_). (26)

We will define /o(x) as a function with a cut between x = a4, so that in particular for
large z, y/o(x) ~ x. Then, for complex E away from the cut,

d)\ R01 E / d\ R()l O'(E)
Ro1(F) =
01(E) 27rz A — E \/ (\) 2mi A — E o(\)
dA VI(N\) |o(E)

— — 27
2 / 2mi A — E o)’ (27)
Here C is a contour surrounding the interval [a_, a]. In the first equality we used the residue
theorem. In the second we deformed the contour past infinity!? to surround the cut on the
real axis. In the third equality we used that /o () takes the opposite sign on the two sides

of the cut. This sign change is canceled by the sign of d\ on the two sides, so the net effect
is that Ry 1(\) can be replaced by its average value on the two sides (25).

As a final step, we need to determine the endpoints a4. To do this, one can impose that
Ry (E) ~ % for large E. By expanding (27) for large F, one finds that this implies

0= / d\ V’()\) 5 _ / d\ AV'(X)
2mi o'()\>7 o 2mi g(/\)7
which gives two conditions for the two endpoints a.. After solving for the endpoints using

these equations, (27) becomes an explicit equation for the resolvent Ry ;(E), and we can take
its discontinuity (20) to get the density of eigenvalues py(FE).

(28)

2.2 Computing Rj»

A useful trick for computing Ry 2(E1, E») is the following [75, 76]. If we write the potential
as a power series

= f: v, M" (29)
n=0

121t is clear from the definition that Ro1(\) ~ 1 at infinity so this is OK.
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then it is straightforward to check that an appropriate sum of derivatives of Ry, gives Ry :

=1
Roo(Ey, By) = =) =i 00, Roa(F). (30)
n=0 2

Since we have a formula (27) for Ry, in terms of the potential, we can differentiate it with
respect to the parameters v, and get Ry2. In taking the derivative of (27), the term where
Oy, hits the potential can be simplified using

=1 . . nA"! 1
—0, A) = = . 1
nZ:OEnHa”V( ) nZ:O Entl (A — E)? (31)

One also needs to know the derivative of the endpoints, 0, a+. These can be determined by
taking derivatives of (28). For example, in the symmetric case with a4 = +a, one finds after
some algebra that

1 E,Ey — 2
Roa(Ey, Bs) = ( 17274 1). (32)

2B — E)? \ \/o(Ey)\/o(E,) -

Somewhat miraculously, this depends on the potential only through the endpoints 4+a. This
is a very general feature of one-cut matrix integrals |75, 77].

2.3 Computing R

In order to compute R;;, we will introduce the machinery of the “loop equations,” which
malke it possible to systematically compute all of the R, ,. The starting point is the equation

0
_ L
O—/d /\a)\a

To get Ry 1, one only needs the first of these equations, with & = 0, so no extra resolvents
are inserted in the integrand. Evaluating the derivative explicitly in this case, one gets

1 1 2 LV(\)
0 <(E—Aa)2+E—Aa§Aa—Aj E—)\a> (34)

After symmetrizing the second term under A, <+ A;, combining it with the first term, and
then summing over a, this equation can be rewritten as

<(TrEiH)2—LTr%> = 0. (35)

This is an exact equation, but it can be expanded in powers of 1/L. At leading order in the
expansion, we find an equation that can be written (after dividing by L? and adding terms
involving V'(E) to both sides of the equation)

A e

1
E -,

R(EY)..R(E) [ (N = Aj)eH % VW] : (33)

i<j

V/(H) >0 36)

H

11



where the zero subscript means the large L limit. If the potential V(E) is an analytic
function, then the RHS of this equation is also analytic in £ (in fact, if the potential is a
polynomial then the RHS is also a polynomial). So if we define the quantity

V'(E)

y - R071<E) - 2 Y

(37)

then (36) defines a hyperelliptic curve y*> = f(E), where f is the RHS of (36). This curve
is referred to as the spectral curve of the matrix integral. Concretely, it is a double cover of
the complex E plane, with the two sheets differing by y — —y. We define it so that (37)
holds on the physical sheet, away from the cut along the positive real axis. Eq. (20) then
implies that if we continue to the positive real axis through the upper half plane for F, we
have

y = —mipo(E). (38)
If we continue through the lower half plane, we would have the opposite sign.

Correlation functions of resolvents have branch points in the energy plane, but they
become single-valued functions on the spectral curve. For example, the same loop equation
(35) can be expanded to higher orders in 1/L?. And, at next order, one finds

2y(E)R171(E) = _R072(E7 E) — <%TI' V,(EZ; : ZI(H) >1 (39)

where the subscript on the expectation value in the RHS means the next-to-leading (i.e. 1/L?)
term. Note that the RHS is a single-valued function of E. This implies that R;; must be a
double-valued function, changing sign in the same way as y on the two sheets of the spectral
curve. So Ry ; can be defined as a single-valued function on the spectral curve.

An alternative way to get a single-valued function related to the resolvents is to multiply
them by factors of \/o(FE), which changes sign in a compensating way between the two
sheets. So, for example Ry ;(E)\/o(F) is a single-valued function in the original energy
plane. A very important point is that Ry ;(E)+/o(E) is singular only at the endpoints of
the eigenvalue distribution £ = ay. This follows from the representation

Ri1(E) = / " dA% (40)

in terms of the 1/L? correction p; to the density of eigenvalues, which is itself analytic away
from the endpoints of the cut. It is obvious from this definition that R;; is singular only
when F coincides with an endpoint a4. For example, if E approaches the real axis somewhere
away from the endpoints, the contour can be deformed smoothly to avoid a singularity.

The fact that Ry 1(E)\/o(E) is single-valued and only singular at ay makes it possible
to bypass the fact that we don’t know the second term on the RHS of (39). Following [15],
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we write a dispersion relation

Rys(B)/oTE) = fdARll 27{ dARll)\ Ria(N) /o) ()

21 i A—FE
d\ R02 (A )\) ()
- 27{ 2 A—E  2y(\) )

The first equality uses the residue theorem, and the second equality uses that Ry 1(\)y/c(N)
has singularities only at a+.!® In going to the third line, we used (39) and exploited the fact
that the unknown term on the RHS of (39) is not singular at the points a..

Eq. (42) relates Ry to Ry, which was computed in (32). In [15, 72|, it is shown how
a similar strategy works for higher order quantities R,,. One expands the loop equations
in powers of 1/L and gets a set of equations for R,, involving some unknown correlators
that include a factor of Tr)—g/( These unknown terms are not singular at £ = a4, so
the dispersion relation method in (42) gives a set of equations purely involving R, ,. These
equations can be solved recursively. We will write a special case of the resulting recursion

relation below, after introducing the idea of double-scaled matrix integrals.

2.4 Double scaling

In this paper, we will be interested in an analog of a matrix integral for which the leading
density of eigenvalues is of the form

S

26 smh(27r\/—) E > 0. (43)
Here the superscript “total” is meant to indicate that unlike (17), we are not dividing by L
here, so this density of eigenvalues is normalized so that its integral is L. Of course, such an
equation doesn’t make sense, since the integral of the RHS is not normalized at all. However,
(43) can be realized as a limit of an ordinary matrix integral. For finite a, we can imagine
choosing a potential and a value of L so that

total 650 : a* — E?
po (E) = L sinh | 27 5, | —a < E <a. (44)
Shifting ¥ — E — a and taking a large, we recover (43). Note that as a becomes large, the
ratio L/e also becomes large, in order to keep pi°*®(E) normalized to have integral L. So
the total number of eigenvalues is going to infinity. However, this doesn’t mean that the
matrix integral becomes trivial. The reason is that in the region of interest, the density of
eigenvalues is finite, controlled by e and the 1/L expansion will be replaced by an e~

13Since R(E) ~ B L4 TI(H) ... for large F, a % piece appears only in Ry ;(E), and in particular R, ; has
no pole at infinity.
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expansion. This procedure is an example of what is called “double scaling,” and what we are
saying here is that (43) makes sense as a leading density of eigenvalues for a double-scaled
matrix integral. In such an integral, correlation functions of resolvents have an expansion of
the form

(R(EL) R(Ew))eomn Z o Bn) (45)

— eSo 2g+n—2

Note that we are risking confusion by writing the coefficients of the e™% expansion of a
double-scaled matrix integral with the same notation R,, as the coefficients of the 1/L
expansion of a conventional matrix integral. Similarly, whereas for a conventional matrix

integral one defines py = 7pi*#!, for a double-scaled theory we will use

po(E) = =0 i (E). (46)

The double-scaling procedure needed to achieve (43) would be quite complicated at the
level of the potential, since we have to tune it carefully as we take the limit. And, in fact,
the potential itself diverges in the limit.'* Fortunately, as we will see in a moment, the e~
expansion is determined directly by the leading density of eigenvalues itself, without any
explicit reference to the potential.'®

In practice, double-scaled theories are a little simpler than conventional matrix integrals,
since they have only a single endpoint of the eigenvalue distribution, which we take to be at
E = 0. So for example, a formula that will be important below is the expression for Ry 5.
If we start with (32) and shift Fy — FE; —a and Ey — E, — a and finally take a large, one
finds a somewhat simpler expression

1

4z 29(21 + 22)?

R()?Q(El, Eg) == Zi = —EZ (47)

This is valid for any double-scaled theory. But in some cases one can say much more. For
example, it will sometimes be helpful to have in mind the simple double-scaled theory

petl(py = S VE,  E>0. (48)
T

This theory is dual to topological gravity [29, 30]. For a recent discussion see [32].

The density of eigenvalues (48) can be obtained by starting with the Gaussian matrix
integral, for which p, is a semicircle:
eS() a2 — E2

P (E) = —

——, -—a<E<a 49
- P a a (49)

The condition that py should have unit normalization implies that L/e% = (a/2)%2. To take
the double-scaled limit, one shifts £ — E — a and takes a large, recovering (48). In this

4The quantity that remains finite is the effective potential on a given eigenvalue (22), which is the sum of
the “bare” potential and the Vandermonde potential from an increasingly large number of other eigenvalues.
15The same is also true for the 1/L expansion of a conventional matrix integral.
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limit, many quantities can be computed exactly, such as the exact ensemble average of the
density of eigenvalues:

2S¢

(p(E)) = e |AI'()* — €AI()*|, €&=—eT E. (50)

Note that unlike the leading expression (48), this eigenvalue distribution is extended along
the entire real axis, although it is nonperturbatively small (in e=%) for fixed negative E.

2.5 Topological recursion

We will now present the recursion relation of [15], which efficiently determines all of the
higher R, ,,. Instead of working with functions of the energy, it will be convenient to define

a new coordinate z by!6
2= —F. (51)

In terms of E, the functions R,, and the spectral curve quantity y are double valued.
They can be viewed as single-valued functions living on a double cover of the E plane. For
a conventional one-cut matrix integral, this double cover is branched over the endpoints
a_,ay. In the double scaled limit, we move one branch point to the origin and the other to
infinity, so we have a double cover of the E plane branched over the origin. The coordinate

z defined above is a good coordinate on that space. The variable x = —F is often used.
Then, more precisely, the spectral curve is given by the locus
(x(2),y(2)) C C*. (52)

This curve is uniformized by z and so is genus 0.7

Concretely, R,, and y are single-valued functions of z. For example, for the case (43),
using (38) and (46) one has (up to a minus sign that can be fixed once and for all)

sin(2mz)

=7 53
Y o (53)
In the topological gravity case (48), one has y = z. For small z the two differ by a factor of
two that is conventional; it could have been absorbed into a shift of Sy by log(2).

We can now present Eynard’s recursion relation for the expansion of the multi-resolvent
correlators Ry, defined in (45). We will write this for the special case of a double-scaled
matrix integral, with one branch point at the origin. In order to line up with the notation
in [78], we define functions W, by

Won(21, s 2n) = (=1)"2"21...2, Ry (=27, ..., —22) (54)

n

16The minus sign here is conventional, and we have chosen to define things so that real z corresponds to
the “forbidden” region of negative E, where the large L density of eigenvalues vanishes.

17 Tt can be also be viewed as a degenerate infinite genus curve with degenerations located at each of the
infinite number of zeros of y(z).
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except for two special cases where

1

(21— 22)%

Woa(z) =2zy(2),  Woal(z,22) = (55)

These two special cases are the inputs to the recursion relation of [15], which determines all
of the other W, ,, by:

z—0

J
— 1 1
Wg,n(Zh B2y ey Zn) = Res { ( 2 |:Wg—1,n+1(z7 —Z, J) (56>

+ Z Wh,lHII(ZJ) Wh/71+|[/|(—2,],)] }

IUI'=J;h+h'=g

This expression is a residue at the origin (the one remaining branch point) because it is
derived using a dispersion relation argument as in (42). The only complication relative to
the discussion above for the case (g,n) = (1,1) is that, in general, the loop equations involve
another term that appears here on the second line. Regarding the notation, I, I’ are subsets
of the arguments zs, ..., z, and |I| is the number of elements in subset I. Also, > ' means
that two cases are excluded: (I = J,h = g) and (I’ = J,h' = g). This recursion relation is an
example of the more general structure referred to as Eynard/Orantin topological recursion
[16]. For more on this in the context of matrix integrals, see [72].

Let’s now see how this looks in the first few orders for the case (48) where y = z. The
first two Wy 1 and Wy o are given by (55), and working out the residue formula explicitly for
the first four nontrivial cases gives

1 1
Wy, = 222 Wog = ————— Wog = ——
0,1 Zl’ 0,2 (21 — 22)27 0,3 22%2’%2%
1 5zt 432222 4 522
Wii=— Wig=—1 L2 2 57
BT 160 1,2 322628 (57)
105
Woy = — .
2171024210

Using (54) to convert back to Ry, variables, and using (14) to compute the density of
eigenvalues, one finds that R;; and Rs; agree with the expansion of the exact result (50).

One can also work out the answer for the case (43) where y = w:
sin(2mzy) 1 1
Wor=2n—""—-"=, Wio=—"-, Wiz=—55 o8
0,1 21 A ) 0,2 (21 — 22)? 0,3 2%23232) (58)
3+ 2m%2?2 5(2f + 25) + 32222 + A2 (2122 + 2323) + 2mtzi2)
Wipn=—77—, Wia = 6.6
2427 8212

W21:

)

105 2037% 1397'  1697° = 297°
128210 7 19228 T 19226 T 48024 T 19222 )

In this case, we don’t have an exact formula to expand and compare to. However, a fact
of central importance in this paper is the following. These quantities Wy, are the Laplace
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transforms of the volumes V, (b1, ..., b,) of the moduli space of bordered Riemann surfaces
with geodesic boundaries of lengths b, ..., b, and genus g. The computation of these volumes
was difficult even for V;1(b) [79] until the discovery by Mirzakhani of a recursion relation
[28] that enables their computation. The first few are'®

Vo.1 = undefined, Vo2 = undefined, Vos =1 (59)
~ 1 1

‘/171 = 4—8(b% + 47T2), ‘/172 = @(477‘2 + b% + bg)(l?ﬂ'z + b% + bg)

Vo (4% + b7) (1272 + b7) (69607 + 3847%b% + 5b7).

~ 9211840

One can verify explicitly that for these examples, we have

Won(21y s 20) = / bidbie ... / budbye " Vg (b1, ..., by). (60)
0 0

This was noted and proven in general in work by Eynard and Orantin [33], who showed

that after Laplace transform, Mirzakhani’s recursion relation takes the form of (56) with the

spectral curve y = w. This relation provides a link between the loop equations of a

matrix integral and the volumes of the moduli space of curves. In the next section, we will

see that it implies that JT gravity is dual to a matrix ensemble.

3 The genus expansion in JT gravity

Now that we have reviewed the structure of the genus expansion in matrix integrals, we will
see how the same thing arises from an analysis of the path integral in JT gravity. This theory
is defined by the Euclidean action

JJT:—% B/M\/ERJr/aM\/EK] - B/M\/E¢(R+2)+ 8M\/E¢(K—1)]. (61)

The basic strategy is to compute something like the correlation functions of resolvents studied
in the previous section, and show that they satisfy the recursion relation of a double-scaled
matrix integral.

More precisely, we will study correlation functions (Z(5;)...Z(8n))conn., Where in the
matrix integral interpretation, Z(8) = Tr(e™”) and H is the random matrix. This is
related to the resolvent by an integral transform

R(E) = - / 48 2(9), (62)

which makes sense for E' less than the ground state energy (which we will set to be zero).
The expression can be continued in F after doing the integral.

