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Abstract

We analyze deformations of A/ = 1 Jackiw-Teitelboim (JT) supergravity by adding a gas of
defects, equivalent to changing the dilaton potential. We compute the Euclidean partition function
in a topological expansion and find that it matches the perturbative expansion of a random
matrix model to all orders. The matrix model implements an average over the Hamiltonian
of a dual holographic description and provides a stable non-perturbative completion of these
theories of N' = 1 dilaton-supergravity. For some range of deformations, the supergravity spectral
density becomes negative, yielding an ill-defined topological expansion. To solve this problem,
we use the matrix model description and show the negative spectrum is resolved via a phase
transition analogous to the Gross-Witten-Wadia transition. The matrix model contains a rich
and novel phase structure that we explore in detail, using both perturbative and non-perturbative

techniques.
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1 Introduction

Models of two dimensional dilaton-gravity in asymptotically AdSy [1-6] provide a very simple the-
oretical laboratory to study interesting questions about quantum gravity and black holes, with
Jackiw-Teitelboim (JT) gravity as a prototypical example which is, among other things, exactly solv-
able [7-11]. These theories are also relevant in very different contexts. For example, they describe
a sector of strongly coupled condensed matter quantum mechanical systems such as SYK [12-14],
and capture classical and quantum effects for near-extremal black holes in higher dimensions [15-18].
They also serve as a fruitful toy model to study the role of spacetime wormholes in quantum grav-
ity [11, 19], among other things.

In this paper we study the following problem. In two space-time dimensions, the quantum gravity
partition function Z(/3) at fixed inverse temperature £ is naturally organized in terms of a topological

expansion
(0.)

Z(8) = (%) Z,(8) (1.1)
g=0

where Sy is a non-negative real number. The quantity Z,(5) can be computed from a Euclidean
path integral (with appropriate boundary conditions) that only includes contributions from surfaces
of fixed genus g (thus the term ‘topological expansion’). For a class of dilaton theories, recent
progress has enabled the exact computation of Z4(3), providing unprecedented control over the
partition function. From the inverse Laplace transform of Z(3) one obtains a density of states o(E)
that is expected to capture the microstates of the corresponding black hole solution of the dilaton-
gravity theory.! The issue we want to explore arises from the fact that for certain theories the
spectral density o(E) derived from gravity becomes negative, signaling a breakdown of unitarity of
the underlying black hole microstates. The purpose of this paper is to study several examples in
which this puzzle arises and show that whenever a negativity of the spectrum appears, the problem
is resolved by properly accounting for a phase transition. This resolution is made possible by a
non-perturbative completion of the gravity theory via a random matrix model. In the rest of the

introduction we describe in more detail the setup we study and summarize the main results.
Our focus is on an A/ = 1 supersymmetric extension of a dilaton-gravity theory described by the

following Euclidean action

Tlowd] = =S0x(M) = 5 [ a5 (0R+U(0) + e . (1.2

where g,,, denotes the metric on the two dimensional space M and ¢ the dilaton field. To have a
well defined variational principle one needs to include Igpy, the appropriate Gibbons-Hawking-York

term. The Euler characteristic x(M) is controlled by Sy and gives rise to the topological expansion

'For systems with finite entropy we would expect this density of states to be a sum over discrete delta functions
with integer weights. It is now understood this expectation is too restrictive, since the gravity theory can be dual to an
ensemble of theories, such that a continuous spectrum can arise after averaging. This seems to be the generic situation

in two dimensions.



n (1.1). In this work we consider the following dilaton potential
U(¢) = 2¢ + 26e > =% | (1.3)

which depends on the parameters (£, «) € R x [0,1]. The discussion can be easily generalized to a
sum of multiple such exponentials.

When ¢ = 0, both the bosonic and N/ = 1 cases correspond to pure Jackiw-Teitelboim (JT)
gravity and supergravity respectively. The whole topological expansion of the partition function has
been computed exactly [11, 19] and the associated spectral density o(F) is positive definite. For the
supersymmetric case one needs to distinguish between two distinct types of theories, that we denote
as Type 0A and Type 0B.? This choice appears since, when we sum over topologies, one also has
to sum over spin structures. The partition function in Type 0B is defined by summing over all spin
structures with equal weight, while in Type OA one takes the difference between even and odd spin
structures (see around above (2.10) for more details on their distinct definitions).

Deformations of JT (super)gravity are obtained by taking & # 0. As shown in [22, 23], the effect
of £ in the dilaton potential can be equivalently incorporated by contributions from surfaces with
conical defects in the topological expansion (1.1) of pure JT (super)gravity. In this context, 27a is
the opening angle of the defect and & its weight in the path integral. Building on this observation,
the topological expansion of the deformations of bosonic JT gravity was computed in [22, 23]. The
first result of this work is to show how this can be readily extended to obtain the partition function
for the deformations of the Type 0A/0B JT supergravity theories.® As explained in [22, 23] the
computation performed in this way is sensible only for a € (0,1/2), corresponding to ‘sharp’ conical
defects (we leave the case of ‘blunt’ defects with « € [1/2,1] for future work, possibly extending the
analysis of [25]). After the dust settles, one obtains the spectral density from the inverse Laplace
transform of (1.1) and finds o(F) is positive definite only when & > —1. The aim of this work is to
understand the fate of the quantum theories for & < —1, which naively have negative o(E).*

To solve the puzzle one needs to have better control of the theory, beyond the topological ex-
pansion (1.1). In other words, one has to properly understand non-perturbative effects in the pa-
rameter e, To our knowledge, there is currently no method for computing such non-perturbative
contributions using the gravitational description. Fortunately, a non-perturbative completion for the

deformations of Type 0A /0B theories can be constructed using a random matrix model. Consider

2These theories can be obtained as limits of the minimal superstring theory (understood as a worldsheet CFT,
which is equivalent to a combination of multicritical models) of Type 0A and 0B, hence the name. Even thought in this
context they are usually defined through their GSO projection, an equivalent definition is to determine how the sum

over spin structure is performed. See [20, 21] and footnote 79 in Appendix F of [19] for more details on this connection.
3Similarly as in [22, 23], a crucial step involves relating the volumes of certain moduli space corresponding to surfaces

with and without defects via an analytic continuation. While for the bosonic case this has been established in [24], we
conjecture an analogous relation for A/ = 1 and provide evidence by matching to results from random matrix models.

4There are two types of negativities that appear in the bosonic case. One type appears from including only a single
defect and is resolved by summing over the gas of defects. The negativity we are interested in this paper corresponds

to one that survives even after summing over defects.
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Figure 1: Leading spectral densities py (E) and pf (¢) of the complex and Hermitian random matrix
models which provide a non-perturbative completion of the deformations of Type 0A/0B JT supergrav-
ity. The relevant eigenvalues of MM and Q are respectively given by E > 0 and ¢ € R. The negative
spectrum appearing for £ < —1 obtained from a naive computation is cured by a phase transition in
the matrix model.

the following operators

Type 0A : Zy ([3)52Tre_5MMT , M e CN*N |
(1.4)
Type 0B : Zi(B) = V2 Tre PQ , QI =Q e VN |

where the index ‘MM’ reminds us these are matrix operators. In each case, the role of the Hamiltonian
is played by MM' and @2, with M and Q related to the supercharges. As explained in [19],
the different way in which the Type 0A /0B theories sum over spin structures requires a different
kind of matrix ensemble: M an arbitrary complex matrix (non-diagonalizable) and @) Hermitian
(diagonalizable), see above (2.32) for more details. Using the loop equations and a properly defined
measure for the ensemble average, we show the equivalence between the average of these operators
and the topological expansion of the deformed Type 0A /0B theories to all orders in the perturbative
expansion in e~%0. This is the natural extension of the £ = 0 matching previously obtained in [19]
for the undeformed case.”

Equipped with the matrix model completion of the deformed Type 0A /0B theories we can prop-
erly address the negativity of the spectral density when £ < —1. Non-perturbative effects can be
explicitly computed and are well under control in the matrix model description, as already shown
in [20, 29, 30] for the £ = 0 case. We find that whenever a negativity develops in the spectral density

there is a phase transition which resolves the issue in an interesting and non-trivial way. The dia-

5The non-perturbative completiton of pure JT gravity using matrix models is more subtle, see [26, 27] and [28].
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Figure 2: The left diagram shows the phase diagram for the deformations of Type 0A/0B JT super-
gravity theories. The topological expansion is well defined for £ > —1 and « € (0,1/2). On the right,
we show the phase diagram of the random matrix models which provide a non-perturbative completion
of the supergravity theories. The matrix model is defined for o € (0,1/2) and arbitrary values of £ € R.

grams in figure 1 summarize the mechanism for the leading densities of the matrices MM and Q,
with eigenvalues £ > 0 and g € R respectively. The equivalence between the supergravity partition
function Z(/3) and the matrix operators (1.4) implies analogous phase transition for the gravity spec-
tral density o(E) which, as characterized by the gravitational free energy F(f8) = —(1/58)In Z(p), is
of second order.

The transition in the Type OA theory is from a hard-edge density of states behaving as 1/VE,
to a soft-edge phase with behavior /E — E.. In the Type 0B case, there is a transition from a
single to a double-cut phase, i.e. the supercharge density of states supported on one or two disjoint
intervals in ¢ € R. This transition is in the same universality class as the Gross-Witten-Wadia
transition for unitary matrices [31, 32]. The phase diagram is summarized in figure 2. While
the supergravity computation only makes sense for £ > —1 (left diagram), the non-perturbative
completion provided by the matrix model exhibits an interesting and non-trivial phase structure
(right diagram). At & = —1/a? we discover a transition into a new phase (shaded in purple) which
arises from a non-perturbative instability in the matrix model when ¢ < —1/a?2.

This paper is organized as follows. After reviewing in section 2.1 the pure A" = 1 JT supergravity
theories [19], we deform them by adding conical defects and in section 2.2 compute (in a topological
expansion) their path integrals with an arbitrary number of boundaries. Following [19], in section 2.3
we appropriately construct a complex and a Hermitian matrix model and use the loop equations to
show the average of (1.4) matches the Type 0A /0B partition functions to all orders in perturbation
theory. Assuming the non-perturbative completion provided by the matrix models, in section 3 we
present the phase transitions which cure the negativity of the spectral density. We carefully and
systematically characterize the matrix models, both perturbatively and non-perturbatively in the
parameter e~*°. In section 4 we study a novel phase transition at & = —1/a? that arises from a non-

perturbative instability in the matrix model when ¢ < —1/a?. We finish in section 5 by discussing



further questions we are interested in exploring in future work.

Four appendices contain important technical details used in the main text. In particular, Ap-
pendix C contains a detailed description of the double scaling of Hermitian and complex matrix
models using the method of orthogonal polynomials, which is the crucial formalism that allows us
to capture non-perturbative aspects of the models. Apart from putting together many results scat-
tered in the literature, this Appendix includes some new technical results, like the precise method
for computing the matrix model kernel and observables for double scaled and double-cut Hermitian

matrix models.

2 Deformations of JT supergravity and random matrices

We begin this section with a brief review of N'= 1 JT supergravity including a sum over topologies,
as described in [19]. Depending on how the sum over spin structures is performed, one can define
two different theories that we call Type 0A and 0B.° We then deform these theories by adding a gas
of defects, as introduced in [22, 23] for the bosonic case, and study its properties. Finally, we review
how Type 0A (0B) JT supergravities are dual to a complex (Hermitian) random matrix ensemble,

and extend this duality to their deformations by these defects.

2.1 Review: N =1 JT supergravity

The N = 1 JT supergravity theory was first defined in [33, 34] using two-dimensional superspace
formalism of [35].7 After integrating over the fermionic superspace variables and solving the equations
of motion for the auxiliary fields, one is left with the bosonic fields (g,., ¢), the metric and dilaton, and
their supersymmetric partners (Q/ij, x“%), the gravitino and dilatino, where pu,v = 1,2 are spacetime
indices and a = 1,2 is a spinor index. The explicit action can be found in, for example, equation (2.3)
of [37]. After turning off the fermionic fields ¥, X" — 0 one is left with the usual JT gravity

action [2, 1]
1
ISJT‘fermions:O = _5 /M d2$\/§¢(R + 2) ) (21)

where we are omitting (important) boundary terms that ensure a finite on-shell action and a well
defined variational problem. Here M denotes the two dimensional space where the theory lives. The

Euclidean path integral is formally defined as®
Zsyr(By, .., Bn) = / Dg,, DDV ¢~ SXMsarlon 6.1 (2.2)

where we have allowed for n asymptotic boundaries and all fields apart from the metric and dilaton are

indicated by . We make the conventional choice of boundary conditions at each of the n boundaries

5Using these names in the context of JT gravity is not standard practice. We hope the motivation for this convention
is clear. The theory we define as Type 0A (0B) JT is a limit of Type 0A (0B) superminimal string, see [20, 21] or
Appendix F of [19].

"It can also be defined as a BF theory with supergroup OSp(1|2), see [36].

8We add the subscript ‘SJT’ to denote quantities defined for the undeformed JT supergravity theory.



by fixing the dilaton to ¢|srq = /€ and the boundary length to be /¢, with ¢ — 0. The parameter -y
is dimensionful and we can make a choice of units that sets v = 1/2. The partition function depends
only on the renormalized lengths 5;, i = 1,...,n. See [38, 36] for the detailed boundary conditions
for the gravitino and dilatino. We have also included the Euler characteristic x(M) which does not
modify the equations of motion. Its contribution to the action is controlled by the parameter Sj.
In (2.2) we integrate over all manifolds M consistent with the boundary conditions, which in two
dimensions are naturally classified in terms of their genus g and number of boundaries n. Using that

the Euler characteristic is x(M) = 2(g — 1) + n, one arrives at the following topological expansion

Zsyr(Bu, -, Bn) = Y (e 5020 Zg 50 o (Br, . Bn) (2.3)

g=0

where Zgjr 4(f1,...,0n) is the same path integral as in (2.2) but with the restriction that only
manifolds of genus g with n boundaries are included in the integral.” When computing this expansion,
we will restrict to contributions which are connected spacetimes. Disconnected geometries can be
easily included in the end to obtain the full answer. We will comment below on the issue of how to
sum over spin structures

The crucial feature that simplifies the calculation of the partition function is the path integral
over the dilaton field ¢(z*), which appears linearly in the action (2.1). After rotating the integration
contour from the real line to the imaginary direction, one gets a Dirac delta 0(R + 2) which localizes
the integral over manifolds with constant negative curvature, making the evaluation of the path
integral tractable.

We begin by describing the evaluation of the path integral on the disk with a single boundary and
without handles. In the notation above this evaluates Zgyr(3). After integrating over the dilaton,
the only metric that contributes is Euclidean AdSo

ds® = sinh?(r)dr? + dr? | where T~TH27T, (2.4)

and r > 0. Even though the metric in the bulk localizes to the hyperbolic disk, there is still a
non-trivial gravitational dynamics coming from boundary modes [3-6]. They can be thought of as
associated to the freedom of picking the location of the curve M consistent with the boundary

conditions, and can be parametrized by a boundary proper time u according to
' (u) = (1(u),r(u)) , ue|0,5] . (2.5)

The constraint of fixed renormalized boundary length 8 determines the function r(u) in terms of 7(u).
Inserting this in the JT gravity action with proper boundary terms gives the Schwarzian action for
the boundary graviton 7(u), as derived for the bosonic case in [5]. Including the fermionic modes,

the partition function Zgjr o(/5) reduces to a path integral of a supersymmetric quantum mechanical

9While one can also include the contribution from unorientable surfaces with half-integer genus, we shall mostly

restrict to the orientable case, see Appendix D.



system [38]
ZSJT,O(/B) = /DTDnelé\gh_l[T(u),n(u)} , (26)

where n(u) is a Grassman field, the super-partner of 7(u), arising from the gravitino. The
path integral is performed over Diff(S'1')/OSp(1|2), where Diff(S'') are the diffeomorphisms of
the AV = 1 super-circle and we mod out by the isometries of the space OSp(1/|2) to avoid overcount-
ing. When computing the partition function we choose anti-periodic boundary conditions on the
fermions n(u + B) = —n(u).!’ The action in the exponent is the A" = 1 super-Schwarzian [39]. As
shown in [8], the integral is one-loop exact and can therefore be computed exactly. A one-loop

computation gives the following result

Zpisk(B) = €% Zgyro(B) = 650\/ iér?/ﬁ : (2.7)
3

The exponential term is the classical on-shell action, the same as in bosonic JT gravity. The prefac-
tor 371/2 comes from the one-loop determinant around the classical solution. More specifically, there
is a factor of f73/2 from removing three bosonic zero-modes and a factor of 42/2 from removing two
fermionic zero-modes, which make up the OSp(1]2) isometries.

From the leading contribution to the one boundary partition function we can extract the leading

density of states pgjT,0(E) defined through

V2 cosh(2nVE)
™E '

This leading contribution to the density of states is common to both the 0A and 0B supergravity

ZsyT0(B) = / dE osyro(E)e™E = ogim0(E) = (2.8)
0

theories, since no sum over spin structures is involved so far. It presents a 1/ VE divergence near
the edge of the spectrum at E = 0. It is instructive to rewrite the density of states as a function
of g = +VE

0s11.0(9) = lal essm0(E = ¢°) = V2 cosh(2mq) /7, (2.9)

which is smooth at ¢ = 0. While E can be interpreted as the eigenvalue of the boundary Hamilto-

nian, ¢ is the eigenvalue of the boundary supercharge operator [19].'!

Sum over spin structure

Since the supergravity theory contains fermions, each manifold we sum over in the path integral must
be supplemented with a spin structure. One can choose between periodic (Ramond) or anti-periodic
(Neveu-Schwarz) boundary conditions for the fermions as they are transported across closed loops

in the manifold. Spin structures can be classified in terms of their parity (—1)¢, where ¢ is the

10We could also compute the partition function with periodic boundary conditions for the fermions. In this case the
answer is exactly zero due to fermion zero-modes, unless we deform the theory by adding Ramond punctures. In order

to get a non-zero answer for the undeformed theory it is necessary to consider extended supersymmetry.
"This interpretation is strictly valid for the Type 0B theory, since for Type 0OA the supercharge operator is not

diagonalizable.



number of chiral zero modes for a given spin structure, see section 3.2 in [40] for a precise definition.
For instance, a fermion in S' has a single component and its Dirac equation is given by 0,0 = 0,
where ¢ ~ ¢ + 27 parametrizes the circle. While for the Neveu-Schwarz spin structure there is no
zero mode (—1)¢ = 1, for Ramond there is one zero mode, meaning (—1)¢ = —1.

There are two theories one can define, depending whether or not (—1)¢ is included in the path

integral. The partition function for fixed genus in each case is schematically given by
Z$T7g(51, .., Bn) = (even) % (odd) . (2.10)

For the disk result (2.7) there is no distinction between the two choices, given there is a single
spin structure. However, as shown in [19], the sign difference has deep consequences when studying
higher genus contributions. We will refer to the theory without the (—1)¢ as Type 0B, computing
Z& 1+ (B1,- .., Bn), and the theory with the (—1)¢ as Type 0A, computing Zgr(B1,- - -, Bn).

Topological Expansion

To calculate ZétJT,g(ﬁl’ ..y Bn) with ¢ > 0 or n > 1 one uses the decomposition of the surfaces
developed in [11] for the bosonic theory and later generalized to the supersymmetric case [19]. The
first step involves picking a geodesic of length b which separates the asymptotic boundary curve (2.5)
from the rest of the hyperbolic manifold that contributes to the path integral. See figure 3 for a sketch
of the decomposition for the single boundary case. The piece that is connected to the boundary oM
is called the ‘trumpet’ and its path integral can be computed exactly, similarly as for the disk (2.6).

The final result is given by [19]

|
ZTvrumpet (8, b) = \/Twiﬁe V48 (2.11)

It is independent of how the sum over spin structures is defined, since there is a unique spin-structure
on trumpet, that is taken to be Neveu-Schwarz (same as for the disk).

The contribution coming from the surface to the right of the geodesic in figure 3 only involves an
integral over the moduli of genus g surfaces with constant negative curvature and a fixed geodesic
boundary b, including the sum over spin structures as in (2.10). The result of this integral in each
case is denoted as

Vi (b, .. b)) (2.12)

and called the Weil-Petersson supervolumes. They are defined and carefully studied in [19].'? The
complete contribution to the path integral is obtained by “gluing” (2.11) and (2.12), and then

integrating over all possible geodesic lengths b; with the appropriate measure [11]

Zélf]T,g(/Bl? B ﬁn) = [HA db; b; ZTrumpet(Bia bz) V:q%n(bl, ) bn) : (213)
1=1

12The supervolumes are defined with Neveu-Schwarz spin structure at the boundaries b;, see appendices A and D
of [19] for further details. For the bosonic theory, the Weil-Petersson volumes are computed to arbitrary orders using

a recursion relation derived by Mirzakhani [41].
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Figure 3: Topological expansion developed in [11, 19] for the Euclidean partition function of JT
supergravity with a single boundary of renormalized length £, indicated in green. For each of the

surfaces shown here one has to sum over the spin structures as indicated in (2.10).

This formula does not apply for (g,n) = (0,1), where we instead have the disk result (2.7). An-
other special case is (g,n) = (0,2) where the corresponding supervolume can be formally defined as
Vog(bl, bo) = 28(b1 —b2) /b1 such that Zy(B1, B2) computed by (2.13) reproduces the correct answer.

After the dust settles, the entire topological expansion is determined by the supervolumes
an (b1,...,by). To leading genus it can be shown all the supervolumes vanish, irrespective of how

the sum over spin structures is defined
ViEon(bt, .. by) =0, n>3, (2.14)

see appendix A.3 of [19]. Remarkably, this property generalizes to arbitrary genus for the Type 0B

theory which sums even and odd spin structures
th—j_n(bbabn):() > g=1. (215)

This leads to the vanishing of the topological expansion of Z(81,...,3,) to all orders, except for
the two special cases (g,n) = (0,1) and (g,n) = (0, 2).

The higher genus supervolumes do not vanish for the Type 0A theory which takes the difference
between even and odd spin structures. As shown in appendix D of [19], they satisfy the recursion re-
lation (A.1), that generalizes Mirzakhani’s recursion relation for the corresponding bosonic case [41].

The following nice analytic expressions have been worked in [42] for the first few values of g

Voo yn(bise e by) = ;(—1)"(47&—1)‘ |
%;Qm(bl""’bw:gw <2w)2(n+2)+zn:b? : (2.16)

i=1

13The factor of two comes from summing over the spin structures of the ‘double trumpet’, that is the only manifold
that contributes to ZgEJT’O(/Bl, B2). Although both boundaries $1 and B2 have Neveu-Schwarz boundary conditions
for the fermions, when gluing the two trumpets there is a freedom when identifying the fermions in each trum-
pet Ylop, = £Yrigny. Lrrespectively of whether we have an insertion of (—1)< or not, both cases contribute in the
same way (see section 2.4.3 in [19]). See footnote 56 and 72 of [19] for a subtlety in the definition of the volume
when (g,n) = (1,1).

10



Vi gn(b1,... by) = ;W (2m)4(n + 4)(42n + 185) + 84(27)%(n + 4) En: b2+

=1
n n
+25 b} +84) " b7D;
i=1 i#j

In appendix A we show how the g = 1 case can be readily derived from the recursion relation satisfied

by the supervolumes.

2.2 Deformations of JT supergravity by a gas of defects

So far we have constrained ourselves to pure Type 0A and 0B N = 1 JT supergravity theories which
only get contributions from smooth manifolds. We now study deformations of these theories by the
inclusion of a gas of defects, as introduced in [22, 23]. As in the bosonic case, these deformations
are parametrized by the opening angle of defect 2ra and the defect weighting parameter £. In the
bosonic case these deformations can be thought of as arising from changing the dilaton potential
in the action. The same interpretation can be given in the supergravity case using the techniques
of [43], although we are not going to pursue it here.

The rules to compute the gravitational path integral for these deformed theories are clear. For
any genus g in the topological expansion (2.3), one must include the contribution from surfaces with

an arbitrary number of defects in the following way'*
+ — &
Zg (Bla“')ﬁn) :Zyzgyk(ﬂlv"'aﬁn;a) 9 (217)
k=0

where £ € R is a parameter that controls the weight of the inclusion of each defect in the path
integral. Each term Z:k (B, ..., Bn; ) is the partition function including manifolds of genus g and k
conical defects, with the sum over spin structures as in (2.10). This path integral also depends on
the opening angle of the defect, which we parametrize as 2w«. More precisely, there is a coordinate
patch parametrized by (7,7) close to the defect, located at » = 0 in these coordinates, where the
metric takes the form ds? = r2dr? 4+ dr? + ... with 7 ~ 7 + 27a. This expansion can be generalized
to the case of multiple species of defects in a trivial way.