18The tilde on V; ; is due to the fact that for this case, at every point in the moduli space of this surface,
there is a Zo symmetry, and the volume we reported here is the volume taking this symmetry into account,
in other words counting only one of the pair of surfaces related by the Zs symmetry.
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We can translate (Z(51)...Z(58n))conn. to a bulk gravity computation using the usual
NAdS,/NCFT; dictionary [9]. Here we think about the random matrix H as the Hamiltonian
of the boundary theory. The way the translation works is as follows. One integrates over 2d
geometries with the rule that for each factor of Z(3), the geometry must have a boundary
with length (/e, and where the dilaton has the value ¢ = v /e. (One takes ¢ — 0 at the end.)
In order to compute the connected part of the correlator, we require that the 2d geometry be
connected. In what follows we will often take v = 1/2, which amounts to a choice of units.

The upshot of this is that to compute (Z(31)...Z(8n))comn., We are looking for connected
geometries with n boundaries of a specific kind. For a fixed number of boundaries, these are
classified topologically!® by the number of handles (“genus”) g = 0,1, .... The first Sy term?®
in the JT action (61) gives a factor of (€)X, where Y is the Euler character y = 2 —2g — n.
So, summing over different topologies, we get an expression

260 2o~ S DaslO ) )

g=0

where Z, ,,(B1, ..., Bn) is the JT path integral for a given topology with the Sy term left out
of the action. As an example of the type of geometry involved, we have

A

Zg:?,n:f& (617 ﬁ27 ﬁ3) = -

where the lengths of the regularized (red) boundaries are fixed to be j;/e, but they are
allowed to take wiggly shapes as we discuss in a moment.

The path integral over such geometries is simplified considerably by the fact that the
integral over ¢ with the action (61) imposes a constraint that the metric should be constant
negative curvature R = —2. It is possible to put a metric with R = —2 on a topology such
as (64), and in fact there is an infinite-dimensional space of such geometries, consistent with
our boundary conditions. This corresponds to the freedom to make the boundary wiggly,
and also a finite-dimensional moduli space associated to the surface itself. The path integral
over the metric then becomes an integral over the moduli space, and a path integral over the
boundary wiggles. The JT action reduces to the final extrinsic curvature term, and we have

Zgn(Pry ey Br) = /d(bulk moduli) /D(boundary wiggles)elom VR 1) (65)

19Tn this paper we restrict to orientable surfaces, which are appropriate for a Hermitian matrix integral.
We are grateful to Edward Witten for comments on nonorientable contributions. See [26] for discussion.

20We should note that the presence of the topological term in the low energy limit of the SYK model has
only been verified for the disk and the cylinder.
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As we will see, the integral over the boundary wiggles is easy to do. The integral over the
bulk moduli is difficult to get explicit expressions for, but we will see that Mirzakhani’s
recursion relation implies that the result satisfies the recursion of a double-scaled matrix
integral.

Since our goal is to compute the quantities Z, ,, exactly, it will be important to understand
the integration measure. As we will see, the measure that follows from the JT path integral is
the Weil-Petersson measure on the bulk moduli, and the symplectic measure on the boundary
wiggles, with a relation between the normalization of these measures. As a first step we will
review the definition of the Weil-Petersson measure for the moduli space, deferring until
slightly later an explanation of why it is relevant in JT gravity.

3.1 The Weil-Petersson symplectic form

The Weil-Petersson measure is derived from a symplectic form. This form can be explained
very concretely in terms of the “pants” construction of a hyperbolic Riemann surface. This
is based on building up surfaces from an elementary building block, which is a hyperbolic
surface with genus zero and three geodesic boundaries, of lengths by, by, b3. For example, the

three shaded pieces here
g (66)

can be glued together to give a genus two surface with one geodesic boundary. Such a geom-
etry can be attached to a “trumpet” (shown unshaded above) in order to form a geometry
with an asymptotic boundary, but for the moment we will focus on the shaded components
only. By gluing together several of these three-boundary building blocks, one ends up with a
manifold with some genus g and some number n (possibly zero) of leftover geodesic bound-
aries. In the example, (g,n) = (2,1). The space of such manifolds for fixed values of the
external boundary lengths is denoted M, (b1, ..., b,), and referred to as the moduli space of
bordered Riemann surfaces.

A set of coordinates on this space are simply the parameters of the gluing construction,
known as Fenchel-Nielsen coordinates. These consist of the lengths 31, j;k of the pairs
of internal boundaries that were glued together, along with a corresponding set of twist
parameters 7, .., 7, which represent the proper distance that one boundary is rotated relative
to its partner before the two are glued together. So, all together we have 2k coordinates,
and one can show that £ = 3g + n — 3, where ¢ is the genus and n is the number of fixed
leftover boundaries. The Weil-Petersson form is a symplectic form on this space, and in
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these coordinates it is simply [80]
Q=a Y dbAdr, (67)

where « is a numerical constant that depends on convention. In the literature, a = 1 is
widely used, and we will often use this convention below. The quantity ; LOF gives a volume
form, and one can integrate this to get the volume of the moduli space Mg,n(bl, ey D).

In practice, a major complication is that the pants decomposition overcounts the moduli
space. Because hyperbolic Riemann surfaces have many geodesics on which to cut, one
can find different pants decompositions of the same geometrical surface. Although it is not
obvious in these coordinates, the form (67) is invariant under such changes in decomposition.
But to correctly compute the volume of the moduli space

Vo (br, oo by) = vol (M (b, .., b)) (68)

one still needs to restrict the integral to a fundamental region that counts each distinct
surface once. This is tricky: see e.g. [79] for an example computation.

In [28|, Mirzakhani showed that these volumes satisfy a recursion relation that makes
it possible to compute them in practice (see [32] for a recent introduction to Mirzakhani’s
method). We will not show the recursion relation explicitly, but an important fact for this
paper is that it is equivalent to the statement that the W, defined in (60) satisfy the
recursion relation of a double scaled matrix integral, with y = w [33].

3.2 Optional: the compact case, in the second-order formalism

We will now begin to explain why the Weil-Petersson measure is relevant for JT gravity. In
this section we start with an explanation intended to appeal to readers who have background
in string perturbation theory; a more complete explanation will be given later.

To avoid the complication of boundary wiggles for the moment, we will assume that we
are integrating over closed manifolds, and in order to have a hyperbolic metric, we assume
the genus is ¢ > 2. The path integral on a closed genus g surface gives a contribution to the
logarithm of the matrix integral partition function:

Dg ,,’D¢ B
loo Z So X T T = Lr[gu 9]
0g Z O (e F, = / SIeT ) (69)

To evaluate the path integral, one can fix to conformal gauge

Jab = € Gun, VIR =GR —2Vw) (70)

where ¢ is a metric with R = —2. The path integral becomes (see, e.g. eq. (3.13) of [81]
with d = 0 and including the extra JT gravity term)

Fy = d(Weil-Pet.) (det ﬁfﬁl)l/z /Duﬂ)qb e~ 205cll o) Voo (F2), (71)

moduli
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The integral over moduli is the integral over metrics g with R=-2Tn [81] it is shown that
the path integral reduces to the Weil-Petersson measure on this space, times the Fadeev-
Popov determinant for the gauge-fixing to conformal gauge, (det ]31T ]31)1/ 2. The operator 131
takes vectors to traceless symmetric tensors

(ﬁlv)ab - %an + ﬁbva - /g\abﬁcvca (72>

and for a conventional choice of metric, its adjoint acts as (ﬁfa)“ = —Qg“bﬁcozbc. Sy, is the
Liouville action; it will not play an important role in this theory because the Liouville field
will be localized to zero, and the action will give a multiple of the Euler characteristic.

The final term in the action in (71) can be written more explicitly as
/ JiO(R+2) = / Vio(B — 292w + 26%) = 2 / Vo= 42w+ 0. (13)

The path integral over ¢ imposes a delta function constraint §((—V?2 + 2)w) at every point
in space. This condition implies w = 0, but in doing the integral over w we get an inverse
power of det(—V?2 + 2). So the path integral becomes

(det ﬁfﬁl)l/z
det(—V2 + 2)

= elcomst)x / d(Weil-Pet.) (75)
moduli

F, = elcomst)x / d(Weil-Pet.) (74)
moduli

In going to the second line, we used that the ratio of determinants in (74) for hyperbolic
manifolds is proportional to e#X. To show this, one can use the constant negative curvature
condition and a short calculation to write Pf P, = 2(—V?2 + 1), where V2 is the Laplacian
acting on vectors. One can then write out the vector Laplacian explicitly, using coordinates
ds? = %. One finds a simple expression after conjugating by a factor of y:

A~

152 D,1 —1 0

acting on two-component vectors with top component v* + 7v¥ and bottom component v* —
ivY. The differential operators D, are defined, following the conventions in [82], as
D, =y’ (02 + 82) — 2iny0,. (77)

Note that Dy is simply the scalar Laplacian, so we conclude that

(det LP[P)?  det'*(=Dy +2) det'/?(=D_, +2)  det(=D; +2)
det(—V?2 + 2) det(—Do +2) det(—Do +2)’

(78)

These determinants differ by at most a factor (const)X where x is the Euler characteristic, see
[82, 83]. Note that we inserted a factor of % in the first expression here. After regularization,
this factor also contributes at most a term proportional to (const)X.
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So we find that, up to a factor e(®"*)x that can be absorbed into Sy, the path integral on
a compact g > 2 surface reduces to the Weil-Petersson volume of the moduli space.?! The
cancellation of the determinants that made this possible was quite specific to the JT theory.
We will see this from another perspective below.

3.3 First-order formalism

In order to evaluate (65), we need the measure both for the bulk moduli and the boundary
wiggles. And, moreover, we will need a relation between the normalizations of these mea-
sures. In order to derive this, it will be convenient to use the first-order formalism for JT
gravity, which is a topological BF-type theory.

3.3.1 Basic setup

We start with some equations for first order gravity in two dimensions. The basic objects
are the one forms e* = ejdz* and the spin connection w = e%w where €12 = 1, and a,b
indices are raised and lowered with d,5, so we don’t need to distinguish up vs. down. The
no-torsion condition, which determines the spin connection, is

de® = —w A e’ (79)
The curvature two form is
Rab — dwab ‘I‘ wac /\ wcb — dwab (80)
The first equation is the general definition. The second equation is true in two dimensions,
since in this case w* A w® = —d0jw Aw = 0. In general, the curvature two form is related to
the Riemann tensor by
RY = §eZeZR”ypgda:p A dx?. (81)

In two dimensions this simplifies because R, ,, = %R(gupgw — GuoYvp) and we find that
1
dw®, = §R6“ A €p. (82)
Now, e! Aey =e! Ae? = /gd’z, so
VI&PTR = 2dw', = 2dw. (83)

We can then write the JT action in the first order formalism as

% / VIo(R+2) — / [qﬁ(dw +e' Ae?) + po(de® + €w A eb)] (84)
.y / Tr (BF). (85)

2INote that this volume also depends on an arbitrary normalization of the form in (67). If we rescale the
form by a factor of a, we will rescale the answer by a factor of 3973 = ™%X, so this factor can also be
absorbed into Sp.
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In the first line, we introduced the ¢ as Lagrange multipliers that enforce the no-torsion
condition (79). In the second line we wrote the answer in terms of a matrix of scalars B and
a matrix of one forms A:

a1 2 1 1 2
b ) () e

where the field strength F' is defined as
F=DA=dA+ ANA. (87)

The action can now be recognized as an SL(2,R) “BF” theory. Note that we introduced
a factor of i in (85), and a compensating factor of —i in (86). With this convention, the
purely imaginary contour for our Lagrange multipliers ¢, ¢1, @2 becomes a real contour for
the matrix B. The action (85) then has the usual factor of i for a BF theory in Euclidean
signature.

The field B enters the action only linearly, so we can integrate it out, getting a constraint
that /' = 0, in other words that we should integrate only over flat connections.?? The
advantage of the BF theory presentation is that there is a very simple description for the
measure on the space of flat connections. This measure arises from the original ultralocal
measure for the path integral, after integrating out the nonzero modes. After gauge-fixing
and using the Fadeev-Popov procedure, it was shown in [84] for BF' theories with compact
gauge group that the path integral on orientable surfaces reduces to an integral over flat
connections, with the measure induced by the symplectic form on the space of gauge fields

Q(o,n) =2« / Tr (o An). (88)

Here o and 7 are elements of the tangent space in the space of gauge fields. Concretely, they
are one forms that parametrize infinitesimal variations of A. The constant « is arbitrary
and can be absorbed into a shift of Sy, as we will see in detail below.

An important point in [84] is that this symplectic form is Kahler-compatible with a metric
on the space of one-forms, which can be used together with a similar metric on the space of
zero-forms to define the gauge-fixed path integral measure. Concretely, Kahler-compatibility
of a metric and a symplectic form means that g(o,n) = Q(o,Jn), where J> = —1 and
Q(Jo,Jn) = Q(o,n). In the case of compact BF theory, one can take J = x*, and the
corresponding metric on the space of one-forms is

g(o,n) =2« / Tr (o A *n) . (89)

Unlike (88), this formula involves a choice of metric on the underlying surface, which is
needed to define *, but in the gauge-fixed path integral, this dependence drops out if one

22 Actually, in JT gravity we only want to integrate over one topological component of the space of flat
SL(2,R) connections (see e.g. footnote 5 of [32]). Global aspects of the space of flat connections will not be
important for us, because we view the second order Lagrangian as the definition of the theory, and only use
the BF description locally, in order to compute the correct measure about a given configuration.
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uses a similar formula to define the metric on the space of ghost and antighost fields, as
explained in [84].

In the noncompact case, (89) is not a positive metric on the space of field configurations,
since the Lie algebra metric has negative directions. However, following [85], we can use
a non-invariant but positive metric on the Lie algebra in order to define the gauge fixing
condition, and also to define the metric in the space of field configurations:

g(o,n) =2« / Tr (o A xTn) . (90)

Here T reverses the sign of the negative-metric component of the Lie algebra.?® This metric
is also Kahler-compatible with (88), using J = *7T. This means that the analysis in the
noncompact case continues to apply, and in particular the induced measure on the space of
flat connections is the one that follows from (88).

3.3.2 The Weil-Petersson measure from BF theory

An important fact for us is that, on the space of flat SL(2,R) connections, (88) is locally
the same as the Weil-Petersson form on the moduli space of curves [86]. We will explain this
with a simple example in a moment, but first we should explain the formula in more detail.

Suppose we are at a point in the space of flat SL(2,R) connections. A symplectic form
is a two-form, which is supposed to take as input two vectors in the tangent space to this
point. The tangent space can be described (up to gauge transformations) as consisting of
gauge fields d A such that A + €dA is still flat to linear order in ¢, i.e.

d(6A) + ANSA+SANA=0. (91)

We can stick two such configurations into (88) and get a number (5,4, J2A), so (88) is a
two form in that sense. Note also that it is gauge-invariant on the space of flat connections.

To see this, suppose we make a gauge transformation of one of the deformations: §,A —
d2A 4 dO + [A, ©]. Then the change in the value of (51 A, d2A) is

% / Tr (5,4 A (4O + [A, ) (92)

which vanishes after integrating by parts and using (91). (The possible boundary term in
this integration by parts will be important below.)

Let’s now see concretely how the form (88) is related to the Weil-Petersson form (67). To
do this we focus on a particular geodesic where two tubes of pants have been glued together.
Near this region, we choose coordinates p, x so that p measures the distance to the joining
locus (p < 0 is one tube, and p > 0 is the other). The metric is

ds? = dp?® + cosh®(p) [bdx + 70(p)dp]*, &~z + 1. (93)

2We are grateful to Edward Witten for suggesting this.
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The funny term involving d(p) is to implement the twist by distance 7. To see that this
works correctly, we can write the expression in brackets as 2*

bdx + 76(p)dp = dy,  y=bx+710(p). (94)

The metric is smooth in y, which is a continuous coordinate on the geometry. This means
that x is actually discontinuous: the two spaces have been glued together with a shift by
proper length 7 in the x direction.

In SL(2,R) gauge theory terms, up to a gauge choice A is given by (86) with
et =dp, e*=bcosh(p)dx +16(p)dp, w = —bsinh(p)d. (95)

We now consider small variations of §;b, d;7 for i« = 1,2 and we compute

Tr ((5114 A (SQA) = % ((5161 VAN (5261 + (5162 N (5262 - 51w VAN (52&)) (96)
1

Integrating over p, z, the symplectic form (88) is
Q((SlA, 5214) = Oé(dlb (527' — (Sgb (517’). (98)

This coincides with (67) including the normalization factor of «, which is why we chose the
specific normalization in (88).