To compute Z;k(ﬁl, ..., Bn; @) one would like to use the decomposition for the surfaces shown
in figure 3. However, as explained in [22, 23] when including conical defects the decomposition only
works if we restrict to sharp defects, i.e. for a € (0,1/2). This means the opening angle is smaller
than 7. If the defects are blunt o € [1/2,1), or opening angle bigger than 7, there is no geodesic

homologous to the asymptotic boundary that one can choose in order to construct the trumpet. For

YThis is the same approach that was previously developed when computing the JT gravity path integral with conical
defects [22, 23, 25, 44]. The factor 1/k! is included to avoid overcounting, assuming the defects are indistinguishable.
Compared to [22], we find it convenient to change the notation to A — £, as A will be used to denote the matrix

eigenvalues.
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this reason, we restrict our analysis to sharp defects.'®
With this in mind, the genus g contribution (2.17) to the topological expansion (2.3) can be

computed as

Zj(ﬁlv"')ﬁn = % [H/ db b Z’I‘rumpet(ﬂu z) gnk(bl,...jbn;a,...,a) . (218)

k

where Vg n w01, ... bsat, ..., ) is the supervolume as defined for each of Type 0A/0B JT super-
gravity theories but including &k defects with deficit angle 27(1 — «). Same as before, for the term
in (2.18) with (g,n,k) = (0,1,0) one should instead use the disk partition function (2.7).

This discussion can be generalized in a straightforward way to the case where we deform JT
supergravity by a gas of defects coming in a number Np of different flavors with their {«;,&;},
withi=1,..., Np.

2.2.1 The disk with defects

To start, let us compute the leading spectral density QE::(E), defined from the leading genus g = 0

and single boundary n = 1 partition function

253) = [ dp g (@) (2.19)

Since we need to sum over multiple number of defects, we might need to sum over spin structures,
which will distinguish between deformations of Type 0A or 0B supergravity. From equation (2.18)
Z(B) can be written as

ZE(B) = Z )+ / dbb Zmy WVE (ba,....q).

0 (5) SJT, 0 Z T umpet(ﬁ ) 0,1 k( ) (2.20)
k

This decomposition of space into a trumpet and a hyperbolic surface with cone points, valid for £ > 1,

does not hold in the case £ = 1. In this case the metric is Euclidean AdSy with a single conical

defect in the center. The metric is
ds? = sinh?®(r)dr? + dr? | T~ T4 21, (2.21)

where a € (0,1) controls the angular deficit produced by the defect. When o — 1 we recover
the smooth Euclidean AdSs metric (2.4). This path integral of JT supergravity can be explicitly
computed from a slight variation of the calculation in appendix C of [19]. More details on the
description of these defects in JT supergravity can be found in [45]. The final result can be written
as

Zoa(Bra) = \/217766”2&2/’8 : (2.22)

15Tn [25], this obstruction was overcome for JT gravity by taking a different approach that does not require the

decomposition of the surfaces according to figure 3. It would be interesting to explore whether the same methods also

apply to the supersymmetric case.

12



The exponential term is the classical action evaluated on the spacetime with one defect. The prefactor
is the one-loop determinant. The power of 3 is the same in the case of a disk with and without a defect.
In the latter case it comes from removing 3 and 2 bosonic and fermionic zero-modes respectively, while
in the former case there are no fermionic zero-modes and only one bosonic zero-mode corresponding
to rotations around the defect. Comparing with the & = 1 expression in (2.20) allows us to identify

the following formal expression for the (g,n, k) = (0,1, 1) supervolume
1 , 1 .
V;;Om:l’k:l(b; a) = gé(b — 2mia) = 51/93,”:2(1;, 2micy) . (2.23)

This gives an interesting result that relates these (formal) supervolumes with and without defects
through an analytic continuation of the geodesic boundary. This trick is not entirely new, as it is
familiar to the bosonic Weil-Petersson volumes. In that case, the corresponding volumes with defects
have been proven to be recovered from the ordinary volumes via the analytic continuation b — 2wic
for arbitrary genus and number of boundaries [24]. The analogous relation for the supervolumes
would be given by

1 . .
ng,tn,k(blv cobpran, o o) = Q—ngj;H_k(bl, vy by, 2mian, . 2miay,) (2.24)

The extra factor of 2¥ compared to the bosonic counterpart appears to avoid an overcounting of spin
structures. In section 3 of [23] the relation between the analytic continuation of geodesic boundaries
and conical defects was already established from the point of view of the monodromy for a theory
with both bosons and fermions. In this work, we conjecture (2.24) and provide evidence for it by
comparing and matching with results from random matrix models.

Using (2.24), higher k contributions to the leading genus partition function in (2.20) are deter-
mined by the supervolumes Vgi:Q1 4 However, from (2.14) we know they vanish whenever k > 2. As
a result, the infinite series over the number of defects in (2.18) collapses and only gets contributions

two terms, the disk with either none or one defects

Zy (B) = Zsyro(B) + £Z01 (8, ) = \/geWQ/B + 5\/217756”26“2/'8 . (2.25)

This is exact in &, in contrast with the bosonic counterpart for which generically one needs to sum
over an arbitrary number of defects even to leading order in genus expansion [22, 23]. To simplify
expressions below from now on we will rescale the defect weight by £ — 2¢ (this will also remove the
extra factors of 2 in (2.24) when considering higher genus). Taking the inverse Laplace transform of

this result, the leading spectral density (2.19) is readily computed

4+ V2cosh(2nVE) _v/2cosh(2raVE)
0 (E) = E +e ™E ’ (2.26)

=\ =146+ OWE).

At large energies, the contribution from JT supergravity always dominates since 0 < av < 1/2 < 1.

From the low energy expansion we observe two interesting features. First, both the density of
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states coming from the hyperbolic disk with and without the defect have a 1/ VE divergence at
low energies. This is in contrast with the bosonic counterpart where the leading behavior without
defects goes as V'E, and therefore the contribution from one defect can become arbitrarily large at
low energies regardless of how small £ is chosen to be. In the bosonic theory the resummation of
the gas of defects results again in a square root edge, but with a shifted ground state energy. In the
supergravity case this is not a problem since both contributions go as 1/v/E. The second feature,
which will be important later, is that this gravitational computation breaks down when & < —1,
given that g(j)E(E) stops being positive definite. Later we will explain how this issue is resolved. In
order to do this we first show an equivalence between these theories of gravity and random matrix
models, and then show that when £ < —1 the matrix model presents a phase transition to another
phase free of pathologies.

It is easy to extend this result to multiple defect species. Since only configurations with one
defect contribute at genus zero for the disk, the only modification in (2.26) is to replace the second
term by a sum over contributions from the multiple species. For a set of {«;,&;} species the final

answer 1s

05 (E) = (2.27)

™E ™E '

This formula is valid for any ; as long as o; € (0,1/2). We would like to stress that this is exact

V2 cosh(2mVE) N Z ¢, V2 cosh(2ma;VE)

(at genus zero). This is different from the bosonic case where an analogous formula which truncates
to linear order in ¢ is only valid for special choices of parameters, as pointed out in [23] (see also
section 3 of [21]).

Before moving on to higher genus contributions we compute the g = 0 partition function with a

higher number of boundaries. After using (2.18), (2.24) and (2.14) one easily obtains
4 VPP
21 1+ B’

We note these are the same results one finds for the two JT supergravity theories without any defects.

Z5 (B, B2) = ZE(Br,.. Ba) =0, n>3. (2.28)

2.2.2 Higher genus

Higher genus contributions to the partition function depend on how the sum over spin struc-
tures (2.10) is defined. If we sum over both even and odd spin structures with the same sign,
meaning we focus on Type 0B supergravity, the vanishing of the supervolumes for all g > 1 (2.15)
together with (2.24) means the infinite series (2.18) over the number of defects identically vanishes.
The only two cases with non-zero contributions are the cases (¢g,n) = (0,1) and (g,n) = (0,2).

Putting everything together, we find

+ 4 Vbipe (2.29)
Z (ﬁbﬁ?) ~ or 51 +62 )

ZY(B1,...,Bn) =0,
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where ~ means the results hold to all orders in perturbation theory with respect to e~ (we will
analyze non-perturbative effects later after showing the relation with the random matrix model). For
this theory, the only correction generated by the defects is to the leading genus and single boundary
partition function. We will see in the next section that this simplification does not hold in other
phases of the theory.

For the theory which takes the difference between even and odd spin structures (2.10), which we
call Type OA supergravity, the higher genus supervolumes are non-trivial. The explicit expressions
given in (2.16) are particularly useful for computing the infinite sum over defects in (2.18) for the
first few values of g. As a warm up, let us consider the (g,n) = (1,1) case which can be written
as (2.18)

2 k 00
(lf') /0 dbb Zrrumper (5, ) Cineipbios.a)

k—times

/ db bZTrumpet (67 ) =1,n= 1+k(b’ 27Ti06, RN 27Ti04) (230)
0

Zy (P)

M T
=[ %

=
Il
o

& -1 2
(_é)k/o dbeTrumpet(ﬁvb) = m 75 )

where in the second line we used the analytic continuation (2.24). In the last line we used the genus

1

|
ool =
(]2

£
Il

0

one volume given in (2.16) and solved the infinite series over the defects. While the geometric series
only converges for || < 1, after the sum is performed it becomes well defined in an extended domain
of ¢£. Requiring the domain is connected to the origin along the real line, the g = 1 partition function
is well defined for & > —1. This precisely agrees with the region in which the leading spectral
density (2.26) is positive definite.

Using the same procedure one can use (2.16) to derive the g = 1,2,3 results with an arbitrary

number of boundaries. A careful calculation gives

Zf(ﬁl,...,ﬂn)—*( 1f€1 H\/ 20

(—1)"(n +1)!

44(1 _|_£)n+3 ];[ \/

Z3 By Bn) = ;(47 fgfjﬁ H\/%[H& <5OZBQ+84Z&/BJ> (2.31)

i#]

Zy (B1s.-,Bn) =3

(1+§)ZB¢+7T2(71+2 1+ £&a?)
i=1

+8472(1 + &) (1 + £a®)(n + 4) Z Bi + mt(n + 4) (42(n +5)(1 + £a?)?
=1

—25(1+€)(1 +§a4))}

Each of these expressions, for fixed g and n is obtained by solving the infinite series over the number

of defects k in (2.18), assuming the analytic continuation (2.24) for the supervolumes. In every case
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the infinite series gives a factor of (1 + &)~# which diverges as ¢ — —1, yielding the perturbative
expansion ill defined. In the following sections we shall use the matrix model description to show the
divergence is not real physics but merely a breakdown of the perturbative expansion close to £ = —1
due to a phase transition. More precisely, we shall see that after including non-perturbative effects

(as defined by the matrix model), the full partition function Z~ () is no longer divergent at £ = —1.

2.3 Constructing the dual random matrix models

According to holography, we expect theories of gravity in asymptotically AdSy spacetimes to be
related to a quantum mechanical (QM) system living in the one dimensional boundary. It was
realized in [11] that for the case of pure bosonic JT gravity, the theory is not dual to a single QM
system, but to an ensemble where one averages over Hamiltonians with a particular measure, using
random matrix model techniques. The Hamiltonian acts on a Hilbert space of dimension N, which
in the double scaling limit is related to the parameter Sy in gravity. This was later extended to the
case of deformations of pure JT gravity by adding a gas of sharp defects [22, 23] and [25] for general
defects. A stable non-perturbative completion of pure JT gravity was constructed in [26] and later
extended to the case with defects in [21].

Similarly, the theories of pure N/ = 1 supergravity we study here are dual to an ensemble of
supersymmetric QM systems. This means there exists a Hermitian operator @) acting the Hilbert
space, such that the Hamiltonian is H = Q2. This duality was worked out in [19] for the case of pure
JT supergravity. We first summarize their results. There are two theories of supergravity depending
on how one sums over spin structures, and they are dual to different matrix ensembles. When we
sum over spin structures (Type 0B) we expect the boundary theory not to have any (—1)f symmetry,
making @ a random N x N Hermitian matrix described by the Dyson ensemble, and H = Q%. On
the other hand, when we include the topological term (—1)¢ (Type 0A) we expect the dual theory
to have a (—1)F symmetry. The Hilbert space can be decomposed in two N-dimensional blocks

with (—1)¥ =1 or —1. The supercharge now acts on these blocks as

QZ(;& A?) 7 (2.32)

where M is an arbitrary N x N complex matrix described by the (o, 8) = (1,2) Altland-Zirnbauer
ensemble, and now on each block the Hamiltonian acts as H = MMT. A non-perturbative formula-
tion of these matrix models in the context of JT supergravity was then given in [20, 29].