3.3.3 Boundary conditions

The real advantage to working with the BF formulation is that it is straightforward to use the
same symplectic form (88) to get the measure for the integral over wiggly boundaries. Before
we can do that, though, we need to discuss the boundary conditions that we are imposing
on the BF' theory. Our guiding principle is that we should choose boundary conditions that
reproduce the ones from the second order formulation of JT gravity. Essentially, we need to
arrange that the boundary conditions should allow a wiggly boundary but not more.

The boundary conditions that are imposed in JT gravity in order to compute the partition

function Z(3) are
1

~
guu’bdy = 6_27 gb‘bdy = E? e — 0. (99>

The u coordinate is a rescaled proper length coordinate along the boundary. It should run
from zero to 3, so that the total length of the boundary is /€. The invariant content of (99)
is that that ¢|pay = % - length(bdy), but these equations also define a preferred coordinate
u along the boundary. This coordinate will be convenient below. As emphasized in [9], this
type of boundary condition allows a “boundary graviton” mode corresponding to a wiggly

24Tt should be clear from context that 6(p) in the following equation is the step function, not an angular
coordinate.
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boundary. This is typically described by giving the trajectory of the e-regularized boundary
in Euclidean AdS,.?* To specify this, one can use e.g. global coordinates

ds? = dp?® + sinh?(p)d6* (100)

and then give a function 6(u), which specifies the angle in the hyperbolic plane as a function
of the boundary proper length coordinate u. The function p(u) is then fixed by (99). Instead
of parametrizing things this way, we would rather have a formula for the asymptotic behavior
of the metric, so that we can read off conditions that can be translated to the first-order
formalism. To do this, we can use coordinates r,u where r is a coordinate that measures
distance to the boundary (which is taken to 7 = oo in the ¢ — 0 limit), and w is the
coordinate we have already discussed. Then one can show that a wiggly boundary leads to
a metric with the large r behavior

ds® = dr® + (1e*" — Sch(u) + ...) du®,  Sch(u) = Sch (tan @, u) . (101)

One way to check this is to note that this metric has R = —2 to the order we are working,
and then to compute the extrinsic curvature of a constant r surface for large r, which is

= L v 50 (4€* — Sch(u) +...)
— 7 Orfu = 2e2r — Sch(u) + ...

=1+ 4e ¥ Sch(u) + ... (102)

This agrees with the computation of the extrinsic curvature of the parametrized boundary
in the fixed metric (100), as described in [9].26 So, the summary of this discussion is that a
to allow wiggly boundaries, we can impose that the metric should asymptotically take the
form (101) with an arbitrary function Sch(u) that is allowed to vary.

We would now like to translate this condition to the BF theory. First of all, a standard
minimal boundary condition for BF' theory would be to fix some linear combination of B
and A, to zero

B + iCA“‘bdy =0, c¢=const. to be fixed below. (103)

The coefficient was taken to be purely imaginary so that the boundary condition is a real
one after continuing the Euclidean boundary time u to Lorentzian time. One can check that
with this boundary condition, the action with an appropriate boundary term

I=—i /M Tr(BF) + 7 /aM Tr (BA). (104)

is stationary with respect to linear variations about a solution. The boundary condition
(103) is closely related to a familiar boundary condition in three-dimensional Chern-Simons
theory. There, some linear combination of the boundary components of the gauge field are

25JT gravity localizes to exact Euclidean AdS,, but all that is really important for parametrizing the
boundary this way is that the geometry is asymptotically Euclidean AdSs.

26 And the extrinsic curvature of the boundary curve specifies it uniquely, up to an SL(2,R) isometry of
the entire geometry that is a gauge symmetry in this context.
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typically set to zero. BF theory is a dimensional reduction of Chern-Simons theory where
the gauge field is taken to be independent of the third coordinate 23, and where

ABD — A 4 Bda® (105)

From the three-dimensional perspective, the boundary components of A®? are A, and B, so
(103) is indeed the usual type of condition. Chern-Simons theory with this type of boundary
condition leads to a boundary theory that is a chiral WZW model [87, 88]. The analogous
statement for BF' theory with Lie group G is that the boundary theory is the quantum
mechanics of a particle moving on the G manifold [89]. However, this isn’t quite what we
want. We are aiming for the Schwarzian boundary theory, which is a path integral over a
quotient of diff(S1), whereas the above suggests that we will get a path integral over the
larger space loop(SL(2,R))/SL(2,R) [90].

The problem can be fixed [23, 91, 92, 90| by following the steps [93] used to impose
the asymptotic boundary conditions for AdSs3 [94] in the Chern-Simons formulation [95, 96]
(see also [97, 98] for recent 3d discussion). Basically, we need to impose stronger boundary
conditions, namely the asymptotic conditions (101). These conditions can be written in
first-order variables as

e' =dr, ¢ = (3¢ —Sch(u)e")du, w=— (3¢ +Sch(u)e")du. (106)

In terms of the gauge field, this imposes the large r behavior

dr { =1 0 du 0 e"
A‘?( 0 1>+7(—280h(u)6_7" 0 ) (107)

We emphasize that in these boundary conditions, Sch(u) is an arbitrary function which is
allowed to vary; this describes the freedom in A at the displayed order in e™". We should
check that the action for this quantity agrees with expectations from JT gravity. First, we
can fix the constant in (103) by requiring that (106) is consistent with the large r behavior
of (99), which requires ¢ = 2 = fy%. This fixes ¢ = 27, so the boundary term becomes

I = v/duTr (A2) = —’y/du Sch(u) (108)

which is the same Schwarzian action one gets from the standard treatment of JT.

3.3.4 The boundary wiggles and symplectic form

We can now give a BF' theory description of the boundary wiggles and compute the measure
from the symplectic form (88). In Chern-Simons theory, the boundary WZW modes arise
from would-be gauge transformations that act nontrivially on the boundary. In BF' theory
we are in the same situation: the physical mode describing the boundary wiggles is a trans-
formation by a would-be gauge transformation that does not vanish at infinity, but instead
limits to a function ©(u, r) with some asymptotic r dependence and arbitrary u dependence.
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In principle O(u, ), as an sl(2,R) element, contains three independent functions. How-
ever, imposing that the transformation A — A + dO© + [A, ©] should preserve the condition
(107) allows us to solve for the large r behavior of two of the functions in terms of the third,
so that the most general transformation has the large r behavior

. e (u) se"e(u)
000 ( _oer et + o] 5o ) 109

for some function £(u). This preserves (107) but induces the transformation
Sch(u) — Sch(u) + " (u) 4 e(u)Sch’(u) + 2&"(u)Sch(w). (110)

This transformation is the correct transformation of the Schwarzian derivative Sch(f(u), u)
under an infinitesimal reparametrization acting on the right: f(u) — f(u + e(u)). This
identifies the mode (109) with an infinitesimal reparametrization, introducing a small wiggle.

We are finally in a position to evaluate the measure for the wiggles, by evaluating the
symplectic form
(6,4, 6,4) = 2a / Te(6,A A 5,4) (111)
M
on a pair of configurations where §;4 = dO; + [A, ©;] and ©; have the limiting behavior
(109). For any formal gauge transformations ©;, the integrand in (111) is a total derivative,
and a short calculation shows that the above can be written as a boundary integral

Q((SlA, (SQA) = 2&/ Tr(@l(d@g + [A, @2])) (112)
oM

Now inserting the limiting form (109) and integrating by parts in u, assuming that all
functions including Sch(u) are periodic, one finds

Q61 A, 0,A) = a/OB du {ag(u)ag(u) — Sch(u) (el(u)eé(u) — 5/1('11,)82(’[,6)):| (113)
which can also be written as

a [P
0= 5/0 du {da’(u) A de"(u) — 2 Sch(u) de(u) A da’(u)} : (114)

This is a multiple of the same (Kirillov-Kostant-Souriau) symplectic form that was assumed
for the Schwarzian path integral in [22]. Here we have derived it from the bulk theory. Also,
we have related the coefficient of the symplectic form for boundary wiggles to the coefficient
of the Weil-Petersson form (67), because both are special cases of the form (88).

3.3.5 The path integral over the boundary wiggles

We will now evaluate the path integral over the boundary wiggles for the cases that are
relevant for our problem. There are two cases, corresponding to a wiggly boundary on the
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disk, and a wiggly boundary at the big end of a hyperbolic “trumpet” geometry as shown
below.

(115)

. AT

N

end is a geodesic
of length b

A useful simplification is that both path integrals are one-loop exact [22], so we can evaluate
them exactly by just doing the path integral for small fluctuations.

We start with the disk. In this case, it is convenient to use the following coordinates for
the hyperbolic disk
ds? = dp?® + sinh*(p)d6?>. (116)

The wiggly boundary can be described by giving 0(u), where u is a rescaled proper length
coordinate along the boundary, running from zero to §. The other coordinate p(u) is de-
termined by the condition that the induced metric for the boundary is g,, = 6% The
JT action reduces to the boundary extrinsic curvature term (65) in this case, which is
—v [ duSch(tan £,u) [9]. Evaluating the Schwarzian derivative explicitly and integrating by
parts, one finds that the path integral we want is

Zdisk(g) :/%exp [—%/Oﬁdu (96: 9’2>]. (117)

The measure du[f] means the measure induced by the symplectic form (114). We are dividing
by SL(2,R) for the following reason: the hyperbolic disk has an SL(2,R) isometry group.
Acting with an isometry on the left panel of (115) moves the shaded droplet around in
the hyperbolic space, but doesn’t change the geometry of the shaded region. So to avoid
overcounting, we should integrate over wiggly boundaries only up to SL(2,R) equivalence
[9].

Using the one-loop exactness of this integral, we can get the exact answer by doing the
Gaussian integral for small fluctuations about the classical solution

27

O(u) = 5

(u+e(u)). (118)

At quadratic order, the action three modes e = 1, ¢ 7 These zero modes correspond to lin-
earized SL(2,R) transformations of the classical solution, and we can implement the quotient
in (117) by not integrating over these modes. So we integrate over functions parametrized

by
=Y e T (D 1 i) (119)
In|>2
where in order for e(u) to be real, the real and imaginary parts satisfy el = 5(R) and
el = (I) One can view the independent variables are e and el for positive n > 2.
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It is straightforward to insert (119) into (114), along with the saddle point value of the

Schwarzian Sch(tan —’TB“, u) = ZBL; and get the symplectic form in terms of these variables
(2m)° 3 R
Q=2a n® —n)de® A delD, 120
=) (120)

After also working out the action in (117) to quadratic order in €, one finds that the properly
normalized path integral is

(R)

. 2 2 3 —(27 (en )2+(5511))2 nd—n
Z35K(p) = " Hm%m%n) / d={PdeDem BRI (g9
n>2
2n?y Oéﬁ 1 73/2 272y
e’ H% = W3 (2n) 22 ’ (122)
n>2

In the last step, we regularized the product using e.g. zeta function regularization or by
writing the product as an exponential of a sum of logs, introducing a smooth cutoff in the
sum, and then discarding the divergent piece.

Next we consider the trumpet. There is actually a one-parameter family of trumpet
geometries, labeled by the length of the geodesic at the small end of the trumpet. We take
this length to be b. The relevant geometry can be obtained by a piece of hyperbolic space
in the coordinates

ds* = do* + cosh®(o)dr?, T ~7T+0. (123)
The periodic identification of 7 breaks the SL(2,R) symmetry of the hyperbolic plane down
to U(1) translations in 7. The wiggly boundary is described by a function 7(u), and in this
case the boundary action becomes —v [ duSch(e™",u).?" After writing this out explicitly
and integrating by parts, we find

8 )
Zgn ™ (8,b) = / dUHJ([lT)] exp [—%/0 du (:—,2 + T'QH : (124)

This is also a one-loop exact integral [22], so we can get the exact answer by studying the
Gaussian integral over small fluctuations about the saddle point:

T(u) = %(u + e(u)). (125)

One can again decompose € into modes and work out the symplectic form, this time inserting
ub
into (114) the classical value Sch(e™ %, u) = —%. The path integral becomes

2 2 3 _(2m)4 (E&R))2+(€$LI))2 nd b? n2
zimme(5 1) = % T 202 ;) (* + o) / dePgeDe PV T ()

n>1

1/2 2

_ af 1 0 _ab?
e }:[1 % T Al (27T)1/251/2e 7 (126)

(N[

2"One way to derive this is to find the relation between the 7 and # coordinates at the boundary of the
regular hyperbolic disk. This is cos# = tanh(7), which implies tan ¢ = e~7. The standard formula for the
2
Lagrangian Sch(tan 4, u) is then equal to Sch(e™, u).
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3.4 Putting it together: the contribution of genus ¢ in JT gravity

We are now in a position to put the pieces together — the Weil-Petersson volume of the bulk
moduli space and the path integral over the wiggly boundary — and compute the genus g¢
partition function with n boundaries, Z,, (51, ..., 5,), introduced in (63). The formula is
simply

Zoa1(B) = Z$5(B)
Zoa(Br, B2) = a / bdbZg P (Br, b) Zgr P (Ba, b) (127)
0

Zgn(B1y oy Br) = Q" / bydb... / budb, Ve (b, .y by) Zgan P (B1, 1) Zgg " (B, ba)
0 0

where we have written the first two (which are special cases) separately.

Let’s explain this formula for the case Z,;(/5). In this case, the geometries that we
integrate over have a trumpet connected to the rest of the space across a minimal geodesic
of some length b that should be integrated over:

. (128)

¢

geodesic of

length b
For fixed b, the path integral factorizes into an integral over the moduli of the internal part
of the surface, and an integral over the wiggly boundary of the trumpet. Together, these

factors give
Vo (0) Z50™ (8, b), (129)

where we have written V", with a explicit to make clear the dependence on the normalization
of the Weil-Petersson form (67). All that remains is to integrate over b. In fact, there is both
the length b and a twist parameter 7, and the measure is again the one that follows from
the Weil-Petersson form (67). For this case, since twisting by b leaves the surface invariant,
the twist is bounded between zero and b, so the total measure for the length parameter is

b
/ O = adb / dr = abdb (130)
T 0

and the final answer is
Z,.(8) = a / bdb V% (b) ZEEP (5, ). (131)
0

The logic for n boundaries is similar.
Note that the o dependence of the entire expression is proportional to

a . oB9tn=3. a—n/Q — a%(29+n_2) = Oé_%x. (132)
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Here the first factor comes from the n explicit factors of « in (127), and the second factor
comes from the fact that V, ,, involves an integral over 3g + n — 3 pairs of internal variables,
each carrying a factor of o form the form (67). The final factor comes from the o dependence
of the n factors of (126). Since the total a dependence is of the form a2, we can set a to
one by a shift of Sy by 2 log(c).?®

3.4.1 Example: Z,

Although it is a somewhat special case from the perspective of the above formulas, it is
interesting to work out the formula for Z;, explicitly. This corresponds to the case where
the two asymptotic boundaries are connected by a “double trumpet”

D—

Explicitly, in this case one has

00 ,71/2 7%£ 71/2 7%£
ZO,2(61762) = /0 bdb <W€ 51) (We 52) (134)
_ VbBib
= 56+ B 1)

If we continue 8; — (1 + it and [y — [ — it, and take t > [, we get the linearly growing
“ramp” contribution to the spectral form factor

1 t
A +at, 0 —t) = — :
02(8 +it, B — it) o Bt

The coefficient here agrees with the prediction of random matrix theory, but more is actually
true. The whole function (135) agrees with random matrix theory. To see this, we compute
the contribution to the correlator of resolvents (assuming £y, Ey < 0)

R072(E1, EQ) = /(; dﬁ1d62%€ﬁ1El+ﬂ2Ez (137)
1

= 2 (138)
A(— B2 (= Ep)' 2 [(— En)Y2 + (— En)/?]

(136)

which agrees with the universal answer (47) for double-scaled matrix integrals.

This expression can be continued to positive energy either through the upper half plane
to E'+ie or through the lower half plane to E —ie. The difference between these continuations
gives the density of states (14), and one finds (using an obvious notation)

R(++)+ R(——) — R(+—) — R(—+) -1 By + Es

<,0(E1)p(E2)>0 = (—27Ti)2 - (27-()2 E11/2E21/2(E1 _ E2)2 (139)

28Note that although the above calculation does not apply to the special cases (g,n) = (0,1) or (0,2), it
is separately also true for those cases that the o dependence is aix,
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Note that this expression is singular as F; approaches F,. This is not true for higher genus
contributions to the same correlator. This is easy to check for the genus one contribution,
by doing the integral with the explicit function V; 5 in (59).

3.4.2 Aside: these are not classical solutions

Except for the disk, none of the path integral configurations that we considered above are full
solutions to the equations of motion of JT theory. The equation of motion of ¢ is satisfied,
since R + 2 = 0. But the equation of motion for the metric implies that ¢*V0,¢ is a Killing
vector [99], and except for the disk and double trumpet, the manifolds we consider here do
not have isometries. For the double trumpet, a separate argument rules out a solution [11].

The basic point is that because of the e ?*/4f factor in the trumpet partition function,
there is pressure pushing b to be small [100], which prevents us from finding a fully on-shell
configuration. Of course, this is not a problem in the present context, since the JT theory
is simple enough that we can simply do the integral over b.

3.5 Correspondence with the matrix integral recursion relation

The agreement of Ry 2 above with random matrix theory is an example of a more general fact,
which is that all of the Z,,, taken together, give a solution to Eynard’s recursion relation
applied to double scaled matrix integrals (56).

As a first step, we should understand what the spectral curve function y(z) is for this
case. This can be obtained from the genus zero expression for the density of states as in
(38). The genus zero density of states for the JT theory is obtained by writing Zy; as an
integral with some density of states

Zus(3) = | dEp(E)e (140)

In our case, Zy; = Z3&k was given in (122). After adjusting Sy to make o = 1, one can
check that this answer is reproduced by the function

po(E) = — sinh(27\/27E), (141)

272

which implies
y(z) = 21 sin(2my/2v z). (142)
T

We have already seen that Ry 2 has the right form for a double-scaled matrix integral, so

it remains to check the generic R, case. More precisely, we will check that W ,, defined in
(54) satisfy (56). The quantities W, are in general related to Z,,, by an integral transform

Wyn(Er, ooy Ey) = 2212, / dpy...dB,e #4781 .. B). (143)
0
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For the JT gravity case (127), after inserting the explicit expression for Zgy > in (126),
one can do the integral over [ inside the integral over b. Then, using the integral

22 Oodﬁefﬂﬁie‘%% = (29) V2 VPIP2 (144)
: (2m) 257 ! |

one finds that

Wyn(21, .y 20) = (27)"/2/ bldble‘mblzl.../ bpdbe V2 br# Y (by, . b,).  (145)
0 0
If we take v = %, then we land on the case discussed near eq. (60). Eynard and Orantin
showed that Mirzakhani’s recursion relation implies that these functions indeed satisfy the
sin(27z)

recursion relation (56) for the spectral curve y = >, which is just (142) for v = %

The case for general v follows trivially from this. One simply shows that the recursion re-
lation (56) behaves correctly under rescalings of energy. Concretely, if W, ,,(z1, ..., 2,,) satisfy

(56) with a given y(2) then so do (27)"/2W,..(v/2721, -, v/272) With y(2) — (27)y(v/272).

4 Connection to minimal string theory

In the last section, we saw that the sum over topologies in JT gravity reproduces the genus
expansion of a particular double-scaled matrix integral. This is reminiscent of previous
connections between two-dimensional gravity and matrix integrals [34, 35, 36, 37],%° which
were motivated by thinking of the double-line graphs of matrix perturbation theory [74, 73|
as a discretization of an integral over surfaces. This becomes precise in the double-scaled
limit |17, 18, 19], and we will find evidence that the correspondence identified above between
JT gravity and matrix integrals is related to a further limit of these models.

Let’s first briefly review the older story. In one presentation, one regards the sum over sur-
faces as a type of noncritical string theory called the “minimal string,” where the worldsheet
theory is a minimal model CFT on a fluctuating geometry described by Liouville theory.
Minimal model CFTs are labeled by a pair of relatively prime integers (p, p’), and for general
values of (p,p’), the minimal string is dual to a multi-matrix integral. But for the special
case of (2,p), with p an odd positive integer, one finds a single Hermitian matrix integral,
and we will focus on this case. The (2, p) minimal models are non-unitary, and have central
charge ¢ = —3p + 13 — %. In order to get a ¢ = 0 worldsheet theory, the minimal model
is combined with the usual ¢ = —26 ghosts, and a Liouville theory [101]*° of central charge
3p+ 13+ 1].72. This can be accomplished by taking the Liouville theory 3!

1 ~ ~ 2
I= E/d%\/? ((Vso)2 + (07 + )R + 4##6”’“”) . b= \/;- (146)

For reviews see 38, 39].
30For reviews see [102, 38].
31Note that in the following action the only matter field operator appearing is the identity operator,

coupling to the cosmological constant. To achieve this in the matrix realization of the nonunitary minimal
string the negative dimension matter fields must be fine-tuned to zero. This is referred to as the “conformal
background” [41].
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The dictionary between this theory and the matrix integral is similar to what we discussed
for JT gravity. In particular, matrix ensemble averages of (Tr(e =@ H).. Tr(e=)) are given
by the worldsheet path integral over surfaces with n boundaries. The boundary conditions
are fixed finite lengths /¢4, ..., £,, for the Liouville sector, and the identity Cardy state for the
minimal model.

Assuming that the minimal string is dual to some matrix model, one can determine
the correct one by computing the disk partition function, interpreting it as the leading
contribution to (Tr(e=*#)), and reading off py(F).3> This computation was first done by
[41], using a minisuperspace approximation to Liouville, which was shown to be exact, as in
[103]. It was later redone in [53|, using formulas from the bootstrap solution of the Liouville
boundary problem [47|. In this approach, one uses, as an intermediate step, the FZZT
boundary condition, which corresponds to an unmarked boundary in Liouville with fixed
boundary cosmological constant pp. For this problem, expressions for one-point functions
are known [47]. By an integral transform, one can change from FZZT boundary conditions to
a marked boundary with fixed length ¢. The resulting one-point function of the cosmological
constant operator with these boundary conditions is given in Eq. (2.44) of [47] as

1-b? 7]
Wy(€) = (const. ) 202 K_p2 (Kl), P — 147
(6) = (const )u' 5 Ky (i) e (147)
This one-point function can be interpreted as the derivative with respect to the cosmological
constant p of the disk partition function, which is then given by integrating:

wuyi/@wqa:@m%%wﬁggwy (148)

To determine the relevant matrix ensemble, we set b = /2/p and interpret (148) as
(Tr(e~*1)), and then compute the inverse Laplace transform to obtain the leading density of
eigenvalues. Before doing this, it is convenient to adjust a boundary counterterm to multiply
(148) by a factor of e, which will have the effect of setting the ground state energy to zero.
Then, using

e’ 1.2 > —st 2 i
;Kb%(s) =b /0 dt e~ sinh <b2 arccosh(1 + t)) (149)
one finds that -
MW (l) = / dEpo(E)e " (150)
0
with
P L
po(E) = (const.) sinh {ﬁarccosh <1 + E)] (151)
= \/E<CLO+CL1E+CL2E2+...+CL17T—IEPTA> : (152)

32More precisely, to compute (Tr(e~*#)), one should consider a disk with a marked boundary, meaning

that a base point on the boundary has been chosen, and we do not consider translations of the boundary
time coordinate as a gauge symmetry. The difference is a factor of ¢: if we do not pick a base point on the
boundary, we would be computing +(Tr(e*7)).
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This gives the leading density of eigenvalues in the matrix model dual to the (2, p) minimal
string. In the second line we wrote a schematic form for the function in the case of interest
where p is an odd integer. The coefficients a; are positive numbers.

We would now like to understand the relationship of this to JT gravity.3® For large p,
the central charge of the Liouville theory is large, and the fluctuations about the classical
solution will be small. The classical solution of Liouville theory is hyperbolic space, and by
working in units with 47p = b%, we can arrange that the radius of curvature of the classical
solution is one, so R = —2, as in our conventions for JT gravity. It seems plausible that
this theory could be related to JT gravity. However, since both are supposed to be dual to
matrix integrals, we can compare them by comparing the po(E) function that specifies the
matrix integral. And, indeed, it is easy to check that if we take p — oo with E = 2fEJT
held fixed, we land on the JT gravity spectral curve:

E
sinh {garccosh (1 + —>} — sinh <27T EJT) . (153)
K

The agreement of these spectral curves suggests that JT gravity is in some sense the p — oo
limit of the (2, p) minimal string.3* We will use this correspondence below to import intuition
from the minimal string on the role of FZZT and ZZ branes in Liouville theory.

5 Nonperturbative effects

The effects we have discussed so far in this paper are perturbative from the perspective of
a matrix integral. More precisely, they are perturbative in the expansion parameter 1/L,
or e~ in the double-scaled case. From the perspective of JT gravity, or the collective field

description of the SYK model, these are nonperturbative effects, because the quantity e~
is itself nonperturbatively small relative to the G or % expansion:
_#
gravity: e ™ =¢ on, SYK: e %0 = ¢ #N, (154)

In matrix integrals these perturbative effects come from smooth fluctuations around the large
L density of states po(E). The perturbative series describing these fluctuations are typically
divergent, with the coefficient at genus g behaving like (2¢g)!, indicating the existence of
nonperturbative effects of order exp(—cL), or exp(—ce®) in the double scaled case (here c
can be complex).

Indeed, below we will derive the following formula, which summarizes the leading per-
turbative (i.e. genus zero) and leading nonperturbative effects in the density of eigenvalues:
e%0po(E) — 15 cos <27T€SO fOE dE'pO(E’)> E>0
(p(E)) ~ N (155)
—— CXp (—2650 Jo dxy (\/§)> E <.

33We are grateful to Nathan Seiberg for emphasizing this question.
34 A more complete description of this correspondence will be forthcoming in [42].
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Figure 1: The exact eigenvalue density for the Airy case (50) (blue, dark), and the tree-level
answer piel(E) = %\/E (orange, light) are plotted for e = 1. Note the oscillations in
the “allowed” region E > 0 and the small but nonzero tail in the “forbidden” region £ < 0.

Let’s explain some of the qualitative features of this formula. One feature that is easy to
understand concerns the density of eigenvalues in the “classically forbidden” region £ < 0.
This is zero to all orders in perturbation theory, and the main nonzero contribution comes
from the exponentially small probability of a single eigenvalue being located at £ < 0. The
weighting for such a configuration is controlled by the “effective potential” V.g(E) that the
eigenvalue feels: the sum of the actual potential V(F) and the Vandermonde repulsion from
the remaining eigenvalues. In the forbidden region we have from (22)

"(E) = LV'(E) = 2¢% Ry 1 (E) = —2¢%y(v/—E) (156)

Via(B) =2¢% [ dey (V) (157)

0

and so in the forbidden region (155) can be rewritten as

1

((E)) = — = exp (~Vin(B)) - (158)

This simple picture only makes sense if Vg(E) > 0 in the forbidden region, indicating
stability of the tree level distribution po(F). We will assume this for now to simplify our
presentation. For JT gravity it actually isn’t true, as we will discuss in section 5.5.

The oscillating behavior of (155) in the allowed region is in some respects more dramatic.
The nonperturbative cosine term in (155) is rapidly oscillating, but is not particularly small,
of order one in powers of . This is smaller than the tree level term e*°py, but it is larger
than the first perturbative (genus one) correction, which we haven’t displayed in (155), but
which would be proportional to e™%. So the nonperturbative correction isn’t small, but it
is rapidly oscillating as a function of E, on the scale of the separation between individual
eigenvalues. This is clearly visible in Figure 1.

For integrated observables that are sufficiently smooth in energy, such a term will give
small effects. But in special observables they can be important. For example, oscillating non-
perturbative terms in the two-eigenvalue correlation function are needed in order to explain
the “plateau” in the spectral form factor. More generally, the oscillating nonperturbative
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term can be understood as a consequence of the underlying discreteness of the energy levels,
as the oscillations are on the scale of the separation between adjacent levels.

The kinds of nonperturbative effects discussed here have been given a “bulk” interpreta-
tion as D-branes in minimal string theories described by double scaled matrix integrals. One
eigenvalue instantons correspond to “ZZ branes,” an analog of D-instantons. The allowed
region oscillations are probed by “FZZT branes,” an analog of probe D0 flavor branes.

In this section, we will give a heuristic derivation of (155) and then interpret it in the
context of JT gravity by analogy to the minimal string identification. This is particularly
interesting since in that context, the effects are doubly-nonperturbative from the perspective
of ordinary gravitational perturbation theory in Gy.

5.1 The determinant

In order to discuss nonperturbative effects in matrix integrals, it is convenient to start out by
working with determinants instead of resolvents.?® In these quantities, the nonperturbative
effects contribute at leading order, and are therefore easier to examine. In particular, we
define the quantity

W(E) = det(E — H)e 25, (159)

As we will discuss later, this operator can be interpreted as the insertion of a “brane” [57, 55].

A wuseful general fact is that the expectation value of ¥(FE) in the matrix integral is
equal to PL(E)G_%V(E), where P,(F) is the degree n monic polynomial from the family of
polynomials that are orthogonal with respect to the measure e=“V(¥)_ In the double-scaled
limit, the polynomial index n is replaced by a continuous parameter n/L, and the orthogonal
functions satisfy a pair of linear differential equations. For large e, these equations can be
solved using WKB methods, and a “one loop” solution at large e is [104, 55]

(W(E)) ~ %exp {630 / ) dE(z’)y(z’)} + %exp [—630 /0 ) dE(z’)y(z’)} C(160)

0

where F = —2?. This is written in terms of the spectral curve coordinate y (38). The

coefficients A, B are arbitrary so far, and as we will see, they can depend on the angle of
in the complex plane.

5.1.1 Airy
A wuseful example to have in mind is the case where py = %\/E and the corresponding
spectral curve is y? = —E. In this case, it is possible to write the exact answer for ()(E)) by

representing it as the effect of integrating out an additional “matter field” in the fundamental
representation. This motivates the interpretation of 1(E) as a probe “flavor” brane.

35We are grateful to Juan Maldacena for this suggestion.
36See for example [55]. This kind of construction is used extensively in the quantum chaos literature. For
reviews see [105, 106, 67, 68].
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We begin with the Gaussian matrix potential V(z) = 5—2m2, which has the leading order
density of states given by the Wigner semicircle:

So 2 2
total € ot —F

E)=—\\———, —a < E <a. 161
o) = [ (161)
For this to be normalized, L = e%0(a/2)3/2. For this theory, one can write the determinant
det(E — H) as an integral over Grassmann vectors y; and X; and perform the Gaussian
integral over H to arrive at an integral over the Grassmann variables that only depends on
the combination >, X;xi,

_ W2
(det(E — H)) = /dxidiieEXiXi_&(XiXiP. (162)

We can introduce an auxiliary variable s so that x; and ; can be simply integrated out,

[2L -
<det(E - H)> = _Z/dS dXidyie(EJ”S)Xin*%ﬁ
Ta

2L
= \/—Q/ds(E—l—z's)Le_iész. (163)
m™a

The final line is an integral representation for the Hermite polynomial (g—z)L/ 2H(V2LE/a).
The Hermite polynomials are the orthogonal polynomials for the Gaussian measure, so this
is an example of the general result mentioned above. We see that in this case (¢(F)) is a
harmonic oscillator wavefunction, and so satisfies a Schrodinger equation (with & = ). For
this simple potential the WKB estimates described in (160) follow from a standard WKB
analysis of of this Schrodinger equation.?” To obtain the theory po(E) = }r E; we study
this Gaussian theory near the lower edge of the eigenvalue distribution. This corresponds
to studying the wavefunction near its left classical turning point. To do this, we replace
FEoq = —a+ ELey so that the support of pg is 0 < EpLew < 2a. Then we send a — oo holding
Eyew = E fixed. One can take this limit in the integral representation (163).

After multiplying by e~ 2V®) as in (159), one finds®®

1 [ i 3.

() = [ dneb e —aig, e= R (164)
™ —oQ

The leading asymptotics of the Airy function on the real axis can be obtained from a standard

saddle point analysis of this integral. There are two saddle points, and in the allowed region

¢ < 0, the defining contour is deformable to the union of the two associated steepest-descent

contours. In the forbidden region, £ > 0, the defining contour is deformable to the steepest

3"We will not use the Schrodinger equation perspective directly, but it is a convenient way to obtain the
leading exponential behavior of (160). See e.g. section 4.3 of [32] for recent discussion.