The supergravity path integral depends on the renormalized length S of each boundary. In
the holographically dual description this corresponds to inserting a quantum mechanical partition

function. For each of the theories above, this corresponds to

Z(B) = V2 Tre P9, QI =QecM

- _ —BM Mt NxN (2.33)
Zym(B) =2Tre ) MeC ,
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where the index ‘MM’ indicates this is a matrix operator. The origin of the additional factors of /2
and 2 that are required in each case are explained in [19]. To match with supergravity we need to
insert one factor ZﬁM for each boundary, and finally average over either ) or M with a specific
probability distribution. As in the bosonic case, the dimension N is related to Sy after a suitable
double scaling limit. In this limit, the 't Hooft expansion of the matrix model corresponds to the
topological expansion in gravity.

In this section we use the loop equations of each matrix model to show how this result can be
extended beyond zero &, i.e. to the supergravity theories with defects. The loop equations are a
powerful method for computing ensemble averages of a matrix model in an asymptotic expansion
in 1/N. The approach, first introduced by Migdal [46] and further developed in [47, 48], was solved
to all orders for a Hermitian random matrix by Eynard [49]. Here, we follow the discussion in [19],

which extended the full analysis to the other random matrix ensembles.

2.3.1 Type 0B: Hermitian Ensemble

In this section we consider Type 0B supergravity, which is dual to a Hermitian ensemble for the
supercharge ). We will begin by reviewing basic facts about the Dyson ensemble of Hermitian
matrices before describing in detail the connection with gravity, since they will be useful for the
discussion of phase transitions in the next section.
For reasons explained above, we are interested in computing averages over () of n products of
partition functions, which we define as
23

(Zini(B1) - - Zyipg (Bn)) = Z/dQ e NTV(Q) Ty o=@ | Ty 6nQ® (2.34)

where d@ is the U(N) invariant measure and V(Q) is a potential which determines a particular
probability distribution for the supercharge. The matrix partition function Z is the normalization

of this probability distribution and its given by

N iso
Z= /dQ e NTV(Q) = H/ dgiA(qr, - - ,qN)Qe*NV(‘“) , (2.35)
i=1Y 7

where in the second equality we have written the integral in terms of the eigenvalues of the su-
percharge ¢;.'° The factor A(qy,...,qn) = [, <j(qi — ¢;) is the Vandermonde determinant arising
from the Jacobian associated to the change of variables. We restrict ourselves to ensembles with
probability distributions that depend only on eigenvalues, and not on eigenvectors, since that is all

we will need to describe the theories of gravity we are interested in.

8There is a proportionality factor relating the expressions in the last equality, coming from the integral over the
unitary matrix required to diagonalize ). This additional constant is inconsequential when computing expectation

values of observables.
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Topological Expansion: To compare with gravity we will take the double scaling limit, which
involves also a large N limit. Two observables that will play a central role when discussing the

large N limit are the eigenvalue spectral density and resolvent, respectively given by

1
2—Q

This is the spectral density of the supercharge eigenvalues, not the Hamiltonian. To simplify the

pla) = Trélg — Q) Wt(z) = Tr (2.36)

expressions below define the product of observables, for example resolvants, by the following nota-
tion WT(I) =[[im; Wt (z) where I = {z1,...,2,}. At large N, the expectation value of W*(I),

defined by an expression analogous to (2.34), can be written in a perturbative expansion in 1/N

= Wi
(WHI))e = g}% Nz»(f—E)iu , (2.37)

where |I| = n is the number of elements in I and the subscript ¢ indicates the connected expectation
value. The parameter g can be interpreted as the genus of a surface triangulated by the matrix
Feynman graphs. The loop equations provide a recursion relation that allows us to compute higher
genus contributions in terms of lower ones. They are derived from the following trivial identity

+00 (I
/ O WD Aty a2 NELV@| Zg | (2.38)

dql...qua
o Ga | 2 — 4a

which give a set of closed recursion relations that determine all the coefficients Wy (I) in (2.37). In
the following we describe the recursion relations obtained from (2.38), see section 4.1 of [19] for
details.

Spectral curve: For the case with ¢ = 0 and I = {z} the solution to the loop equations gives

Wi (2) = % (V/(2) ~ h(2)Va () - (2.39)

where h(z) and o(z) are analytic functions. The function o(z) is an even polynomial with simple
roots. Given the potential V(z), the functions h(z) and o(z) can be computed from the knowledge
of the analytic structure of W, (2). In the large N limit the singularities of the resolvent W (z) at
the spectrum of the matrix ) condense into a branch-cut square root singularity, going between the
branch points at the roots of o(z).

The large N behavior of the eigenvalue spectral density (2.36) can be easily obtained from the

discontinuity of W (z) in the complex plane

Wy (q —ie) — Wy (g + ie) 1
po (a) = —° 5 = 5 1h@V=0(9) x Lo(g)<o » (2.40)
where € — 0% and 1,(4)<o is the indicator function. Writing o(2) = [}_;(z — a;)(z — b;) with

a;,b; € R, the model is said to be in a single or multi-cut phase depending on whether p = 1

or p > 2. For the single-cut case, given a potential V'(z), the functions h(z) and o(z) are easily

18



determined by requiring the asymptotic behavior W (2) = 1/z + O(1/2?), which follows from its
definition (2.36).
A central quantity that is closely related to the eigenvalue spectral density is the spectral

curve y(z), defined as

9 1, 09 n 1o\ . i ,
W = (o) = (W0 - 3V) = @ =thazio. (@4

The spectral curve is defined on a two-sheeted Riemann surface, corresponding to the two pos-
sible signs of the square root. If we denote Z as the same point as z but in the second sheet, we
have h(2) = h(z) and \/o(2) = —/0(z). As we shall briefly recall, the whole perturbative expansion
of WH(I) can be fixed in terms of the spectral curve y(z). For this reason, a perturbative definition

of the matrix model can be given directly in terms of y(z) instead of the potential V().
A universal observable: Consider now the case in (2.37) with ¢ = 0 and I = {z1,22}. For a
matrix model in the single-cut phase o(z) = (2 — a)(z — b) one finds the following simple result

1 ab+ z122 — (a+b)(z1 + 22) /2
2(21 - Z2)2 O’(Zl> 0’(2’2)

Wit (z1,22) = -1 . (2.42)
We say this is a universal observable given that it does not depend on the details of the spectral
curve y(z) or potential V(z), but only on the endpoints a and b of the eigenvalue distribution (and
of course implicitly on the type of matrix ensemble). It is easy to show the value of Wy(z1,22) as
one coordinate goes across the branch cut is determined from the following relation
-1

5 -

WOJr(él,ZQ) + WJ(Z1,Z2) = m

(2.43)

General recursion relation: All the remaining terms in the expansion (2.37) are determined

from the following recursion relation
1
volz) {aiz,bi}

where the sum is over the residues at each endpoint {a;,b;} of the leading eigenvalue distribu-
tion pg (¢) in (2.40). The function F,(2',1) is given by

Res

Wiz 1) =
g (27 ) 2y(zl) z/—Z b

\/MFg(Z/,I) o — {a“bz}] , (2.44)

!/
Fy(, ) =W, (2,2, 1)+ Y W, (Z/, HW, (2, T\ J)+
h,J
i (2.45)
1
+ Z |:2W6"_(Z/,Zk) + m W;F(Z/,I \ Zk) s
k=1 k
except for the special case
+ (1 + (.
Fol#, 2, 22) = 20 (2, 20) Wi (2 22) + 0 (o21) | Wy (2 22) (2.46)

(2! — 29)? (2 — 21)?
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The sum in the first line (2.45) is over all subsets J C [ and h =0, ..., g that do not contain a factor
of Wy (2) or W' (21,22). Given a spectral curve y(z) it is straightforward to use these relations to

compute the perturbative expansion (2.37) to any desired order.

Supergravity matching: Let us now show the expectation value in (2.34) in this Hermitian
matrix model matches with the topological expansion of the supergravity partition function (2.29)
to all orders. To do this, we need to take the double scaling limit of the matrix model. From the
perspective of the loop equations this is quite simple, as it corresponds to taking the limit in which
an endpoint of the eigenvalue spectral density goes to infinity. One of the consequences of this is that

the spectral density p™(q) is no longer normalizable. Introducing a small parameter A and scaling the

spectral density according to p*(q) — p*(¢)/h, the 1/N expansion is replaced by an & expansion'’
(WHI))e =Y _ 2O DHIWHT) . (2.47)
g=0

Apart from this difference, the perturbative expansion of a double scaled model works in the same
way as for an ordinary model with no double scaling. The first trivial observation is that after
identifying & = e~ the topological expansion of the matrix model is the same as the one appearing
in JT supergravity and also its deformations.

As previously mentioned, instead of specifying the potential V'(z) in (2.34), a perturbative defini-
tion of the matrix model can be given in terms of the spectral curve y(z), or equivalently, the leading
eigenvalue spectral density pg (¢) (2.41). To describe JT supergravity we consider a double scaled
model where the parameter ¢ is interpreted as the eigenvalue of the supercharge operator. There-
fore we should pick the matrix ensemble such that the disk density of states matches with (2.9), or
equivalently with (2.8) after writing it in terms of E = ¢2. Generalizing to the case of supergravity

deformed by a gas of defects imposes the following identifications

pa(q) = %(cosh(%rq) + £ cosh(2mag)) . (2.48)

For £ = 0 this agrees with the model used in [19] to describe JT supergravity without defects. We
should think of this spectral density as having a branch-cut along the whole real line, arising from a
single-cut model (2.40) with o(z) = (z —a)(z — b) in the limit in which both endpoints go to infinity
as a — —oo and b — +o0o. This determines the spectral curve, which through the loop equations
determines all higher genus corrections from the matrix model side, that we can compare with the
supergravity answer.

Starting from (2.48), one can compute the whole perturbative expansion of the matrix model.

The leading behavior of two resolvents insertions can be easily obtained by taking the appropriate

"By h here we do not mean the actual Planck constant, but a small parameter that controls the expansion of

observables. The reason for calling this # will become clear in the following section.
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limit of (2.42) and using (2.43)

0 ) {#1, 22} same sheet ,
W' (21, 22) = -1 . (2.49)
ﬁ , {21, 22} different sheets .
21— 2o

All other perturbative contributions are obtained from (2.44), that in this particular case is given by

o S [ FED ] [ R/
Wg( 71) ;R |:2y(z/)(z/_z)’ + :| R [y(l/Z/)Z,(ZZ/_U

2 =0 . (2.50)

Using Wt (z,I) =1/2+... in (2.45) and (2.46), one can show Fy(z,I) =1/2%+..., which together
with y(co) = oo implies the residue vanishes, for arbitrary g and I. Altogether, it implies the
whole perturbative expansion of the matrix model vanishes, except for the leading contributions to
single (2.48) and double (2.49) trace observables.

To complete the argument and compare higher genus corrections predicted by supergravity with
the ones predicted by the matrix model, we should compute (Zy\(81) - .. Zypn(8n)), which involve
the Hamiltonian Q? instead of the supercharge Q. This can be extracted from the resolvent W+ (z),
using the following identity e 2

1 WT(z) —WT (-2
Tr 5 = 5 . (2.51)

After an appropriate inverse Laplace transform, the left-hand side gives the appropriate factor

of P’ required to construct (2.33). In this way, one finds

(Zyna(B)) = €™ 71'25 [eﬂ/ﬁ —1—56”20‘2/5} ;
4
<Zl\4/_[M(61)Z1\—~/_[M(/82)>c x~ 7,816-‘:,%22 , (2.52)

Comparing with the supergravity results in (2.29) we find perfect matching to all orders in pertur-
bation theory, after identifying i — e~ generalizing the result of [19] to non-zero ¢. It is worth
noting that apart from the leading behavior of (Z,,(3)), any Hermitian matrix model with a leading
spectral density supported on the whole real line gives the results in (2.52). The details of pg (q)
in (2.48) are only relevant to the ensure (Zy1,;(3)) matches with the supergravity result (2.29). The
fact that all other non-perturbative corrections vanish in gravity is a non-trivial result required for

the match to work.

2.3.2 Type 0A: Complex Ensemble

Now we consider the ensemble dual to Type 0OA supergravity, which involves adding a topologi-
cal (—1)¢ term to the sum over spin structures. This theory has a (—1)F symmetry and the Hilbert

space separates into two sectors, even and odd under this symmetry, with hamiltonian H = MM for
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arbitrary complex M. When averaging over the supercharge, which in this case involves averaging
over the complex matrix M, in order to have eigenvalues, we take a potential and observables that
depend on the combination M M7, see [50, 51] for early references. The expectation value we want

to compare with gravity is
_ _ 2n _NTr t _ t _ t
(Zypa(B1) -+ Zypi (Bn)) = Zz /dMe NTrVIMMY) y g =S MMY -y =B MMT (2.53)

where dM = H” dM;;dM;;. While an arbitrary complex matrix is not be diagonalizable, MM f
is Hermitian and positive definite, meaning it can be diagonalized with eigenvalues we call F; > 0.