3We change variables to s — —% 4 /Z¢~%0/35 before taking a — co. Also, as the overall normalization
in (¢(E)) can be rescaled by a constant shift of the potential, we will choose things so that the constant of
proportionality in (164) is one.
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descent contour associated to only one of the saddles. This leads to the leading large &

asymptotics
S S T4 2(__¢)3/2
Ai(€) ~ { VAT cos (—§ +3(=€)%?) £<0 (165)
1 _ex (_2,53/2) £>0.
2\/;51/4 p 3
This is consistent with the general formula (160) applied to the case y> = —FE, and it

determines the A, B coefficients in both the forbidden and allowed regions.

In this paper we are concerned with matrix integrals whose spectral curve approaches the
Airy curve y?> = —F at small E, up to a rescaling. We will determine the A, B coefficients in
general by demanding that the results join onto the Airy results for small E. This prescription
is consistent with rigorous results for unscaled matrix models [107].

5.1.2 Disks and Cylinders

We now describe another technique for obtaining semiclassical formulas like (160).3Y This
technique is not rigorous, but it does have two advantages. First, it makes direct contact
with the quantities used in topological recursion. Second, and more importantly, it is directly
connected to the D-brane interpretation of these nonperturbative effects.

The essence of the technique is very simple. It is based on the identity
det(E — H) = exp (Tr log(E — H)>. (166)

We would like to take the expectation value of the RHS in the matrix ensemble, using the
general formula

(%) = exp (<X> + %<X2>conn. + ) , (167)

where in our case X = Trlog(E — H). In a matrix integral, the higher connected correlators
are suppressed by powers of €. So, in a leading approximation, we can keep only the first
term in (167), and we evaluate it to leading order. This can be done by integrating the
genus-zero resolvent:

(Trlog(FE — H))y—o = €™ / : dE' Ry, (E). (168)

This combines nicely with the explicit factor of =2V ® in (159). Using eSoy = e Ry (E) —
LV/(E), we have the leading formula

W(E)) = e 3V B (det(E — H)) ~ exp (650 / : dE' y) : (169)

which matches the exponential factors in (160).

39Gee for example [57, 54, 108, 32].
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This approach is analogous to Polchinski’s calculation [46] of D-brane amplitudes, of order
e~1/95 as an expansion in disconnected worldsheets of disk topology, that is in powers of 1/gs.
We will give a corresponding brane interpretation of the effects in (169). Anticipating this
discussion, we will refer to the term in the exponential in (169) as the disk amplitude.

For the discussion below, we will need to be more precise about the choice of branch.

Because y is multivalued in the F plane, it is convenient to view the disk amplitude as a

function of z, where F = —2z:

Disk(z) = &% / y(2)dE(Z'). (170)
0
For the Airy spectral curve y?> = —E, or alternatively y = z, this is
z 2
Disk(z) = 650/ 2+ (—2zdz) = _%650 (171)
0
For the JT gravity curve, it is
Disk(z) = %0 /Z sin(2rz) (9nd) _sin(272) —827;2 COS(27TZ)€SO' (172)
0 7 T

In order to insert these expressions in (169), we have to decide which branch of z(E) to use.
In principle, we have this choice in each factor of (Trlog(E — H)),—¢ that appears when we
expand out (166). In order to determine the branch, we need to supply additional input.
The known general form (160) can be reproduced if we choose the same branch for all terms
in the expansion of the exponential, and possibly also choose the other choice in another
complete sum. This gives the two exponentials in (160). Additional information has to be
supplied to fix their coefficients. In our case joining onto the Airy limit will determine this.

In order to reproduce the prefactor powers in (160), we need to include the order-one
terms in (167). For Hermitian matrix integrals, the only term of order one comes from the
connected two-point function. It will be convenient to view this as a function of separate
Ey, E5 arguments:

By B
(Trlog(Ey — H)Trlog(Ey — H))conn. = / dE{/ dEY Roo(Ey, Ey) + O(e”2%). (173)

Anticipating the brane discussion, we will refer to the leading term on the RHS as the
cylinder, and we will regard it as a function of z:

Cyl(z1, 22) = / " aB() / " AB(2) Ros(E(), E(2) (174)
/z1 / chizj_d: = —log(z1 + 22) + 0. (175)

In the second line, we used (47) and did the integral, assuming z1,2z, > 0. The infinite
additive constant is independent of z;, 25, and it reflects an ambiguity in the normalization
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of ¢(F) in the double-scaled limit. For the moment, we simply add a constant to the potential
in order to cancel the co. In the better-defined ratio of determinants that we will consider
below, it will cancel automatically.

In terms of the disk and cylinder quantities, for a given choice of branch, we can write
the RHS of (167) to one-loop accuracy as a function of z

1 1
U(z) = exp |Disk(z) + =Cyl(z, z) | = —— exp |Disk(z)]. 176
(5) = exp |Disk(z) + 5C1(z.2)| = = exp Disk(2) (176
We expect to be able to express (¢)(F)) in general in terms of a linear combination of the two
branches ¥(z) and ¥(—z). By matching to the Airy case (164) and using the asymptotics
of the Airy function (165), we find that specific linear combination has to be

U(z) +U(—z) E>0

U(z) E <0. a7)

(W(E)) o {

In this expression, we have 22 = —F as always. Because of the 1/v/2z in (176), we have to

specify a branch for the prefactor. The correct prescription from matching to Airy is to take
U(e'z\/E) 4+ ¥(e 2y/E) on the first line, and ¥(v/—E) on the second line.

5.2 The inverse determinant

We would like to understand the origin of nonperturbative effects in more familiar quantities
like the average density, the pair density correlation function, or in resolvents. The orthogonal
polynomial approach to matrix integrals allows one to write all such quantities in terms of
orthogonal polynomials [72|. So in principle having determined the orthogonal polynomial
from the (det(E — H)) we have all that we need. But we would like to attempt a more direct,
if more formal, calculation.

An important intermediate tool is the insertion of
esV(E)

= det(E _H)

Y(E) (178)

The operator QZ(E ) is interpreted as the insertion of a “ghost brane,” which is a term used to
mean an object that totally cancels a brane if it is inserted at the same point.*® The ghost
brane is a more complicated object than the brane. Before double scaling (1/det(E — H))
is the Hilbert transform*! of (det(E — H)) with respect to the measure e XV(E) [72]. This
procedure defines two independent functions, depending on whether the energy argument is
above or below the real axis. Of course, both functions can be continued in the complex
E plane, and they define two separate entire functions. We will refer to them as <Ji(E)>,

10See for example [57, 108, 32|. In some of these papers this object is referred to as an antibrane. We are
using the term ghost brane in the sense of [109].
“More precisely (1/det(E — H))z1 is the Hilbert transform of e~ XV (E)(det(E — H)) .
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where the plus subscript means that the formula gives the actual ghost brane answer for £
in the upper half-plane, and the minus subscript means that it agrees in the lower half-plane.

The double scaled version of (1(E)) also obeys a differential equation [110] which yields
a semiclassical expansion of the same general form as (160). To understand the more subtle
determination of coefficients in this case we turn again to the Airy example and then proceed
to a formal disk and cylinder calculation.

5.2.1 Airy

We start with the Airy case, with spectral curve 3> = —E. One can compute (12) using the
same technique we used for (¢). Instead of introducing Grassmann flavor fields we introduce
bosonic fields ¢;, ¢; to implement 1/ det(E — H). After mimicking the procedure that led us
to the Airy integral, and adjusting the arbitrary overall normalization, we find (see A.1.1)

(W+(E)) = / dres” ¢, €= —eiNE, (179)
Cx
As explained in appendix A.1.1, the contour Cy starts at 7 = —oo and ends at r = e*'3 - 0.

By comparing to the contour integral definitions of the Airy function, we see that the exact
answer for this integral is

(V4 (E)) = 7Bi(€) £ imAi(¢). (180)

As in the case of the brane, the overall normalization of this quantity is not significant.

5.2.2 Disks and Cylinders

We would now like to write a candidate general formula in terms of the disk and cylinder
function. We use the same formula (167), but now with X = —Trlog(F — H). At one-loop
order, this is equal to

U(z) = exp [—Disk(z) + %Cyl(z, z)] -

1
exp |—Disk(z 181
= exp[-Disk(2)] (181)
At one loop, one ‘would expect to be able to write (1;) in terms of a linear combination

of the two branches ¥(+z). Matching to (180) determines the linear combination, up to an
overall constant multiple, as

~ U(z) E>0
W(E)) ~ {\Tf(z) +10(-2) E<o. (182)

In these expressions, we mean that z is continued through the lower half-plane for ¢+ and
through the upper half plane for 1/1 So in the upper line we have \I/<€:FZ2 VE) and in the
lower line we have W(v/—FE) + \If( Fmy/—FE). We expect (182) to be valid for a general

spectral curve that limits to the Alry curve near the origin.
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5.3 The resolvent

We will now combine the brane and ghost brane computations in order to get (155). The
key formula for this section relates the resolvent to the derivative of a dipole of a brane and
ghost brane*?

1 det(E — H)
E—H “Pdet(E'—H)|p_,
Though the above way of writing this relation will be more suitable for calculations, the
following, more trivial-looking formula may also be helpful to think about

1 1 det(E — H)
T =T
'E—H r(E—H) det(E' — H)

Tr

(183)

) (184)
E'—E
The introduction of these determinants may seem unnecessary. However, if we include the
ratio of determinants for £ # E’ and calculate using the formal method of the previous sec-
tions we find in addition to the perturbative series for the resolvent there are nonperturbative
pieces that survive in the limit £/ — F.

5.3.1 Airy

As always, we start with the Airy case y> = —E. Modifying the techniques for the brane
and ghost brane, we show in appendix A.1.2 that

<¢(E)Ji(E’)> = —/ d;cfs (r +1is)exp [%7‘3 +is° + e%(E'r —iEs) (185)
Ct

= re” 3 (O — Op)AL(E) (BI(E) £ AI(E)),  (£.€) = —¢ o (B, E).

By contrast to the brane and the ghost brane computations, this dipole quantity has a well-
defined and meaningful normalization. Taking another derivative with respect to F, using
the definition of the Airy function Ai”(¢) = €Ai(€), and setting £’ — FE, we find an exact
formula for the resolvent:

_ LV/(E) 25g

(RE(E)) — 550 = me'S™ [—AV(€) (BI(6) 4 1AT(€)) + EAI(E) (Bi(€) +1Ai(€)] . (186)

Note that like the ghost brane, the resolvent defines two separate entire functions, as dis-
cussed in [55]. Taking the difference between the two along the real axis, we recover (50).

One point to note is the following. The saddle point structure of the integral (185) is

the same as for the product of the integrals for ()(E)) and (¢ (E’)). This means that the

asymptotics of (¢ (E)Y(E')) is to leading order the same as the asymptotics of ((E))((E")).
At first sight this may seem problematic; (¢)(E)d(E’)) should be exactly one as E' — E,
while the product (¢(E)){¢(E)) is not equal to one. The one-loop correction away from the
product structure of (185) is critical for ensuring the correct behavior at £ — E, as we will

see In a moment.

42Gee for example [105, 67, 68, 108].
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5.3.2 Disks and cylinders

We would now like to reproduce the asymptotics of this formula with a formal disk-and-
cylinder approach. To do this, we write

and then apply the formula (167). A nice feature of the ratio of determinants is that al-
though the determinant and the inverse determinant do not by themselves have a natural
normalization, their product does. This is because the arbitrary constant in the potential
cancels out. And, correspondingly, the total one-loop factor

C(z,7) = %(Cyl(z, z) + Cyl(#/, z’)) — Cyl(z,2") = log ; 2

(188)

zz!

is finite without any subtraction of infinite terms. By analogy to the previous formulas (176)
and (181), we expect to write a one-loop formula for the brane-ghost brane pair in terms of

the function
z+ 2

2V z2

We separate the arguments by a semicolon to emphasize that this function is not symmetric.
The first argument refers to the determinant, and the second to the inverse determinant.

U(z;2') =

exp (Disk(z) — Disk(z’)). (189)

We find that the exact Airy expression can be matched to the leading asymptotics

(2;2") + U (—2;2") E,E'>0

1 (190)
(2;2') +5V(2;—=2") E,E <.

(VW) ~ {i

The branch prescriptions for the two arguments are the same as in the respective determinant
and inverse determinant cases. Explicitly,

U(e'sVE; e¥5VE) + V(e '5VE; e¥5E) E,E >0
V(B V=F) + W(/=E: FTE) B E <0,

Unlike in the previous cases, the normalization here is meaningful. As a simple check, we
can take the limit £’ = F. Using (189), we find that

(Y(E)ps(E")) ~ { (191)

U(z,2)=1, ¥(z,—2) =0, (192)

so (190) reduces to one in the limit £’ = E. This is expected because ¢ (E)¢(E) = 1 exactly.

Now, to compute the resolvent we take the derivative g = —i@z and then set £/ — F.
Again using (189), and also using that Disk(z) is odd in z, one finds

0.V(z;2") = 0.Disk(z),  9.9(z;2) !

exp [2Disk(z)]. (193)
2=z Zl=—z 2\/—_2:2



This is an interesting expression. In the coincidence limit when the arguments are on the
same sheet, the derivative of the brane-ghost brane function (189) reduces to a simple ob-
ject, the derivative of the disk. But when the z arguments are on opposite sheets, we get
a nontrivial expression with an exponentiated disk amplitude. This is the source of the
nonperturbative effects in this way of calculating the resolvent.

Multiplying by —2—1Z to convert the z derivative to an E derivative, and then plugging
into (191) and taking care with the branches, we find

FeSoy(ivVE) £ = exp [ £ 2Disk(ivVE)] E >0

e%y(V—=FE) F =4 exp [2Disk(vV—FE)]  E <0. (194)

(R*(E)) ~ {

Given this expression for the resolvent, we can find the one-loop approximation to the density
of eigenvalues by using Rt — R~ = —2mip. Using y(iv'E) = impo(E) for E > 0, we find

e%0po(E) — 15 cos (2me fOE dE'po(E')) E >0

— exp ( — 2e%0 fofE dzy(\/x)) E <0. (195)

@@»%{

as claimed in (155).

Although it is more complicated, one can follow a similar procedure to calculate a non-
perturbative correction to the two-resolvent correlator, and extract a generalization of the
sine kernel formula for the pair correlation function (p(E)p(E’)). In the appendix A.2, we
find that by writing each resolvent as a derivative of a ratio of determinants and calculating
to one-loop order, we find for £, £’ > 0

coS (27T fEE, dE”pBOtal(E”))
on2(E — E')2 !

(p(E)p(E")) D |E-El<1 (196)
Adding the contribution from the leading perturbative cylinder geometry between the two
resolvents and approximating the integral in the above formula to leading order in E — E’,
we find the familiar sine kernel expression for the pair correlation function. While the
nonperturbative correction and cylinder are separately divergent as £’ — E, this expression

is finite in that limit (although there is also a delta function contact term, see (256) for more
detail).

5.4 Connection to JT gravity

We would like to understand how to interpret the above computations in the context of JT
gravity. We will start by thinking about (¢)(F)), using the representation of the determinant
as det(E — H) = exp(Trlog(E — H)). Expanding out the exponential, one has to compute
expectation values of arbitrary powers of Trlog(E — H). These are related by an integral
transform to an expectation value of products of partition functions Z(f)...Z(5,), which
we know how to compute in JT gravity. As described before, for (Z(5;)...Z(3,)), one sums
over surfaces with n boundaries with lengths proportional to i, ..., B,.
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The boundary condition required to compute Trlog(E — H) is a type of fixed energy
boundary condition and it can be obtained as an integral transform of the fixed length
boundary condition that defines Z(3) = Tre ?H. Naively, the relation is

Trlog(E — H) / —ePP 7 () + const. (197)

This expression is quite natural from the perspective of quantum gravity. The integral over 3
is an integral over the length of the boundary, and the e®” weighting amounts to a boundary
cosmological constant. The measure factor of % is familiar in string theory. It means that we
consider the boundary to have no marked point, so configurations that differ by a translation
of the boundary time coordinate should not be counted independently.*® In the context of
the minimal string, the boundary condition implied by (197) is simply the FZZT boundary
condition in Liouville, with up < —F.