Writing the normalization of the probability distribution Z in terms of these eigenvalues one finds
N o0
Z = / dM e NTVMMD Z T / dE; A(Ey, ..., Ey)2e NVIED (2.54)
=10

Comparing with the partition function of the Hermitian matrix model (2.35) one finds the same
expression, except for the fact that the eigenvalues F; of MM are restricted to the positive real

line. Similarly as before, the eigenvalue spectral density and resolvent are respectively defined as

1

S MM (2:55)

p (E) = %Tré(E — MMy, W= (z) = Tr

While before the spectral density was written naturally in terms of the supercharge operator eigen-
values, now the natural variables are the eigenvalues of the Hamiltonian.

Writing a perturbative expansion for the connected expectation value of W™ (I) equivalent
to (2.37), the corresponding loop equations were derived in [19] starting from an identity analogous
to (2.38). Perhaps unsurprisingly, one finds exactly the same recursion relations (2.44) and (2.42),

with the only exception being W (2), which instead of (2.39) is given by

Wi ()= £ (V2) bz | 72 | (2.56)

with h(z) and o(z) analytic.'® Apart from the extra factor of 1/,/z in the second term, in this
case o(z) is an odd (instead of even) polynomial with simple real roots. From the discontinuity

across the square root branch cut one finds the leading eigenvalue spectral density

o7 (E) = s B T <1, 0 (257)

All in all, the only difference with respect to the Hermitian matrix model is the positivity constraint
on the eigenvalues of MM, which allows for the 1/v/E behavior of the spectral density. Apart from

this, the loop equations are exactly the same after replacing W (z21,...,2,) = W™ (21,...,2n)-

18Compared to [19] we are using a slightly different convention for o(z), i.e. Gihere(2) = Z0here(2).

22



Supergravity matching: To match with supergravity, we should take into account that now
the eigenvalues of MM correspond to the eigenvalues of the Hamiltonian in each block, which we
conveniently denoted by E. We should then match the density of states of the matrix model directly
with (2.8) (or (2.27) in the case with deformations). To make the comparison with supergravity,
then consider a double scaled model that is perturbatively defined from the following leading spectral

density

o (B) = cosh(ZW\/E);— fQCEosh(%ra\/E) 7 (2.58)

where for simplicity we consider the case with one defect species. This can be obtained from the
general expression in (2.57) by taking o(E) = (E — b) with b — 400 and picking h(E) so that it

yields the appropriate E' dependence. Using the loop equations and the associated spectral curve
(2) cos(2my/—z) + € cos(2ma/—2)
z)=— ,
Y vV —2z

one can compute the perturbative expansion of the resolvent W~ (1) to any desired order. From this,

(2.59)

a simple Laplace transform

(—D)" 5 [ .
W=(z1, o) = 2o, H/O dB; €7% Zyni(Bry -+ Ba) (2.60)
i=1
allows us to calculate the expectation value of the matrix operator Zy;,(f1,...,0,) (2.33) in a

perturbative expansion

o0

(Zypa(B) -+ Zypg(Bu)Ye = > P20tz (Bry- o, Ba) (2.61)
g=0

and compare with the supergravity partition function Z; (81, ...,8,) in (2.31).

Genus zero: The leading genus contribution to Z,(/5) is directly obtained from the eigenvalue

spectral density (2.58)

- o (T BB _ [ 2 [ w28 ¢on2a2/s
Zninio(B) =2 /0 dE p5 (E)e ,/w [e tce ] (2.62)

which agrees (by design) with the supergravity result (2.25). For two insertions consider the universal

expression for the resolvent (2.42) with (a,b) = (0, +00), which gives

_ B 1 _ _ 4 VBiPe
Wo (1,22) = 4/ =2V —2(V-21 + V=22)? - PneolBr 52) = 5 Br+ B’ (2.63)

matching with Z; (01, 82) in (2.28). The case with n > 3 is obtained from (2.44)
V2 Fy(2, 1) V2 Fy(, )

!/ /
_—— — 0 _—— =
2y(2) 2 —=z ' 2y(2') 2 —=z 2 = o0

1 1
= —Res 4+ —Res
z z

Nz Ve

Setting I = {21, 22} and using (2.46) one can easily compute the residues and show both vanish.

Wy (2, 1) . (264)

Particularly, the first one vanishes due to the 1/y/—z term in the spectral curve y(z) in (2.59). Using
Wo(z1, 22, 23) = 0 one finds Fy(z1, ..., 2,) in (2.45) vanishes for n > 3, meaning Wy(z1,...,2,) = 0.
Overall, we conclude Zy;,; (81, .., 0n) = 0, in agreement with the supergravity answer (2.28).
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Higher genus: For g > 1 one can follow the same procedure and compute W (21, .., 2n) using
the loop equations to whatever desired order. From the spectral curve y(z) it is useful to define the

following coefficients

k= [85(\/—731(2'))} . (2.65)

z=0
In appendix B we use the loop equations to derive the following results for ¢ = 1,2,3' and an

arbitrary spectral curve with ag # 0

- -
ZMMJ(BD"'HBTL) — 2 n4a0 H\/7

n

_ (n+1)! T /5
Zyno(Brs - Bn) = Bar (n+2)ar + 2a025i H ?] :
s . (2.66)
_ n+ 3)!
Zyna(Bu o Bn) = 2 (49 s [4(1(2) <50 Z Br+84) i3 ) +168agar (n +4) > _ Bit
1#£] i=1
+ (n+4)(42a3(n +5) — 75a0a2)} H %
=1
Specializing to the spectral curve (2.59) one can easily compute ay as
ot 2k
ap = (—1)k+1u(1 +&a?) . (2.67)

V2(2k)!

Using this in (2.66) we obtain an explicit match with the supergravity results (2.31) for ¢ = 1,2,3
and arbitrary n.

To prove the equivalence for arbitrary genus g € N we use a deformation theorem of [52], which
quantifies how the output of the loop equations (2.44) varies as the spectral curve is modified.
Following [22], in Appendix B we use this theorem and show the matching between the supergravity

and matrix model expansions to all orders.

3 Phase transition beyond the topological expansion

In the previous section we showed how the topological expansion of JT supergravity deformed by
a gas of sharp defects matches with the loop equations of appropriately defined matrix models to
all orders in perturbation theory. However, the agreement is restricted to £ > —1, as the series
expansion (in both cases) diverge for £& — —1. The aim of this section is to use the matrix model
description of the system to avoid this issue and obtain well-behaved observables when ¢ < —1. For
reasons we explain below, we do not take & arbitrarily negative but restrict ourselves to & > —1/a?.

In the section 4 we explain the problem that arises for ¢ < —1/a? and how it is solved.

19The genus g = 1,2 expressions are explicitly derived for arbitrary number of boundaries using induction. Although
this can also be done for the g = 3 result, it becomes increasingly tedious. Instead, we have explicitly checked the g = 3
result in (2.66) for n = 1,2,3,4.
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Our main tool is the method of orthogonal polynomials, a formalism carefully described in Ap-
pendix C for the double scaled models relevant for JT supergravity. Apart from putting together
many results scattered in the literature, this Appendix includes some new technical results, like the
precise method for computing the matrix model kernel (3.3) and observables (3.5) for double-cut Her-
mitian matrix models (the string equation had been previously derived in [53]). Using this approach
we show that the divergence of the perturbative expansion at & = —1 signals a phase transition
in the Hermitian (complex) matrix model from a single-cut (hard-edge) to a double-cut (soft-edge)
phase (a similar deformation of a toy model in the complex matrix model was previously studied
in section 3.C of [26]). By properly accounting for the phase transition, we consistently compute
observables when ¢ > —1/a?. Moreover, we show the divergence of the partition function at ¢ = —1
(see (2.31)) is a breakdown of the topological expansion near the phase transition, but the physics
of the model is still well-behaved. More precisely, after including non-perturbative contributions
(which are invisible in the topological expansion) to the partition function, we show Z*(31,..., 8,)

with n = 1,2 has no divergence at £ = —1.

3.1 Type 0B JT supergravity

Let us begin by considering Type 0B JT supergravity with a gas of defects, whose dual description
is given by a Hermitian matrix model with leading eigenvalue density in (2.48). Since the loop
equations used in the previous section produce a perturbative expansion around a given saddle-
point, they are not adequate to understand the behavior of the system near £ = —1 where a phase
transition occurs. We shall use the method of orthogonal polynomials instead, which is better suited
to capture non-perturbative aspects of the model, such as the change in saddle-point dominance.
To avoid derailing the discussion too much, we describe the technical construction of this method
in Appendix C and here only describe the main ingredients and tools necessary to understand the

output of the formalism after double scaling.

Method of orthogonal polynomials

A single double scaled model is completely specified by a collection of constants (i, tox) with k& € N.
The parameters to;, and p enter in the definition of the potential V(Q) in (2.34) that determines the
measure of the matrix model, see (C.36) for the explicit relation. As we shall see, the constant p
plays a central role, as its sign indicates the phase of the matrix model. Using the parameters tof,
we first need to construct the function r(z) with = € R, as follows. It is determined by a differential

equation called the string equation, that depends on to) as [53]
o
String equation : Z tor Kop[r(x)] + r(z)z =0 (3.1)
k=1

Each parameter to; controls the contribution to the full model from a single k-critical potential, see

Appendix C for details. Here Ko [r(x)] is a polynomial of r(x) and its derivatives, constructed from
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the following recursion relation

T 2
Koi[r(z)] = 2;5 1 [r(z)/ d:?:r(:?:)ajKQ(k,l)[r(:i)] — %8%[(2(;6,1)[7’(5:)] ) (3.2)

Same as before, the parameter 4 is identified with e=° in the supergravity theory. The leading
behavior of Kox[r(z)] is given by Kop = 7(z)?**! + O(h?), see (C.33) for explicit expressions for
the first few values of k. The string equation (3.1) is solved as a boundary problem for z € R, see
Appendix C for the appropriate boundary conditions as determined by the matrix model.

All observables, such as the correlators of ZﬁM(ﬁ) introduced in the previous section, are ulti-
mately controlled by the function r(x). After determining r(z) for a given set of couplings tof, the

next step is to compute the following kernel

K(q,q) Z/ dx¥s(z,q)Vs(z,q) 7?,22 mqa\lf(xq) , (3.3)
s==+1

s==%1 ¢ -7 T=p

= -
where 0, = 0, — 0. At this point the parameter u, which has not appeared yet, enters in the range

of x integration. The functions W4(x, q) are obtained from the following eigenvalue problem
Mo Ws(2,9) = ¢*Ws(,q) Mo = —(70,)* + [r(2)? — shr'(z)] ,  s==%1, (3.4)

where s = +1 labels two independent sectors, related to the orthogonal polynomials of even and
odd order. The label ¢ here is obtained from scaling the eigenvalue of the Hermitian matrix and (as
explained in the previous section), should be interpreted as the supercharge eigenvalue.?’ Finally,
from the kernel K(g, ) one can compute the ensemble average of arbitrary insertions of Zy(83).
We present the general rule in Appendix C for an arbitrary number of insertions, the first two cases

are explicitly given by

1 +o00 5
(Zy(B)) =22 / dqK(g,q)e ",
oo (3.5)
(Zyna(B) Zyn (B2))e = 2/ dgdq[8(q — §) — K(g, )] K(g, Qe 17" e=P8" .

Using the procedure outlined above we can compute these correlators to all orders in h = =0,

This expansion appears at all levels, staring by the determination of the functions Ko [r(z)]. It is
a non-trivial consistency check that the topological expansion derived from the string equations is
equivalent to the one derived from the topological recursion. The main advantage of this formalism
is that it allows the computation of observables beyond their perturbative expansion in A and in

particular it will allow us to identify the phase transition.

20 As explained in Appendix C, the g; are obtained from the eigenvalues \; of Q after a proper rescaling in the double
scaling limit. In our discussion of the loop equations in the previous section this subtlety was avoided by directly
writing ¢; as the eigenvalues of @ in (2.34).
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Fixing the double scaled model

From the loop equations perspective, after picking an ensemble, a matrix model is determined by
the spectral curve, the leading order eigenvalue density. In the previous section we determined
from gravity the spectral curve associated to Type 0B JT supergravity with a gas of defects. In
the approach of orthogonal polynomials, one instead fixes a particular matrix model by picking
the couplings (u,tor). Since these two description of the matrix model are equivalent, we should
determine (u,tox) for Type 0B JT supergravity by computing the leading eigenvalue density and
compare with the result of the previous section, which we now do. We begin by considering & > —1.

Let us first expand r(z) in h = ™0 as

r(z) = Z rm(z)R™ . (3.6)

m=0

Using Koi[r(x)] = 7(x)2**! + O(h?) the leading solution of the string equation (3.1) is

thkro(x)%—i-x:(), <0,
— (3.7)

x) [gtwo(l’)% + :c} -0 =

We have constructed the piecewise solution for ro(z) so that it is continuous and satisfies the required
boundary conditions of the string equation described in Appendix C. Using this leading solution ro(z),
we can construct the operator Hg in (3.4) and compute its eigenfunctions. To first approximation,

we can obtain W,(x,¢) in the WKB approximation, which gives [29]%!

gl €08 [1 fo dz\/@? —ro(T)2 — Z(s + 1)}

mh (g% = ro(x)?)1/4 ’

Vs(z,q) = T > Tmin - (3.8)

This is the WKB solution in the classically allowed region, determined by i, from 7o(2min)? = ¢
From this expression we can compute the kernel (3.3) in the WKB approximation. For our purposes
right now we focus on the spectral density, which from (3.5) it is given by the diagonal components

of the kernel (3.3). The leading perturbative contribution can be immediately obtained from (3.8)

o (a |Q|/ 6(1] :7:;( )2) (3.9)

To solve the integral we must split it around x = 0 where the solution r(z) in (3.7) changes behavior.

as

This distinguishes the cases of p positive or negative. We begin by analyzing the case p > 0 since

2The two undetermined coefficients in the WKB approximation are fixed by comparing with an exact solution
obtained from a toy model which captures the low g behavior of the system (see section 4 of [29]). Compared with
equation (40) in [29] there is an extra factor of /|g| in (3.8). This difference appears because the normalization of the
eigenfunctions in the toy model used here is obtained from the completeness relation fj;o dqUT(z,q) VT (z,q) =

§(x — Z), while [29] normalized with respect to the ¢* variable.
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this is relevant for the £ > —1 regime, as will become clear below. In this case the integral gets a

contribution from positive x and we find

lal drgr2
Py *+ Zt2k2/€|6ﬂ/ = 0 *+ Zt% k)] ; (3.10)

where we have changed variables to rg, and used (3.7) to compute the Jacobian. From this expression
its clear that each coefficient top controls the contribution ¢?* to po(q), with u appearing in the
constant term.

Now we can make contact with the previous approach. In this approach the couplings (u, to) are
fixed by matching the expansion (3.10) to the Taylor expansion in ¢ of the spectral density derived
from gravity (2.48). It is a non-trivial fact that this also ensures the matching between supergravity
and the loop equations to all orders (away from phase transitions).?? The result is that to study
deformations of Type 0B JT supergravity the parameters (u,tor) of the double scaled model are

fixed to
2k

(ot = (146 T+ &™) (3.11)

For £ = 0 this agrees with the undeformed case previously studied in [29]. This completely determines
the double scaled model. Moreover, we can check & > —1 implies that px > 0, validating the
assumptions that lead to (3.10).

The implicit constraint equation for r¢(x) in the negative = region (3.7) can be written in terms

of modified Bessel functions
Io(2mro) — 1+ &(To(2marg) — 1) +2 =0, r<0, (3.12)

while for x > 0 we have ro(x) = 0. These results can be generalized to deformations involving
several defect species in a trivial way. Finally, from this it is straightforward to check the piecewise
function ro(x) in (3.7) is continuous at z = 0 whenever ¢ > —1/a?. For that reason, in this section

we constraint ourselves to this regime and leave the £ < —1/a? case to section 4.

3.1.1 Phase Transition at £ = —

From (3.11) note that negative = 1+ & < 0 corresponds precisely to £ < —1, where the topological
expansion of the supergravity theory, as well as the matrix model loop equations, break down.
However, the formula for the spectral density (3.9) is perfectly well defined when used correctly. For
negative u there is no contribution from the x > 0 region of integration. A similar calculation as in

the previous case gives

2 ¢ oo ok10(d® — 1)
= — thkqu\/ dro g 702 , where ge =ro(p) > 0. (3.13)
Q k=1 dc q —T0

22Below we explicitly show the perturbative matching between the supergravity partition function in (2.29) and the
matrix model described in this way to leading genus and arbitrary boundaries in the regime £ > —1 (see (3.23)). For

higher genus contributions, see the arguments given in [29].
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£=-5 £=-1 £=5

Figure 4: Leading genus eigenvalue spectral density pg (¢) for the Hermitian matrix model relevant
for describing deformations of Type 0B JT supergravity with defect angle o = 1/4 and several values
of £&. There is a phase transition occurring at £ = —1, with £ < —1 and £ > —1 in the double and
single-cut phase respectively.

The main difference is that there is no constant term and the integral vanishes for |¢| < g.. The
threshold value ¢, = ro(p) is computed from the implicit constraint (3.7), which in the JT super-
gravity case (3.11) is given by

In(2mq.) + {lo(2mag.) =0 with ¢ >0, (3.14)

where we used the identification p =1+ . It is straightforward to solve this equation numerically
for any desired values of (£, «). After solving the series in (3.13), the spectral density can be written

in terms of the following integral

$ (@) =2l / ! gy Tr2ro) + oy (2mar)

o o (3.15)

e q2 — Ty
where it is implicitly understood this expression vanishes when |q| < g.. This density of states
characterizes the new phase of gravity that appears at £ < —1 which would be impossible to identify
if we restrict ourselves to perturbation theory.

In figure 4 we plot pg (q) for o = 1/4 and three values of ¢ for which p is positive, negative and
zero. The & = —1 behavior corresponds to the critical value separating the single from the double-cut
phases. This can be compared with the spectral density of the matrix model before double scaling
shown in figure 19. As expected, figure 4 is obtained from figure 19 by zooming in the region A ~ 0.
For the model with only the k = 1 contribution, this is in the same universality class as the well-
known third order Gross-Witten-Wadia transition [31, 32] for unitary matrices. For a discussion of
this transition for Hermitian matrices, see for example [54].

To have a better intuition on the behavior of the model, let us rewrite the integral (3.13) in a
way that makes the behavior near g. manifest

0 2
o (@) =V -2 ;tQkQ:M%_I 2 Py % 1—k; g; 1- Z% : (3.16)
To show this formula, one can change variables to v = 1 — (r9/q)? and realize that the v integral

in (3.13) gives an incomplete Beta function, which can be written as a hypergeometric function. While
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before the transition each k critical model contributed with a simple ¢?* term to the spectral den-

sity (3.10), we now get par(q)|k = |q|P(q)\/¢*> — ¢, with P(q) an even polynomial of order 2(k — 1).
To understand this, note a general two-cut spectral density before double scaling and supported

in g € (a1,b1) U (ag,be) is given by (2.40)

5 (@) = 5 Ih(@)|/ g — g~ ba)(g —ax)a ) (317)

Taking ag = —b; = ¢, and b = —a; = 400 one recovers the same structure given in each term
of (3.16), where h(q) is related to ¢P(q).

We would like to interpret this phase transition as a large, order one, breaking of supersymmetry.
To explain what we mean by this consider first the & > —1 phase, we expect the lowest energy state
to have, on average, a small non-zero energy of order e, Therefore supersymmetry is broken by
exponentially small effects. Something similar was observed in A/ = 1 SYK models [39]. On the
other hand, on the ¢ < —1 phase the ground state has an order one energy given by 2. Therefore
supersymmetry is broken already to leading order in perturbation theory.

From a gravity perspective, a possible interpretation of the £ < —1 phase is that that the vacuum
fermions in supergravity get an effective mass so that they can be integrated out and obtain an
effective theory of bosonic dilaton gravity. To check this interpretation we can compute the density
of states as a function of energy instead of supercharge eigenvalue. This presents the same behavior
as expected from a bosonic theory of dilaton gravity, since it has the correct square root edge and the
correct asymptotics at large energies. Of course this correspondence is not valid non-perturbatively,
where we can distinguish gravity from supergravity. It would be nice to make further checks of this
idea in order to identify the bulk interpretation of the £ < —1 phase better.

Before moving on, let us address some issues that arise for the perturbative expansion of observ-
ables of double-cut matrix models, such as the one given in (3.17). As discussed in [55], a careful
analysis shows there are non-analytic terms in N (size of the matrix) that contribute to the expan-
sion of observables. For instance, the leading behavior of two resolvent insertions Wy (21, 22) for
a symmetric double-cut model supported on ¢ € (—=b, —a) U (a,b) is given by (see equation (3.26)
in [55])

i ) = 1 (a% — 2129)(b? — 2122) ol (—1)Nab
WO ( 15 2) 2(21 _22)2 [ /;O'(Zl) ,;0_(22) 1] 9 (J'(Z]_) 0_(22) s (318)

where o(z) = (22 — a?)(2%2 — b?) and the sign of the second term depends on whether N is even
or odd. Does this kind of non-analytic behavior in N pollutes the double scaled matrix model in
the £ < —1 regime? The answer is no, as can be seen by noting the second term (3.18) vanishes

for (a,b) = (400, qc), that is the limit we are ultimately interested in

— B 1 2122 — q(2; 1 3.19
0 wntiea) T 2P |V ava g 1

Interestingly, this gives the same result as for a single-cut matrix model (2.42) supported in the

complementary region, i.e. ¢ € (—qc,q.). Altogether, this means one should not worry about these
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kind of non-analytic contributions to the topological expansion of the matrix model in the double-cut

phase.

Order of the phase transition

Let us now determine the order of the phase transition from the single to the double-cut phase. From
the matrix model perspective, this is obtained by analyzing the free energy defined as F = —1In Z
with Z given in (2.35). However, since we are ultimately interested in gravity we want to determine

the order of the transition as characterized by the gravitational free energy, defined as
1
F*(B,¢) = —EIHT(B) : (3.20)

Using the matrix model description, we can expand from both sides of the transition at £ = —1 and
determine its order.?> Depending on the value of &, the expectation value of ZKZM (B) to leading order
is given by (2.62) or (3.24). To expand these results around the critical value £ = —1 one first needs

an expression for ¢.(§) (3.14). A simple perturbative calculation gives

vV—1-=¢ ) 302 -1 146+ 2630t — 25002 + 47
Vi-a? 8(a2 — 1) 1152(a2 — 1)2

Using this, one can easily expand (2.62) and (3.24) in a perturbative series and obtain

w“lé) = - 1+ +00+8°| . (321

2 2a? 2.2 0 , £> -1,
T L) = [ = ] 4 (L4 T 4 (1€ 8 |
m’ £<_ 5

(3.22)

where we have omitted terms of order (1 + £)®. Replacing Z7(8) — (Zanmo(B)) in the gravitational
free energy (3.20) one finds the second derivative at £ = —1 is discontinuous, meaning the transition
is of second order as characterized by the gravitational free energy (3.20).

We would like to stress that this analysis works for £ # —1. When £ is close enough to —1,
the value at which the phase transition happens, the topological expansion of the matrix model
breaks down. See equations (2.31) for an example of how higher genus contributions diverge faster
as & approaches —1. Therefore to know what happens at the phase transition, or at least with

exponential accuracy in Sp, a non-perturbative analysis is required. This is done in the next section.

New perturbative expansion

Since the leading spectral density (3.16) has a very different structure after the phase transition,
the topological expansion of the matrix operator ZﬁM(ﬁl, ..., Bn) changes drastically. In particular,

it does not vanish to all orders as is the case when & > —1, see (2.52). From the approach of the

23The quantity defined in (3.20) corresponds to the annealed instead of the quenched free energy [56]. Both definitions
agree for high enough temperatures. Using the methods of [27] it would be interesting to study the behavior of the

quenched free energy near the transition and at low temperatures.
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previous section, the reason is that the branch cuts now have finite edges at ¢ = £¢. which contribute
to the residue involved in the loop equations.