The following is a technical remark. Eq. (197) works for contributions with genus g > 0,
but for the disk topology, the integral has an exponential divergence at § = 0. This reflects
the divergence in Trlog(E — H) in a double-scaled matrix integral. In the quantity ¢(F),
this is cured by subtracting the bare potential £V (E). In JT gravity, a prescription that
effectively subtracts this is as follows. The function Z(3) is a double-valued function, due
to a branch point at § = 0. The two branches differ by a minus sign, so we can rewrite the
integrand in (197) as one-half of the difference of the two branches. The integral can then be
interpreted as the discontinuity across a branch cut. A way to define the integral in general
is to deform the contour slightly to pass around the branch point at the origin, avoiding the
singularity. This prescription is equivalent to the naive one for g > 0 and it also gives the
correct answer (subtracting the potential) for ¢ = 0. In order to converge at infinity, the
integral has to be done along a ray that is oriented in an appropriate half-plane, depending
on the phase of E.

In any case, an insertion of Trlog(E — H) amounts to a boundary in JT gravity of a
particular kind. To compute (¢(F)) we sum over configurations with an arbitrary number
of such boundaries. These boundaries can be connected to each other or disconnected. See
figure 2 for an example configuration. So ¢ (F) is fundamentally a “many universe” quantity,
whose computation involves disconnected spacetime geometries.**

This is analogous to the mathematics of D-branes as described in [46]. The Trlog(E —
H) boundary condition is interpreted as the worldsheet boundary associated to a D-brane.
(¢(F)) is then the D-brane partition function, involving a sum over many disconnected
worldsheets ending at the same type of boundary condition. In this analogy, the D-brane
is labeled by the argument F, and the multivaluedness reflects the branched structure of
the semiclassical space of D-branes [55]. In the Liouville minimal string case, the relevant
D-branes are called FZZT branes [47|, and they are defined by a boundary condition similar
o (197). So the mathematics is the same but the interpretation is different: we view the

43The integral to compute Tr+—4 has no such factor, and corresponds to a marked boundary.
44Tn the introduction we used the term “baby universe” to refer to a disconnected spatial universe. Here
we are referring to disconnected spacetimes, which would be the histories of such “baby universes.”
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Figure 2: An example of a geometry that contributes to (¢(E)).

two-dimensional geometry as spacetime, rather than a string worldsheet.*®

The computation of (1) is similar to that of (1): it is also a many-universe quantity.
One obvious difference is a minus sign associated to each boundary, which comes from
writing det(F — H)™' = exp(—Trlog(E — H)). A less obvious difference is that the sum
over branches has to be treated differently than for (¢). We do not have a derivation of
this branch prescription from JT gravity, but we can follow the rules outlined in the matrix
integral discussion above.

The calculation of the “dipole” partition function (;/}(E)@Zi(E’ )) is also similar. For a
given choice of branches, we sum over all geometries with any number of brane or ghost
brane boundaries. In the disk-and-cylinder approximation, the disconnected spacetimes
exponentiate to form the combination W(z,z’). For coincident E’ = E, the ghost brane
perfectly cancels the brane, thanks to (192).

The JT interpretation of the resolvent is more interesting. In (194), we got the resolvent
by differentiating the dipole partition function, and then setting £’ = E. For the present
discussion, it is convenient to think about this procedure using the formula (184):

R(E) = lim R(E)YY(E))(E"). (198)

E'—=FE
To calculate this, we sum over geometries with a single resolvent boundary in addition to
the brane and ghost brane boundaries, see figure 3.6 In the sum over geometries, there is a
class in which the resolvent does not connect to any of the brane boundaries. These sum up

45Tt would be interesting to explore the D-brane interpretation of (1(E)) in JT gravity further, including
understanding the “target space” in which this D-brane lives. The description outlined in Section 4 of JT
gravity as a limit of the minimal string might provide a way of addressing this issue.

46 A key point is that the resolvent boundary must be on the same branch as the brane boundary; we do not
sum over separate branch choices for the resolvent. This can easily be seen to follow from the requirement
that we match with the version of the calculation where we take the E derivative of the dipole partition
function.
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Figure 3: An example of a geometry that leads to the nonperturbative correction to the resolvent.
The black (dark) boundary corresponds to the insertion of a resolvent operator, Trﬁ. The blue
(medium) boundaries correspond to the insertion of a brane operator, Trlog(E — H). The orange
(light) boundaries correspond to the insertion of a ghost brane operator, —Trlog(E’ — H).

to the factorized expectation value (R*(E))()(E)idy(E")). Taking the limit ' — E, the
brane and ghost brane cancel and we recover the perturbative series for the resolvent.

The leading correction to factorization comes from a geometry where the resolvent is
connected to one of the branes by a cylinder diagram. By a calculation similar to the one in
(174), we find the cylinder between the resolvent and the brane is

1

(R(E)Tx log(E’ — H))conn. = m

(199)

The cylinder to the ghost brane is minus the same thing. Combining these two, and with
the right sum over branches, we have at leading order

2 — %1
22(z + 21) (2 + 22)

(R(E)(E)(En)) — (RIE) (W(E )Y (E)) =

branches

U(z,2).  (200)

Let’s first consider this function for the case where Fy = F5 # E. Then the explicit cylinder
factor vanishes if 21, z5 are on the same sheet, and from (189) the function ¥ vanishes if zy, 25
are on opposite sheets, so we find zero. However, when we obtain the resolvent as a limit
of the derivative of the brane-ghost brane dipole, we are effectively setting ¥ = E; before
taking the limit Fs = F;. In this case the answer still vanishes if zq, 2o are on the same
sheet, but if they are on opposite sheets, a factor in the denominator of (200) cancels the
zero in W(z, —z) and we get a nonzero answer, proportional to exp[2 Disk(z)]. In this term,
the sum over an infinite number of disconnected spacetimes remains!

This surprising result would be natural if we were studying a different problem, a string
theory where the worldsheet is described by JT gravity — the “JT string.” Then the infinite
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number of spacetimes would just be the infinite number of worldsheets connected to a D-
brane, as in the minimal string theory calculations that motivated the above analysis. But
this result is highly unnatural from the point of view of gravity, where the resolvent is a
“single-spacetime” object, at least at the perturbative level of the sum over geometries. Could
it be that there is a different gravitational theory that does not include the nonperturbative
effects discussed above?

The gravitational sum over geometries is divergent. If we make the plausible assumption
that it is a resurgent asymptotic series then, as we will see in section 5.6, the perturbation
series itself contains information about nonperturbative effects. That information is consis-
tent with the results of the D-brane approach. So, perhaps the right question is whether
there is another method of calculating these effects that is natural from the single-spacetime
gravitational point of view — although it might be less efficient than the D-brane method
that is natural in the JT string. SYK model considerations, discussed in section 6.3, hint at
the existence of such a method. Then the question would become, what does the existence
of these two different approaches mean for quantum gravity?

5.5 Nonperturbative instability and ZZ brane

Up to this point we have made the simplifying assumption that V.g(£) > 0 in the forbidden
region, meaning that the most likely position for an eigenvalue is in the allowed region where
po(E) is supported. But in some cases Vqg(F) can become negative, indicating that the
density po(E) is not the dominant contribution to the matrix integral. Another eigenvalue
density, perhaps with multiple regions of support, could dominate.

In fact, for JT gravity the situation is more extreme. The JT spectral curve, y = Sinf:z)
gives the effective potential
So
Voa(E) = % sin(2ry—F) — 2nv/—E cos(27n/—E)] . E<O. (201)
™

We give a plot of this function in figure 4. As we enter the forbidden region, the potential
initially rises, reaching a local maximum value at £ = —}L, before decreasing and becoming
negative. It then oscillates repeatedly, with regions that are more and more negative. The
consequence is that this model is nonperturbatively “unstable.”4”

To give the model a nonperturbative definition, we must choose a contour other than
the real axis for the integral over eigenvalues. We choose a contour so that the integral
converges and so that the perturbative series which involves expanding around the po(FE)
saddle point is actually asymptotic to the true value of the integral. For example the contour
can extend along the real axis from positive infinity down to £ = —%l, and then follow this
steepest descent contour either upwards or downwards into the complex E plane and out to
infinity, see figure 4. Any linear combination of these contours (suitably normalized) would

4TA similar situation applies in the (2,p) minimal string: there the potential oscillates a finite number
of times, passing through zero p—;l times before eventually going to either positive infinity (a metastable
situation) or negative infinity (an unstable situation).
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Figure 4: At left we show a plot of the effective potential for the JT spectral curve in the forbidden
region. At right we sketch an example of an integration contour for the eigenvalues, corresponding

to a steepest-ascent path for Vg that leaves the real axis at A = —%.

also produce the same asymptotic series and be a viable nonperturbative completion of the
theory, so such a completion is not unique.

A special role is played by the saddle point at E = —}1. In the matrix integral literature,
such saddle points are known as one-eigenvalue instantons. In the minimal string, they are
related to boundary conditions in Liouville known as ZZ branes. We will study this in matrix
integral language in the next section. First, we will give a somewhat tentative JT gravity
interpretation.

An important point is that in the minimal string, ZZ branes are interpreted in a fun-
damentally different way than FZZT branes. As we have seen, FZZT branes correspond to
observables that one can insert into the matrix integral partition function. By contrast, ZZ
branes are non-optional: they are like instantons that occur as part of the matrix integral,
and will contribute a small amount to any computation.

Let’s first study the effect of a ZZ brane on the matrix integral partition function, Z. As
discussed in section 3.2, Z has an asymptotic series given by the sum over closed surfaces.
The ZZ brane correction amounts to allowing surfaces to end in a particular boundary
associated to the ZZ brane. This boundary condition can be described in the minimal string
as a difference of two FZZT boundary conditions [51]:

|2Z) = [FZZLT (222)) — |[FZZT(—2z2)) (202)

Here we are using the notation that |FZZT(z)) is the boundary state associated to an inser-
tion of Trlog(E — H) — va(E), with the understanding that z encodes both the energy via
2?2 = —F and also the choice of branch. This can be rewritten as

72) — / AB()| R (203)

—RZZ

where |R(z)) is the boundary state associated to an insertion of R(E) — @ The z

coordinate of the ZZ brane is determined by the condition that it be a stationary point of
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the effective potential, so that y(z) = 0. At such points, the two branches of the spectral
curve meet, and the integral in (203) can be understood as a closed contour on the spectral
curve, see [53]. Concretely, for the ZZ brane associated to the local maximum of Vg at
FE = —%1, we have zyz = %

In the matrix integral partition function, we propose to include surfaces that end on the
77 brane by taking

Z — Z - [1+ (const.) - e*Pisk(zz2)] | (204)

Let’s explain this formula. First of all, the term involving the 1 is just the original series
for the matrix partition function. The correction represents the possibility that a ZZ brane
‘present.”*® In this term, any number of surfaces can connect to the ZZ brane: the
exponential factor is the disk amplitude associated to the boundary state (202), after we
remember that Disk(—z) = —Disk(z). Note that Disk(zzz) < 0. Formally, the constant
should include the one-loop contribution that comes from the exponentiated cylinder diagram
connecting the ZZ brane to itself. Using (203), this cylinder diagram is

¢

is

/Zzz dE(z1)dE(z2) Ro2(E(21), E(22)) = /Zzz o (205)

z277 —Z77 (Zl + 22)2

but the integral appears to be infinite or ambiguous. It may be possible to resolve this
directly, but we will leave the constant arbitrary, and see that it can be matched to a matrix
integral computation below. We will find that the constant is imaginary, and that it depends
on the contour choice described above.

Let’s now discuss the contribution of the ZZ brane to the resolvent. To discuss this
correction, we do not need to represent the resolvent as a brane-ghost brane dipole. We can
simply treat it in the naive way as a single boundary. At leading order, the contribution of
the ZZ brane reflects the possibility of this resolvent boundary connecting to the ZZ brane
boundary via a cylinder diagram. This leads to

277, 1

. . ,2Disk(2zz)

<R<Z)> — <R(Z)> + 7_22—% (COIlSt.) e Zz), (206)

In this expression, the constant and exponential factors are the same as in (204). The

prefactor is simply the cylinder diagram between a resolvent boundary and the ZZ state
(203):

2z 2z =22'd7 277, 1

dE(Z"YRoo(E(2), B (7 :/ _ == 207

[ ape B B = [T = )

We see that indeed the expression has a pole when the energy argument E of the resolvent

agrees with the energy associated to the ZZ brane, —z2, = —%. This is consistent with the

interpretation of the ZZ brane as an eigenvalue sitting at the local maximum of the potential.

48 A familiar subtlety in this type of expression is that the series without the ZZ brane is asymptotic, with
a nonperturbative ambiguity that is of the order of the correction. Depending on the Borel contour, we could
view the correction term as just arising from the resummation of the perturbative series. However, as with
other instantons, the ZZ brane gives a semiclassical interpretation to this correction.
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Finally, we emphasize that the ZZ brane effects are numerically very small, because
2 Disk(zzz) = —ZST(;, so the contribution is double-exponentially suppressed. However, these
effects are significant because they encode the large orders behavior of the asymptotic series.
We will discuss this next.

5.6 Large order behavior

In this section we will use the density of eigenvalues in the forbidden region to predict the
large genus asymptotics of the Weil-Petersson volumes, following a similar approach for other
problems described by topological recursion in [111, 112, 61]. In doing this, we are assuming
that the matrix integral dual to JT gravity is resurgent, so that it can be analyzed by Borel
transform techniques. We will start by reviewing these.

In general, given a formal series
Au) ~ Z apu® (208)
n=0

where the coefficients grow asymptotically as a; ~ k!, one can define a related convergent
series called the Borel transform of A:

An=%" Fcékk)tk—l. (209)
k=1

This sum will have a finite radius of convergence under our growth assumption for a;. One
can then define a third function, sometimes called the Borel sum of A, or inverse Borel
transform of A, by

Aw) = a0 + / et A(t)dt. (210)

c

Here, the contour C starts at the origin and ends at infinity and is chosen so that the integral
is convergent. By substituting in (209) and doing the ¢ integral, one can show that A has an
asymptotic series that matches A. Therefore A is a candidate nonperturbative completion
of A, although in general there will be multiple choices depending on the contour C.

The closest singularity to the origin of the Borel transform E(t) encodes the large orders
asymptotics of the original series a;. To see this, one can write a dispersion relation for ay
by starting with a contour integral around the origin

ay = G jgﬁﬁ(t) (211)

27 tk

and then deforming the contour outwards in the complex ¢ plane. For large k, the closest
singularity to the origin will dominate the answer.
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5.6.1 Large Genus Asymptotics of V,,

We would like to apply (211) to predict the large genus behavior of Weil-Petersson volumes.
We start by considering the perturbative series for the matrix partition function Z for JT
gravity, which involves a sum over closed surfaces of arbitrary genus. As discussed in section
3.2, the partition functions of these closed surfaces evaluate to the Weil-Petersson volumes
with no boundary. So the matrix integral free energy has a perturbative series

o0

Fle™0) =log Z ~ Y 7200y, . (212)

g=0

The genus zero and one cases have to be defined specially, but we are interested in the large
genus behavior, so this will not be important. The series (212) is asymptotic due to the (2g)!
growth of the volumes V, . In order to apply the Borel transform formalism, we should think
in terms of a series indexed by k = 2g — 2 instead of g, so that the growth is k!. Explicitly,
one can write

REDI Tl sz{o todd (213)

P V%’O k even.

Now, we switch perspective to the matrix integral. We start with a conventional matrix
integral with finite L. Then Z is an integral over L eigenvalues. We can can organize this
into integrals over the allowed region £ > 0 and the forbidden region E < 0:

/d)\l/d)\g /dALu{)\} +L/d)\1/d)\2 /dALM{)\}

=204 z0 (214)

Here p({\;}) denotes the measure, including both the Vandermonde and the potential. We
will refer to Z(M) as the “one-instanton” contribution to Z. The nonperturbative expression
for the free energy will be

z(1)

_ — (0) -
F =log Z =log Z" + Z0

¥ (215)

where % is the one-instanton contribution to the free energy. From (214), we can recognize
this quantity simply as

(1)
R ey (216)

after integrating over the other eigenvalues X, ..., A\;. This generalizes in a trivial way to a
double-scaled theory.