We begin by considering the simplest case. In the £ > —1 phase of JT supergravity, as reviewed
in the previous section, the path integral over connected spacetimes with an arbitrary number n of
boundaries all vanish for n > 2, to leading order in the genus expansion. This is due to the presence
of fermion zero-modes, as explained in Appendix A of [19].?* Instead, in the & < —1 phase studied
in this section these quantities are non-zero. To see this we can use the following useful formula,
derived in [57, 58] and recently applied to the £ = 0 matrix model [29]
+1 VP B {an 2, —Brro(x)? }

223, LY o=p
where S = Y"1 | Bi. See appendix A of [29] for an explicit check of the formula for n = 2,3.
While the factor 22 comes from the definition of Zya(B1, -+, By) in (2.33), the additional factor

of 2 originates from the sum over s = & in (3.3). Defining 9,1 = [*_ and evaluating for the first

Zyno(Brs -+ Bn) = (3.23)

few values of n one finds

+oo
Zl\—i/_IM,O(/B) = \/?/q drg [11(271'7‘0) -+ faf1(27rar0)] efﬁrg ,

4
Zl—\i_/[l\/[ 0(61)B2) ot ﬁlli_\/liﬁﬂz (BrtB2)q ;

32 B 3 o
ZI\_ZM,O(/Bl)B2763) = _\/@qcra(ﬂ)e qg Zi:l Bi ,

W[ramchrg(u ~ 22 Zﬂ EELE

(3.24)

ZI\J'/_[M,O(/Bla /827 537 64) = —

The first two cases are already non-zero in the & > —1 phase, but the results are of course modified.
For n = 1 we have changed variables to 9 and used (3.12) to compute the Jacobian. Equivalently,
this same expression can be derived by appropriately integrating the leading spectral density (3.15).
For n = 2, we find the same universal result obtained also for the single-cut phase (2.63) when £ > —1,
the only difference being the exponential factor, which arises from the fact there is a threshold value g,
for the matrix eigenvalues, or equivalently a minimal energy ¢>2.

For n > 2 it is easy to see from (3.23) why the answer vanishes in the £ > —1 phase. The reason is
that p is positive for this phase and since ro(x > 0) = 0 the derivatives involved in (3.23) all vanish.
On the other hand, the results are non-zero when ¢ < —1 since in this phase the derivatives of ro(x)
at * = p < 0 are non-vanishing. The derivatives of ro(z) can be easily evaluated and written in
terms of (&, ) and ¢, by differentiating (3.12). They are given by intricate combinations of modified

Bessel functions, for instance

() = 5 [1(2me) + Eali (2maq)] (3.25)

21Gince we can identify £ < —1 as a phase where supersymmetry is broken by large effects, it would be nice to
understand whether those fermionic zero-modes get lifted in this phase, giving a gravity understanding of the fact that

they are not vanishing for £ < —1.
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Note that as one approaches the critical value £ — —1 this quantity diverges, signaling the transition
from the double to the single-cut phase.

So far we focused on contributions at genus zero with multiple boundaries, but in the £ > —1
phase we argued in the previous section all higher genus contributions are also vanishing. This is
not the case for the £ < —1 phase as we now show explicitly. For instance, the g = 1 correction to

single trace observables is given by

s (B) = 4;;% ch (1 (2854 — 9) + 2a20. (452 — 3)] P . (3.26)
This result can be obtained either from the loop equations applied to the £ < —1 phase, or using the
leading % corrections to the string equation. Altogether, the perturbative expansion of the model
is very different after the transition to the double-cut phase. It would be interesting to determine
whether these results can be recovered from the topological expansion of some kind of supergravity

theory.

3.1.2 Non-perturbative effects

Our discussion so far has been limited to the perturbative expansion of observables. We now
go beyond perturbation theory and compute observables in the matrix model non-perturbatively
in & = e~50. This will help clarify the nature of the phase transition, since the perturbative expan-
sions break down at £ = —1.

The first step is to exactly solve the full string equation (3.1), with t9 given in (3.11), without
assuming any perturbative expansion (3.6) for r(z). To do so, we proceed numerically, follow-
ing [59]. Although we have explored several values of i and «, all the results shown here take h =1
and o = 1/4, meaning we must constraint £ > —1/a? = —16. Since the string equation is formally
a differential equation of infinite order we must introduce a truncation kn.x in order to make sense

of it numerically [59]

k’max

Z tor Kok [r(z)] + r(z)z =0 . (3.27)
k=1

For the numerical accuracy required here, it is enough to fix knax = 6. We have explored higher
truncations and found no substantial differences in the results. In figure 5 we show several numerical
solutions 7(z). These are obtained by solving the twelve order differential equation (3.27) with
the boundary conditions determined by r9(z) at * = foo. In the left diagram of figure 5 we
plot the full solution together with the perturbative result ro(x) for the pure JT supergravity case,
previously obtained in [29]. As shown in that work, all perturbative corrections to r¢(x) vanish in
that case, meaning the difference between the dashed and solid lines in figure 5 is entirely generated
by non-perturbative effects. Allowing for defects by taking & # 0 deforms the solution r(x) in
interesting ways, as shown in the right diagram. Most importantly, note the solution at the phase

transition £ = —1 (red curve), is perfectly well behaved.
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Figure 5: Full non-perturbative solution r(z) to the string equation (3.27) with (Kkmax,f,a) =
(6,1,1/4) and several values of £. On the left diagram, we plot the £ = 0 result previously obtained
in [29], with the dashed line corresponding to the perturbative solution rq(z) in (3.7). In the right
diagram, we show the solution at the phase transition £ = —1 (red curve) and several other values of .

Using this numerical solution we construct the operator H; in (3.4) and compute its eigenfunc-
tions. See [59, 29| for details on the numerical methods, particularly regarding the normalization
of Wy(z,q). By appropriately integrating in x (3.3) we get the kernel K(q, §) which determines all

observables.

Spectral density: Let us start by considering the eigenvalue spectral density (p*(q)), obtained
from the diagonal components of the kernel. In the left diagram of figure 6 we show the final result for
the eigenvalue spectral density for several values of €. The dashed curves correspond to the leading
perturbative answer pg (¢), given by (2.48) or (3.15) depending on which side of the phase transition
we are on. Assuming the matching between matrix model and quantum gravity is valid beyond

perturbation theory, we can compute the gravitational energy spectral density o™ (E), defined as

[ SIS

+00 ) +o0
<ZﬁM<ﬁ>>=2/ dg(p*(@)e ™" s ZH(B) = /0 1B g*(B)e P . (3.28)

—00

The final result for o* (F) is shown in the right diagram of figure 6, where the dashed line corresponds
to the leading perturbative result.

It is important to point out that neither of the solutions in figure 6 diverge or become ill defined
at the phase transition. More precisely, when £ = —1 we obtain a perfectly well defined spectral
density for all energies. This is in contrast to perturbative contributions ZAJEM, ,(B) and ZJ(B) which
become ill defined as & — —1. This shows the divergence is not real physics but a signature of the
breakdown of perturbation theory near the phase transition, ultimately fixed by non-perturbative
effects.

From figure 6 we see non-perturbative corrections generate oscillations around the leading answer.

Interestingly, the amplitude of the oscillations decrease as £ grows and increase considerably as one
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Figure 6: On the left diagram we plot the expectation value of the eigenvalue spectral density p™(q)
including all perturbative and non-perturbative contributions for several values of £ and o = 1/4. On
the right diagram, we have the corresponding energy spectral density of Type 0B JT supergravity
including sharp defects. Note that in both cases the spectral density is perfectly well defined at the
phase transition £ = —1, red curves.

goes beyond the phase transition, from the single to the double-cut (compare { = 8, —8 curves in
figure 6). To better appreciate this, we can substract the leading behavior from the full answer, as
done in figure 7 for the energy spectral density of the gravity theory Apt(E) = o™ (E) — of (E)/h.
In the left diagram of figure 7 we compare the critical case £ = —1 with the deformed theory in the
double-cut phase £ = —8. We observe how the amplitude of the non-perturbative effects is greatly
enhanced as we go across the phase transition. The discontinuity and rise of Ap™(E) observed
at F ~ 0.35 when £ = —8 comes from the step function (3.13) in the leading result pg(¢). In the
right diagram of figure 7 we compare Ap™ (E) between two values of £ in either side of the transition
that are further apart from each other. Similarly as non-perturbative effects are enhanced in the
double-cut phase as £ becomes more negative, we observe a suppression as & takes larger positive

values.

Spectral form factor: We now study the expectation value of double trace observables (3.5)
which are sensible to the non-diagonal components of the kernel. More precisely, we consider the

spectral form factor, defined in terms of the Euclidean partition function as

ZT(B+it,B—it)+ ZT(B+it)ZT (B —it)
Z+(28) '

SH(t,B) = (3.29)

To remind the reader, the quantity Z7(f;,2) in gravity includes only connected contributions.
Therefore to obtain the spectral form fact, corresponding to the full path integral up to a normal-
ization factor, we need to sum the geometries that are both connected (first term) and disconnected
(second term). This is an interesting observable to study as it serves as a diagnostic of certain chaotic

features of the underlying microscopic description of the supergravity theory [60]. The behavior
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Figure 7: In these diagrams we have substracted the perturbative contribution from the full gravita-
tional spectral density ApT (E) = o7 (E) — of (E)/h in order to better appreciate how non-perturbative

effects change as a function of €.

of ST(t,) as a function of ¢ is expected to show an initial dip, followed by a ramp at intermediate
times and finally a late time plateau lim;_, 1 ST (¢, 8) = const. Using (2.29) it is straightforward to

write the spectral form factor to all orders in perturbation theory when £ > —1

2
/132 2 2SO+2277762 27T2B( —a2)
ST(t,B) ~ { prtt + & - 1+&% EEE +
Z+(2B) 273 my/ B2 + 12 (3.30)

n28(1-a?) 2(1 — o2
_|_ 2567 f}2+t2 CcoS <M> :| } .

52 _|_t2

The first term comes from the connected contribution and gives a linear ramp behavior of ST (¢, 3)
for intermediate times. All other terms come from the disconnected piece in (3.29) and generate the
initial dip. Crucially, the late time ramp is not captured at all in perturbation theory, meaning it
has to be generated by non-perturbative corrections to (3.30).

These can be computed using the matrix model description, given in this case by

(Zya (B +it, B — it))
(Zyna(26))

For the undeformed theory this quantity was previously studied in [29]. Using the numerical ker-

ST(t,B) = (3.31)

nel K(q,q) and equation (3.5) we compute this quantity and plot the final result in the left diagram
of figure 8 for several values of £ > —1/a?. In every case (including at the phase transition ¢ = —1)
we obtain the expected ¢ dependence, including the late time plateau that is not captured by (3.30).
Note that in the normalization for the spectral form factor used here (3.29), the plateau has a height
of v/2. This comes from from the prefactor in the definition of Zl'\t[M(ﬁ) in (2.33).

From these results we can extract the time scale Zjateau at which ST (t,3) reaches the plateau.
As shown in the right diagram of figure 8, we observe a simple linear dependence in £. A rough per-

turbative estimate is given by tpjatean(§) ~ Z(2/3), obtained from comparing the connected partition
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Figure 8: On the left diagram we plot the spectral form factor for § = 8 and several values
of £ > —1/a? = 16, including the red curve with ¢ = —1. This is obtained by integrating (3.5) the
kernel K(g, ) numerically computed from the solution to the string equation, shown in figure 5. On
the right we plot ¢platean, the time at which the plateau of height V/2 is reached. The gray linear curve
provides a good fit of the data.

function in (3.29) to the value of the plateau. For £ > —1, before the phase transition, the partition
function (2.25) is linear in , in agreement with the non-perturbative result in figure 8. However,
this is not the case after the phase transition, where the partition function (3.24) gets a non-linear
dependence in & through ¢.(£) obtained from (3.14).

Altogether, we have shown how the Hermitian matrix model provides a stable non-perturbative
definition of deformations of Type 0B JT supergravity by a gas of sharp defects. Most importantly,
the divergence of the topological expansion of the Euclidean partition function at the phase transi-

tion & = —1 is ultimately fixed by non-perturbative effects.

3.2 Type 0A JT supergravity

We now repeat a similar analysis for the deformations of Type 0A JT supergravity, computing
observables beyond £ = —1. A detailed technical description of the method of orthogonal polynomials
for complex matrices is given in Appendix C, see also [51]. Here we summarize the main ingredients

necessary to understand the double scaled model non-perturbatively.

Method of orthogonal polynomials

Similarly as before, a single double scaled model is completely fixed by the couplings (u, t;) with & € N
that appear in the potential V(M MT) which determines the probability measure (2.53) (see (C.58)
for the explicit relation). The physics of the model is controlled by a single function w(z) which is
determined from the following string equation [51]

h? h?