The main idea is to recognize the integral over A in (216) as a contribution to an inverse
Borel transform integral for the free energy F

Fle ) = /Cdt exp(—et) F(t) (217)
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with some mapping between ¢t and A. This relationship can be fixed by interpreting the

exponential term in the density of eigenvalues, given by (158), as exp(—e“t). In other words

t = foT(OA) To determine the large genus asymptotics via (211), we need to know F (t) near

the closest singularity to the origin. This singularity is associated to the saddle point in the
effective potential at A = —1. Expanding (201) near this point, and matching (216) to (217),

we find ) ) )
t~-— — (A + 12 Fi)~ . (218)

2
dn® 2 271 /2( — 1)

So, in particular, F (t) has a branch point singularity at ¢ = ﬁ.

We now apply (211). Since the perturbative series for F is an even function of e=%0, the
same will be true for F, and the integral will vanish for odd k. For even k, we will get the
contribution from the branch point described in (218), together with an equal contribution

from the reflection under ¢ — —¢. For large g, this leads to

(29—2) [ dt . [~ (472)29~5 ;
‘/970 ~2- T /1 t2g—2 dlSC [F(t)i| ~ WF(29 — 5) (219)
472

In the final step, we substituted in (218) and did the integral. This expression is expected
to be accurate at order one, which means that it will have multiplicative corrections of the
form (1+ 4 + % +..). And, indeed, at this level of precision (219) matches a conjecture
due to Zograf [69].%°

5.6.2 Large genus asymptotics of V;(b)

We now move on to discuss the large genus asymptotics of V, 1(b), for which we will find a
new formula. We start by defining a generating function of the volumes for g > 1:

V(b,e™) ~ Z 12050y, | (b) = Z e, (b). (220)
g:l n=0

Here v, = 0 for even n and v,(b) = Vau 1(b) for odd n. In terms of this quantity, the
expectation value of the resolvent is given by (dropping the genus zero piece)

(R(—2%)) = —i /Ooob dbV (b, e%)e™. (221)

In appendix A.3, we compute the nonperturbative contribution to the resolvent that results
from integrating one eigenvalue in the classically forbidden region. The result is

(R(E)M = /F dA% \/% (222)

49Parts of this conjecture have been established rigorously [31, 70, 45].
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One can use this to get a formula for the nonperturbative contribution to V(b,e=%0) by
inverting (221) by inverse Laplace transform. This leads to

VO = § 0 (o) sioh(v = (223)
F
_ [ dzsinh(bz) o—e01(2) (224)
p2r bz .

In the second line, we substituted in the formula for the density of eigenvalues in the forbidden
region (158) and changed variables to A = —z%. The function #(z) is

Hz) = 2 /zgdx sin(27m/x) _ sin(27z) — 27z cos(27rz)‘ (225)
0 A 473
Similarly to the discussion of the free energy, we would like to interpret the 1ntegral in
(224) as an inverse Borel transform V(b,e™%0) = [ dte —®t}/ (b, t) and thus determine V. In
making this correspondence, the mapping between t and z will be (225). Then, to predict
the large-orders behavior we need to compute (for odd n)

271

Vn.;l,l(b)zz.lj( >/1 jtd isc [V(b,t)]. (226)

4r2

This integral is over a contour in the ¢ plane that surrounds the branch cut along the positive
t axis. In the free energy case, we computed .7? (t) approximately by inverting (225) near
the singularity at ¢t = 5. which maps to z = 1. However, in the present case we will need
to know the behavior for more general values of t. Because it is difficult to invert (225) in
general, it turns out to be more convenient to work in terms of the z variable. In terms of
this coordinate, one finds that the integral (226) becomes

['(2g—1) /%sinh(bz) 1

i c2m bz t(z)W

Vg (b) =

(227)

We expect this formula to be correct at large g for arbitrary b. More precisely, we expect
multiplicative corrections (1+ay/g+as/g*+ ...) where the coefficients ay, as, ... are bounded
functions of b. The contour C in the z plane is sketched in figure 5. For large g where the
formula should be correct, the answer is dominated by a saddle point with 0 < z < % For
small values of b/g, the saddle point is close to z = %, and for large values of b/g, it is close
to the origin.

We will provide a few checks of this formula.

1. If b < g, then the saddle point is very close to z = % We can approximate ¢(z) ~
> — 3(z — 1)? and do the integral for large g, finding
4(4m?)20~3 4 sinh(%)
Vo (b) = WP(QQ —3) e 9> b, g>1. (228)
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Figure 5: The contour that computes the integral of the discontinuity of 17'(67 t) is shown on the ¢
plane and the z plane. The contour can be deformed to pass through the saddle point z, which is
somewhere between z = 0 (for b > g) and z = 3 (for b < g).

This formula follows from Conjecture 1 and Conjecture 2 of [69], after translating from
intersection numbers to volumes using

39—2
i i s / K2R (229)
k!( 3g—2— \2) Ju,, U

2. At the other extreme, where b > g > 1, the saddle point is close to the origin. This
time we can expand t(z) ~ % and find

3\ ' T(29 — 1) poo—*
Vg1 (b) = (5) 6y —2) 27 b>g>1. (230)

This agrees at large g with the exact formula for [ 479 % = (13, ») in (5.31) of [113].
3. At the level of the factorial dependence, it agrees with the conjecture in (26) of [114].

4. Peter Zograf provided us with exact results for V;1(b) up to g = 20. In figure 6 we
plot the ratio of (227) divided by the exact answer for a few different values of g. The
agreement seems to be reasonable for all b, and certainly improving as we increase g.

5. Using this same data, we attempted to extrapolate in 1/g. For each value of b, we
modeled the ratio of (227) to the exact answer as ag + a1/g + az/g> + as/g> + as/g*.
We fit the coefficients using Zograf’s data from g = 14,...,20, and thus extracted a
prediction aq for the ratio at ¢ = co. We tried two methods in the extrapolation. In
method one, we held b fixed as we varied g. In method two, we held B = b/g fixed.
The two methods can be compared approximately using the maximum value g = 20.
Method one works better for b < 2¢g and method two works better for b 2 2g. We
found that the maximum over b of the minimum of the two extrapolated errors |ag — 1|
was around 3 x 1079, and the maximum of the maximum was around 0.004. Repeating
the analysis with ¢ = 9, ..., 15, the max of the min error is roughly ten times higher.

These checks give us some confidence in our understanding of nonperturbative effects in
the matrix integral dual to JT gravity. As a side note, it would be possible to use a similar
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Figure 6: We compare the formula (227) to exact results provided to us by Peter Zograf [115].

method to predict the large g behavior of V, (b1, ..., b,). It is also interesting to consider the
possibility that the large genus limit of any expansion described by topological recursion can
be obtained in a similar way, by using the one-eigenvalue sector of a formal matrix integral
with spectral curve y, see [111, 112, 61] for some related work.

6 Discussion

6.1 Disordered but k-local theories like SYK

The SYK model is a type of sparse random matrix ensemble, and there is numerical evidence
that certain aspects of the model are well described by random matrix statistics. However,
it is not a random matrix ensemble in the sense of section 2, and so in general we do not
expect the JT gravity results in this paper to match the behavior of SYK.

One reason is the following. Varying the SYK couplings J,,..q, Will “rattle around” the
fine-grained structure of the spectrum, as in a true random-matrix ensemble. However,
because the number of variable parameters is relatively small, of order N, one also expects
there to be some “global” features of the spectrum with relatively large 1/N? fluctuations.
These features include the overall normalization of the Hamiltonian, as well as other low-order
moments [20, 116, 117]. They lead to relatively large connected correlations in (Z(3;)Z(f2))
of order 1/N9. Taken at face value, these represent a large departure from random matrix
statistics, and one without a clear JT gravity interpretation. However, we note that these
modes can be reduced or eliminated by “unfolding” the spectrum sample-by-sample [117], so
we will not dwell on this point.

There is another reason. It seems possible that the collective field description of SYK
involves analogs of the JT geometries discussed in this paper. For example, the ramp saddle
point [13] is analogous to the double trumpet considered here. However, even for these
contributions, one expects differences from JT gravity. As a crude model, one can consider
the effect of free bulk matter fields on the JT gravity computation. The measure for the
genus g moduli space will now include the matter determinant as well as the Weil-Petersson
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measure. At higher genus this leads to a dramatic effect: the portion of moduli space with
long thin tubes will be exponentially divergent, due to the negative Casimir energy on the
small circle. This is essentially the tachyon divergence familiar from string theory.

In the full SYK theory we expect that this divergence will be preempted by a first order
Hawking-Page transition, very similar to the situation discussed by Maldacena and Qi [11].
There, before a cylinder becomes long and thin, it disconnects into two disks, describing
disconnected Euclidean black holes. This mechanism could effectively remove the dangerous
part of moduli space, but in doing so it will change the JT gravity answer significantly.

So, in general, we do not expect the JT gravity results in this paper to match those of
SYK, or indeed any k-local theory. An important exception is for the short-ranged spectral
correlators that are subject to random matrix universality (probed e.g. by the late-time
spectral form factor). These are described by the universal ramp saddle point of [13], together
with D-brane effects for the plateau. As we have seen, the D-brane contribution in JT is
determined by the disk and cylinder amplitude. The matter field correction to the disk
contribution determines the correction to the leading order density of states. For short
range spectral correlations the cylinder is far from the transition point and so the matter
fields should not change its energy dependence.’® So we expect a close relative of the the
D-brane effects described in JT to explain the sine kernel result with a modified SYK density
of states. This clearly deserves more work.

6.2 Non-disordered theories

So far all the comments in this paper have concerned averaged systems. Some of the deep-
est questions in this subject concern the fine-grained behavior of the energy eigenvalues of
gauge/gravity dual systems that are not averaged — large N Super Yang-Mills theory (SYM)
is the canonical example. In trying to apply the ideas of this paper to such a system one
encounters an immediate problem. Consider for example the double-trumpet:

=) =

This contributes to the connected correlator ( (Z(p1))(Z(B2)). But in a non-
disordered theory, Z(3) is a fixed function rather than an observable in an ensemble, and
such a correlator would not make sense [118, 119].

We are not sure what to say about this, but there is a well understood example of
quantum chaos that may be instructive. This is the semiclassical quantum dynamics of
classically chaotic systems with a few degrees of freedom.?' These systems are studied using
the Feynman path integral representation (or actually its refinement known as the Gutzwiller

50 The matter field corrections to the cylinder do limit the range of agreement of eigenvalue pair correlations
with random matrix theory to energy differences less than a “Thouless energy” of order 1/log N [13].
51For a review see [67], especially the ArXiv version.
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Figure 7: A cartoon of the way that averaging over erratic phases might result in the wormholes
present in Figure 2.

trace formula) for Tre=7/" as a sum over periodic paths a:

Tre AT/ Zeiﬁsﬂ . (232)

Here S, is the classical action. To study the spectral form factor one uses two copies,

Tret2T/h Tpe—tHT/M Z e%SaefiﬁS” . (233>
a,b

Note that this factorizes into the product of the result for each copy. Semiclassically the long
time behavior is determined by long periodic classical orbits. In a chaotic system the details
of such orbits are extremely complicated and the resulting behavior in (233) is erratic.”?

But this signal simplifies after averaging, for instance over a time window. For long orbits
the phases in the orbit sum in (233) are very large and after any appreciable averaging most
terms in the double sum over a,b cancel. The only surviving terms for times in the ramp
region are those with @ = b up to a time translation. For these terms the action precisely
cancels. This pairing is Berry’s “diagonal approximation” [120], and gives the ramp. This
pattern is a close analog of the double cone [13], which is a continuation of the geometry
(231). The two systems, decoupled without averaging, become correlated into a connected
“geometry” after averaging. Factorization is destroyed by suppressing the a # b terms.?

The role of essentially random phases in creating these connections calls to mind the work
of Coleman [121, 122] on Euclidean wormholes.®® Here Euclidean wormholes result from
integration over random couplings. Operator insertions with Gaussian random coefficients
on the same or different “universes” are paired by Wick contraction and fattened by an
OPE into wormholes. In our setup we might imagine “forming” the wormholes in Figure
2 by averaging over erratic phases as in Figure 7. Figure 2 would be an open “many-
universe” analog of the closed “many-universe” configurations that are summed up in this

52The results will resemble Figure 10 in [20].

53The potential for averaging to make such connected geometries, and the link to Coleman’s ideas, were
pointed out in [118].

54This work was motivated by [123, 124, 100]. See also, [125, 126, 127, 128, 129].
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approach [122, 126, 127, 128]. This sum also produces results doubly exponential in 1/Gy,
for analogous reasons.

Perhaps we have a choice about the bulk description of spectral statistics for non-
disordered systems: an unaveraged description with simple topology but with exceedingly
detailed and complicated information about microstates, like the individual orbits a, and
their intricate and rapidly fluctuating phases; or an averaged description made up of sim-
pler geometrical objects. But the price for this simplicity seems to be third quantization,
wormbholes, and branes.

6.3 Other open questions
1. What is the result for the cylinder amplitude that connects a ZZ brane to itself?

2. Is it possible to recover the description of the matrix integral in terms of eigenvalues,
starting with the bulk JT gravity description? A possible hint is the McGreevy-Verlinde
proposal [50] for the ¢ = 1 string. As refined in [52| this proposal asserts that the L
unstable ZZ branes, combined with the tachyonic stretched strings between them, form
the matrix of the matrix quantum mechanics.

3. Is there another way to get the nonperturbative effects without summing over discon-
nected geometries? SYK may give a useful perspective. The determinant approach
from section 5 should work, but it involves infinitely many SYK replicas as an interme-
diate step. As an alternative, it should be possible in principle to get the full spectral
form factor (including the plateau) by doing the exact G,X path integral with two
replicas. Can the plateau be obtained this way in practice?

4. We have emphasized the doubly exponential character of the brane effects, of order
exp(ce’CN) or exp(ce™svx). This suggests two layers of asymptotic expansion. Con-
sider the SYK spectral form factor expressed as a two replica G, Y integral. Away from
the Schwarzian limit where certain quantities become one loop exact, we expect to
have an asymptotic expansion in 1/N. Presumably its Borel transform has singular-
ities corresponding to various e~V effects. Perhaps the higher genus surfaces present
in the JT limit persist in some fashion and determine some of these effects. If this is
the case then these e effects themselves will form another asymptotic series, whose
Borel plane singularities will contain the doubly exponential effects. Can we find a
simpler problem with a similar two-layer structure?®

5. Another natural set of observables in JT gravity are correlators of probe bulk matter
fields. Some preliminary remarks about higher genus corrections to them were made
in [13] and a systematic treatment has been initiated in [132]. One interesting aspect
of these observables is that they probe matrix elements as well as energies and so give

55This is unlike the more familiar pattern, where the sum over e~ instantons is convergent, see e.g. [130].

There is a field theory example where such phenomena occur [131], due to IR “renormalon” effects.
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information about the random matrix character of eigenstates, i.e. ETH. Higher order
OTOCs may be especially interesting to study in this regard.

6. Are there theories of quantum gravity in higher dimensions that are dual to ensemble
averages of boundary theories, rather than specific boundary theories?

7. In cases where the boundary theory is fixed, what prevents us from including the
contribution of connected geometries? See [118, 119]|. These papers considered actual
solutions to the bulk equations of motion. By contast, the gravity configurations
considered in this paper are not solutions: there is no on-shell configuration for the
dilaton (more physically, the action is not stationary with respect to b, as in [100]). If
we are willing to consider such geometries in higher dimensions, the problem could be
even worse than envisioned in [118, 119].

8. The disk and cylinder geometries are the ingredients required to determine the ramp
and plateau. These seem to have a natural extension to higher dimensions: the Eu-
clidean black hole solution and, when continued to Minkowski signature, the double
cone portion of the eternal AdS-Schwarzschild geometry [13]. Do these provide an ex-
planation of spectral statistics in suitably averaged higher dimensional gauge/gravity
dual systems?

9. The branched structure of the spectral curve was important for getting the nonpertur-
bative effects. What is the meaning of this spectral curve in gravity?

We will close the paper with the following comment. In an ensemble average of quantum
systems, unitarity of time evolution is not as dramatic as for an individual system (e.g. there
are no recurrences). But it still means something. For example, it implies that the spectral
form factor cannot decay to zero at late time. So Maldacena’s version of the black hole
information problem [133] can be formulated for disordered theories.

Concretely, an analog of Maldacena’s puzzle for disordered theories is to explain in bulk
language the late time behavior of the spectral form factor. For the case where the bulk dual
is JT gravity, the nonperturbative effects discussed in this paper provide a type of answer.?®
Of course, we did not derive the effects from bulk reasoning: in section 5 we were essentially
reinterpreting the rules of a matrix integral in JT language. A clearer bulk understanding
of these rules, or perhaps a different version of them, would be valuable.
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A Some details on nonperturbative effects

A.1 The Airy ghost brane and dipole

A.1.1 Integral representation for ghost brane

We begin with the Gaussian model®” described by V(H) = a%H 2. Instead of introducing
Grassmann flavor fields we introduce bosonic fields ¢; to implement 1/det(E — H).5® Per-
forming the Gaussian integral over H, we find an integrand that depends only on ), ;. We
then introduce an auxiliary variable r that renders the integral over the ¢; and ¢; Gaussian,
allowing us to integrate them out. The result is the integral

[20 [ >
(det(E +ie — H) ™) = @/ dr(E +ie+ 1) Le ot (234)

Before we discuss the saddle point structure of this integral, we will verify that this integral
representation reproduces the expected discontinuity across the real axis. First, we shift
r — r F i€ so that the the pole is on the real axis, and the contour for r runs either just
above or just below the real axis. The discontinuity of the integral is the integral over the

5TFor related work in this context see [134].
58The opposite statistics of these fields motivates the name “ghost brane.” Another point of view derives
from the field theory on the spectral curve discussed in [104, 57, 32].
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difference of the two contours. The two contours can be joined at infinity to form a loop,
which we can shrink to surround the pole at r = —FE. We recognize the resulting integral
as the familiar contour integral representation for the L — 1’th Hermite Polynomial. Up to
a constant of proportionality, we find

disc[(D(E))z] o (B 1. (235)
Here we are defining the L and L — 1 ensembles as described around (258).

Now we move on to a saddle point analysis of (234). There are two saddle points, r = r.
We will focus on the case E < 0 because we are ultimately interested in double-scaling near
E = —a. Then the behavior of the integral depends on how E compares to —a:

1. For £ < —a, the two saddle points are on the real axis. The steepest descent contour for
r_ runs along the real axis, while the steepest descent contour for r, passes vertically
through r,. We may deform the defining contour into two portions of these steepest
descent contours. The first segment comes in from r = —oo, passes through r_, then
reaches r. Here we go either upwards or downwards along the steepest descent contour
for r,.. Which way we go is determined by the ie prescription in (234), which requires
the r contour to go either below or above the pole, see figure 8. Schematically,

(det(E £ ie — H)™') ~ e 210 4 %G_Ll(“), E < —a. (236)

—LI(r+) i5 the integrand evaluated on the saddle point 71. In the above expression

Here e

we have ignored the contributions of one-loop factors except to emphasize the .

2. For F > —a, the defining contour can be deformed into just one of the steepest descent
contours. Again, the choice is determined by the ie prescription. The leading order
saddle point approximation gives

(det(E £ ie — H) ') ~ i L) g <« B <. (237)

So far, we have discussed the standard Gaussian matrix integral. To get the double-
scaled theory, we multiply (234) by e%V(E), shift & — E — a, shift r — § + \/ge’%r,
and take the limit a — oo, holding fixed e% = (2/a)*?L. This leads to (179), up to a
constant of proportionality. This limit scales away the pole in (234), but it leaves a remnant:
the integrand grows along the positive real axis. Because of this, the integration contour
has to go to infinity in the right half-plane at a finite angle either above or below the real
axis, ending at e*3 - co. In taking the double-scaled limit, this choice matches onto the
choice of whether the contour goes above or below the pole on the real axis, and is therefore

determined by the +7e prescription.

A.1.2 Integral representation for dipole

We start again with the potential V(H) = G%H 2. By writing the ratio of determinants as an
integral over Grassmann vectors x;, X; and bosonic vectors ¢;, ¢;, we find an integral that
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depends only on the matrix _ _
g — > ?z¢l > ?ZXZ) . 9238
(21 Xi®i D XiXi (238)

Defining the supertrace Str(]\?) = ]\711 — ]\/4\22, we have

det(E — H) B L ddeEdaldﬁbz (12 - N ) . _
<det(E’ + e — H)> B /H [ or ] exXp {8_[/8“(32) — ¢,0i(E" ie) + X;xi E|.
(239)

We can introduce an auxiliary matrix S which has bosonic diagonal elements and Grassmann
off-diagonal elements to render the integral over the y;, X; and ¢;, ¢; Gaussian,

St Sie >
S = . . 240
(521 i So2 ( )
Defining the matrix £ = diag(E’ £ i¢, E') and performing the Gaussian integral we are led to
an integral just over the matrix 9,

det(E — H) B / dslldSQstlgdSm o
det(E' +ie—H)/ 2m

2L
Xp {— L Strlog(€ +95) — EStr(Sﬂ)} . (241)

To take the double scaled limit we multiply this by exp[LYELYE] shift B, E by a,
shift the matrix S — § + \/gS, then take the limit a — oo keeping e fixed. We find

(WEYHE +ie)) = [ L2ud5nd5izdSy

SoStr (1S3 + £9 } 249
5 o exp [e r(38°+£9) (242)
The contours for 511, Soo are the same as the contours for r, s in the respective ghost brane and

brane computations. To obtain the formula (185), we simply integrate out the Grassmann
variables Si and Ss;. This leads to

~ . dS11dS , : .
(Y(B)Y(E" Lie)) = —e™ /c 121—7_(_22(311 + 1S2) exp [@SO (5591 + 5§55 + E'Si1 — ZE5'22)} :
+
(243)
S| S|
After relabeling Si; = e~ 3'r, Sop = ¢~ 3 s, we find (185). Note that for this Airy case, apart
from the factor of (Sy; + @Sa2), this is the product of the brane and ghost brane answers.

This correction term can be obtained by differentiating with respect to E, E'.

This calculation is a simple application of a central technique in the modern treatment
of quantum chaos [105, 106, 67, 68, 135, 136]. In this approach correlators of arbitrary
numbers of determinants and inverse determinants are represented by higher dimensional
versions of 5. The integral over S is then treated as a nonlinear sigma model whose target is
embedded in a superspace. Its “pion” perturbative excitations produce the long range energy
correlations. A nonperturbative saddle point, the analog of a baryon, produces the D-brane
effects. In this context the saddle point is called the “Altshuler-Andreev” instanton [137].
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This approach offers a framework to demonstrate random matrix universality. “All” one
needs to do is show that the system being studied produces the necessary pattern of symmetry
breaking in the effective sigma model. It would be interesting to explore this approach in
the gravity context.

A.2 Density pair correlation function

We want to calculate the density pair correlation function (p(E;)p(Ez)) for |E; — Es| < 1,
FEy, E; > 0. To do so, we compute the resolvent correlator using the formula

(R*(E0)R* (Ey)) = 0, 0, (W( BV (E) s (Bo)sr (Ba)) | e oy (244)

and then extract the density correlator using
(—2mi)*(pp) = (R*R*) + (R"R™) — (R"R™) — (R"R"). (245)

This computation involves many different cases, and we will simplify our task somewhat by
restricting to the pieces that are singular as Fs — E;. The one-loop function, including the
exponentiated disks and cylinders, is

(Zl + 23)(21 + 24)(22 + 23)(22 + Z4) eDisk(zl)+Disk(z2)—Disk(z3)—Disk(z4). (246)

4 \[Z12923724(21 + 22) (23 + 24)

The branch prescription is determined by the prescription for the dipole (191). In the allowed
region, the rule is to sum over both branches for the brane operators, but to take only the
branch z = e¥%+/F for the ghost brane operator associated to R*. In all cases, we will
evaluate the contribution to the resolvent, which is

\Ij(zl7 295 %3, Z4) —

-1, -1
8E18E2\I/ = 2—21821 2—22&22\1/(21, 29, 23, 24) (247)
where 27 = 22 = —F; and 23 = 22 = —F, with a choice of branch in the square root that

has to be specified. The singular terms arise from the action of derivatives on the prefactor
(cylinder) expressions, so we do not need to differentiate the disk functions. We will now go
through the cases.

1. First, we consider the computation of (RTR™), so z3 = e '2\/E; and zy = e '2+/Ep.
The computation for (R~ R~) can be treated similarly. There are four branch choices.
In the two cases (z1,22) = (23, 24), one finds no singular contribution. In the case
(21, 22) = (—23, 24), one finds

(R*R*) D e2PiskiVEL) (248)
4 E Ey(Ey — Ey)
This is singular at Fy = Fs, but the singularity cancels when we include the term
from (21, 29) = (23, —24), which is obtained from the above by switching 1 <+ 2. So, in
summary, thre are no singular terms in (R*R™) or (R™R™).
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2. Next, we consider (R*R™), so z3 = e 2y/E] and z; = €'2\/E,. The case (R™R*)

follows from complex conjugation, or by interchanging 1 <> 2.

(a) If both z; = 23 and 23 = z4, we find the singular term

—1

VEIBy(VE, — VEy)?

This is simply the singularity that is present for the resolvent in the perturbative
theory, coming from the double trumpet (138).

(249)

(RFR™) D 1

Z1 = —XZ3 alld 29 = 24, We 1111
(b) If d find
—1 o
R+ R* ) 2D1$k(7,\/E) ' 250
R /B E B 0
C Z1 = Z3 and 29 = —2z4, We 1IN
(c) If d find
R‘i’R* D _Z 72DiSk(i\/E72). 251
RSV VAT AN =y
(d) If 2y = —z3 and 2z = —2z4, we find
2
(RYR) > 1 (VEI+ vV E2)262Disk(im)—2Disk(i¢F2) (252)

16E1 B> (VE, — v/E)

So, we see that for (R*R™) and (R™R"), all terms are singular. The term (249) has
a double pole at F; = F5, but no single pole. The terms (250) and (251) have single
poles at £y = Ey, but the coefficient is rapidly oscillating as a function of energy. For
our purposes, the most interesting term is (252). This contains a double pole that
cancels the double pole in (249), and it also contains a single pole with a coefficient
proportional to the derivative of the disk amplitude.

One can now add the contributions for (R*R™) and (R~ R™) together to compute (pp), as
in (245). In doing so, it is important to treat the poles carefully, giving a small + imaginary
part to the energy argument of R*. With this prescription, the poles discussed above lead
to §(Ey — E5) contact terms in (pp). One finds that the term (252) and its analog in (R~ R™)
lead to the contribution

(p(ED)p(Es)) > VE+VE) [QMSO/El

3212 E\ By (VE; — v/ Ea)? dEpy(E)] (253)
+ p (B0 (B —Es).

E>

In writing this expression, we used that

dpDisk(iVE) = ime® py(E) = inpte®(E). (254)
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The pole from (250) and (251) corrects the coefficient of the delta function in this expression
slightly, by adding the leading oscillating correction to the density of eigenvalues (195). The
perturbative term (249) adds a term that cancels the double pole in the first line of (253).

Away from E7, F5 = 0, we may simplify our expressions to find the universal sine kernel
formula for the connected pair correlation function in regions of large density. Expanding
the integral f;l dEpo(E) ~ po(E2)(E; — E3), keeping only the singular parts as Ey — E
in (253), and subtracting a double pole to account for the perturbative term (249), we find
that for non-coincident points,

cos [27T6S0p0<E2>(E1 — EQ)}

(P(E1)p(E2))comn. D _27T2(E1 — E5)? + 212(Ey — Ey)?

sin® [me po(Es)(Ey — E»)]
_ Ei,Ey >0, |[Ei1—Ey| < 1. (255
7T2(E1 - E2)2 ) 1, L2 ) | 1 2| < ( )

The full sine-kernel approximation to the pair correlation also includes the leading factorized

piece pi*(E)pit(E,). In our present setup, this arises from a nonsingular but large

contribution to (RTR') and (R™R™) in which the derivatives in (247) act on the disk
amplitudes. Including this piece, and the delta function at coincident points, one finds

sin® [mpit! (B ) (E1—Es))]
7T2(E1 —E2>2

(p(E1)p(En)) = p™ (1) pe ™ (E2) + pi'6 (Br—E») — (256)

A.3 Forbidden contribution to the resolvent

In this appendix, we will derive the formula (222) from the perspective of a matrix integral.
As a setup for the calculation, suppose that we divide the region of integration of the matrix
eigenvalues into two pieces, an “allowed” region and a “forbidden” region, such that the
probability of an eigenvalue being in the forbidden region is very small (in practice, this
means that we should put the division a finite distance into the E < 0 region). Suppose that,
as a first step, we compute everything by doing the integrals over eigenvalues in the allowed
region, including the integrals in the matrix partition function that normalizes expectation
values. The question is: what do we have to add to the computation of the resolvent in order
to accurately describe the contribution of one eigenvalue being in the forbidden region?

We will get a simple formula for double-scaled matrix integrals, but we will start out with
an unscaled matrix integral with L eigenvalues. It will be useful to define two un-normalized
measures, one for L eigenvalues and one for L — 1:

pe(A) = A2\, o Ag)e PE V) (257)
Tin1(\) = A2(Ay, .o gy )e (LD ES V) (258)

where A is the Vandermonde determinant, and

(L — 1)V (z) = LV (2). (259)
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A useful relation is that the measure for L eigenvalues is a product of the measure for
L —1 eigenvalues times the square of the determinant operator, viewed as an operator in the
(L — 1)-eigenvalue theory:

/_LL<)\1...)\L) = ﬁLfl()\l...)\Lfl)w2<)\L). (260)

This implies, for example, that we can write a formula for the density of eigenvalues in the
L ensemble in terms of the determinant operator in the L — 1 ensemble:

LZp
Zr

(p(E))r = (VH(E)) 1. (261)

We can use this to write a formula for the matrix integral partition function
2, =204z04 (262)

Here the first term represents the contribution with all eigenvalues integrated in the allowed
region:

2 = [ dusv. (263)

The second term represents the contribution with one eigenvalue in the forbidden region:

/ dfip / I () = / D20, (264)

The subscript on the expectation value in the last term means that we are working in the
L — 1 eigenvalue ensemble defined by i1, and we are in the zero-instanton sector, where
all eigenvalues are integrated in the allowed region.

Similarly, we can write a formula for an un-normalized version of the resolvent:

[0 [0 fonnn [ (B ).

In the second term on the RHS, we are including the possibility that one of the L eigenvalues
is in the forbidden region. This could be any of the eigenvalues. In L — 1 of the L possible
cases, this special eigenvalue is not the eigenvalue \; that appears in the denominator in the
LHS. In one of the L cases, it is that eigenvalue. The two possibilities are represented in the

two terms in parentheses.

We can rewrite the second term in (265) as an expectation value in the L—1 ensemble:

[ A ) g0 [ o (v <E>+ﬁ)>f)l. (266)
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The properly normalized resolvent is L/Z}, times this expression. Using (262) and (264), we
find that at one-eigenvalue-instanton precision, this is

(1) (0) (0)
(R(E)), = (R(E)) (1 - %) 125 [ (e (R gy)) e

(0) 0 20\ @
— (R(E)>(LO) + LZZLéE)l /FdA [<w2(A)R(E)>(Li1,conn. + <g 9;>L_1] (268)
()
+ 25 ((RENEL, — (RENY). (269)

Here we are defining (¢?R)conn. = (V2R) — (*)(R).

So far, the discussion has been for a regular (unscaled) matrix integral. But in a double-
scaled theory, we get a somewhat simpler expression. One reason is that in a double-scaled
theory, the difference of expectation values on the final line (269) vanishes. Intuitively, this
is because in a double-scaled matrix integral, L is taken to infinity, so changing it by one has
no effect on normalized quantities. Another nice feature of the double-scaled case is that we
can write a simple leading-order formula for the connected correlator <¢2R>conn.- We use

z1 1

(R(E(2)) Trlog(E(21) — H))conn. =/ dE(Z")Roa(E(2), E(Z)) = 2t o) (270)

to find that
(0) 1 (0)

(PEEDRED), . = e FE@), (271)
This term combines nicely with the (¢2(\)/(E — A)) term in (268) and we find

(0)

(R = (RN + 17258 [ N0 (272
Finally, using (261), we find
(RN = (REN® + [ a\ o) 55 (273

This expression answers the question we posed at the beginning of this appendix.

When one applies this to the contour in figure 4, one finds a distinct semiclassical con-
tribution from the saddle point at A\ = —}L. In the leading semiclassical approximation, this
gives a pole at E = —i. This agrees with the ZZ brane result in (206), although here we get
a prediction for the (imaginary!) numerical coefficient after plugging in (158).
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