String equation : u(z)R? — ?RR" + Z(R/)Q =0, (3.32)
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where primes are x-derivatives and R is determined by ¢; according to
o0
Rlu(z)] =) trRefu(z)] . (3.33)
k=1

Here Ri[u(x)] are the Gelfand-Dikii polynomials [61], functionals of u(x) and its derivatives obtained

from the following recursion relation

k+1

Rpqa[u(z)] = 2%+ 1

T h2
[/ dz u(z)0y Ri[u(z)] + u(z) RiJu(z)] — 28§Rk[u(m)]] , (3.34)
with Ry = 1. In this normalization, their /& expansion is given by Rp[u(z)] = u(x)* + O(h?), see
also (C.56). After the dust settles, the string equation (3.32) is entirely determined by .
Arbitrary observables are then computed form the matrix model kernel K(E, E), given by

IC(E,E):/_M dxqf(x,E)q/(x,E):hzq’(%fg@_x‘lé(xf)

, (3.35)
T=p

- — —
where 0, = 9, — 0,. Similarly as in (3.3), the parameter p appears in the z integration variable,
with the difference that in this case there is no sum over s = 4. The functions ¥(z, E) are obtained

from the following eigenvalue problem
HU(x,FE) = E¥(x, E) , H = —(hdy)* +u(z) (3.36)

with u(z) a solution to (3.32). The ensemble average of Zy;\(61,...,0n) in (2.33) for n = 1,2 is
finally obtained from

400
(Zya(B)) = 2/ dEK(E,E)e P¥ |
. i (3.37)
(Zana (B1) 2y (B2)) e = 22/0 dEdE [§(E — E) — K(E,E)| K(E, E)e " Fe= P2

Note that in this case the variable F is positive, as it is obtained by rescaling the eigenvalue of the
positive definite matrix M MT.?> These expressions are fully non-perturbative. Just like the previous
case, the topological expansion comes from doing a perturbative expansion in i = e~ when solving

the string equation.

Fixing the double scaled model

We can now fix a particular model by picking the values of (1, t) such that the perturbative expansion
of Zy(Bis- .., Pn) reproduces that of the deformation of Type 0A JT supergravity. This can be

done by evaluating the leading eigenvalue density for £ > —1. Expanding u(x) in a perturbative

25 As explained in Appendix C, the E; are obtained from the eigenvalues \; of MM after a proper rescaling in the
double scaling limit. In our discussion of the loop equations in the previous section this subtlety was avoided by directly

writing E; as the eigenvalues of MM in (2.54).
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[e.9]

oo Um ()™ and inserting in the string equation (3.32), its leading solution is

expansion u(z) =Y

given by

o
2 Ztkuo(x)k—i—mzo, <0,
k=1

uo(x) [Ztkuo(x)k—l—x =0 = (3.38)
k=1

up(z) =0, z>0.

This piecewise solution is analogous to (3.7) and ensures continuity as well as the boundary conditions
required for the matrix model are satisfied, see Appendix C. From this we can write the differential
operator #H in (3.36) and compute its eigenfunctions in the WKB approximation in the same way as
done in [29]

coS [% ff:min dz\/E — up(Z) — ﬂ
VTh(E — ug(x))1/4 7

eWEB (4 B) = T > Tomin (3.39)
where i, is obtained from E = ug(2min). From this one can write the kernel (3.35), whose diagonal
components determine the eigenvalue spectral density. The leading perturbative behavior is given

by
1 [ O(E — up(x))

po(E) =5 7oodxﬁ :

For the case of positive u, there are two contributions at either side of x = 0, which can be written

(3.40)

as

, (3.41)

= (4E)kE2
pA Yt
2 o

po (E) = %i@

where we have changed the integration variable to ug, computed the Jacobian using (3.38) and solved
the integral for each separate k. Each critical model ¢; contributes with E¥~1/2 to the spectral density.
We should compare this general expression to the leading density (2.58) that is required so that the

loop equations match with the supergravity topological expansion. This fixes the coefficients to

7T2k

(1, t) = V2 (1 +& (L4 §a2k)> , (3.42)

generalizing the £ = 0 case considered in [20]. Note that these parameters, which completely deter-
mine the double scaled complex matrix model, take essentially the same values as in the Hermitian

case (3.11). The implicit constraint for up(x) in (3.38) becomes
Io(2my/ug) — 1+ €(Io(2may/ug) — 1) +2/vV2=0, <0, (3.43)

while ug(z) = 0 for > 0. Similarly as before, we can use this to check the leading solution wug(z)
in (3.38) is continuous at = 0 only when & > —1/a?. In this section we restrict £ so that ug(z) is

continuous, leaving the more general case to section 4.
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Figure 9: Leading eigenvalue spectral density (3.40) for the complex matrix model describing Type 0A
JT supergravity with a = 1/4. At £ = —1 there is a phase transition between the hard-edge
phase (£ > —1) and soft-edge phase (£ < —1). The behavior is completely analogous to the one shown
in figure 20 before double scaling, after zooming in to the region A ~ 0.

3.2.1 Phase transition at £ = —1

As & < —1, the sign of i in (3.42) changes and the topological expansion of the supergravity theory
breaks down. However, in this formalism the leading spectral density (3.40) is perfectly well defined

and can be rearranged into

_ o F L L(2myug) + Eadi(2man/ug) _
po (E) = /C dug TR where E.=wuo(p) . (3.44)

The threshold value E. is obtained from evaluating (3.43) at = u = v/2(1 + £). Note this gives
the same condition as for ¢ in (3.14) for the Hermitian matrix model, after identifying E. — ¢2. In
figure 9 we plot p, (E) for several values of {. There is a transition at £ = —1 which interpolates
between the hard and soft-edge phase (compare with figure 20 for the transition before double
scaling). Each critical potential is controlled by t; and its contribution to the leading spectral

density can be better understood by rewriting (3.44) as

_ ik g 1 3 E,
pO(E):mk 17E oF) [2,1—k,2,1—E : (3.45)
From this we see each tj, contributes P(E)y/E — E., where P(E) is a polynomial of order k — 1. This
is very different to the behavior of the spectral density before the transition (3.41). Just like in the
previous case, this can be interpreted as the new phase breaking supersymmetry by large effects. The
new density of states for the £ < —1 phase has the same shape as a bosonic dilaton gravity theory,
although this is not necessarily true for higher genus corrections. A discussion on the behavior of

the k = 1 matrix model as p goes from positive to negative appeared previously in [26].

New perturbative expansion

Let us analyze how the perturbative expansion of the observable Zy,,(f1, ..., 5,) in (2.33) changes

as one goes across the phase transition at £ = —1. For example, in gravity, or in the £ > —1 phase,
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all path integrals with n > 2 boundaries vanish to leading order in the genus expansion, again due to
fermion zero-modes. This is not true anymore for the £ < —1 phase where supersymmetry is broken.
Higher genus corrections are also different, although this is not as dramatic of a change for Type 0A
as for Type 0B, since in the former they do not vanish generically in the £ > —1 phase.

To compute the answer for n > 2 boundaries at genus zero, we can use the compact formula (3.23),

which was explicitly shown in [57] to also hold for complex matrix models

— _ n\/ﬁl"'ﬁn n—2_—Bruo(z) o - '
Zyino(B1s -5 Bn) =2 on 2By [83: %e L:u ; Br = ;51. (3.46)

The factor 2" comes from the definition of the matrix operator in (2.33). To compare with the
Hermitian case, it is useful to rewrite this formula in terms of tg(z) = \/ug(x) and T = x/v/2, so

that it becomes

Zl\_/[M,O(/Bb coyBn) = 2%*1@ [8;5}7267'37”{‘0(55)2

4
o2y (3.47)

L:u/\/ﬁ ‘
From the implicit constraints in (3.43) and (3.12) note the functions uo(Z) and ro(x) coincide.
Moreover, the values of y in each case (3.42) and (3.11) are precisely related by a factor of v/2, so
that the Hermitian (3.23) and complex (3.47) observables precisely agree to leading order in genus

and arbitrary n
Zl\_/IM,O(Blv s 7571) = Zl\—sz(Bly e 7611) . (3.48)

This shows the leading genus matching for & > —1 also applies after going through the phase
transition at £ = —1. From the gravitational perspective this is expected, given that for genus zero
the sum over spin structures (which is the feature that differentiates the Type 0A /0B theories) is
insensitive to the insertion of (—1)¢. In particular, it means the transition for both supergravity
theories is of second order, since the calculation around (3.20) only involved the leading behavior of
the partition function.

To compute higher genus corrections to observables it is more convenient to use the loop equations
of section 3. Using the new density of states (3.45) in the £ < —1, a careful calculation shows the

first genus correction is

—1

I (B) = 2
MM 48a?

\/E [4a18 + az(4BE. — 3)] e PFe | (3.49)

where aj, = [0F(VE.: — zy(z))]Z:E with y(z) the spectral curve associated to (3.45). Comparing
with the result for the Hermitian case Zyp; ,(8) in (3.26) (noting the definition of aj in each case is
different) one finds Zy\; 1(B) # Zyp1(8)- This shows the perturbative expansions of each theory

only agree for g = 0, as expected from the gravitational perspective.

3.2.2 Non-perturbative effects

We now turn our attention to non-perturbative contributions to observables, which become spe-

cially important at the phase transition £ = —1. To do this, we have to exactly solve the string
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Figure 10: On the left diagram we plot the numerical solution u(x) to the string equation of the
complex matrix model (3.32) with (kmax, i, @) = (6,1,1/4) and several values of £&. On the right, we
have the corresponding energy spectral density o~ (E) of deformations of Type 0A JT supergravity
obtained from the diagonal components of the matrix model kernel K(E, E) in (3.35) obtained from
the eigenfunctions ¥(z, F) in (3.36).

equation (3.32) for u(x) with the coefficients t; in (3.42). Since the string equation is a differential

equation of infinite order, we must first introduce a truncation kpax according to [59]

kmax

R = tpRyfu()] . (3.50)
k=1

Same as before we take (kmax,h,a) = (6,1,1/4), meaning ¢ > —1/a? > —16. The boundary
conditions at x — +oo are fixed by the leading genus solution ug(z) in (3.38). In the left diagram of
figure 10 we show the numerical solution u(x) to the string equation (3.32) for several values of &.
This includes the critical £ = —1 case (red curve) which shows a smooth and well behaved solution.

Using these solutions we can construct the operator H in (3.36) and numerically compute its
eigenfunctions ¥(z, F). See [59] for details regarding the numerical method. By appropriately
integrating these eigenfunctions, one obtains the matrix model kernel (3.35) that determines all

observable in the matrix model (3.37).

Spectral density: From the first equation in (3.37), the eigenvalue spectral density is clearly
obtained from the diagonal components of the kernel. The energy spectral density of the supergravity
theory o~ (F) (defined from the inverse Laplace transform of Z~(f)) is the same as (p~ (F)) (apart
from a factor of 2 coming from the normalization of Zy;,(8) in (2.33)). For that reason, in this
section we directly work in terms of the supergravity spectral density as computed from the matrix
model.

In the right diagram of figure 10 we plot the final result for o~ (FE) for several values of £ at either
side of the transition at & = —1. The dashed line gives the leading result, with non-perturbative

contributions generating fluctuations around it. Similarly as before, the spectral density is completely
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Figure 11: The left diagram shows the full gravitational spectral density of figure 10 where we have

substracted the perturbative contribution Ap~(E) = ¢~ (E) — gy (E)/h for { = £4. On the right we
plot the ground state degeneracy o~ (E = 0;&) as a function of the deformation parameter &.

well defined when we set £ = —1, showing the divergence in the topological expansion observed
in (2.31) is cured by non-perturbative effects. These are most easily appreciated in the left diagram
of figure 11, were we plot Ap™(E) = 0~ (E) — ¢, (E)/h for two values of £ at either side of the
transition. Note that the amplitude of the oscillations are of roughly the same order, which is not
the case for the Type 0B JT supergravity (compare with figure 7).

One of the most interesting aspects of the spectral densities is their low energy behavior, previ-
ously studied in [30] for the undeformed JT supergravity. While in the £ > —1 phase the leading
vacuum value diverges, non-perturbative effects dramatically change the spectrum so that o~ (E = 0)
takes a finite value instead. In the right diagram of figure 11 we plot the behavior of ¢~ (0;¢) as a
function of £, which goes to zero as £ < —1. Although this might be expected from the previous per-
turbative analysis (see figure 9), note there are still non-perturbatively small contributions at £ =0
even for £ < —1. This come from the exponential tails of the eigenfunctions ¥(x, F) that appear
in the quantum region, i.e. = values where F < u(z). In the following section, we show how a true
non-perturbative energy gap appears when ¢ < —1/a? for deformations of the Type 0A theory.

Before moving on we should mention the behavior of the spectrum when going from positive to
negative p observed in figures 10 and 11 is analogous to that obtained for the k£ = 1 model studied
in [26].

Spectral form factor: We now turn our attention to the spectral form factor, defined in exactly
the same way as before (3.29) after replacing Z*(831,...,8,) = Z (B1,...,8n). Non-perturbative
contributions are crucial in order to capture large ¢ dependence, meaning the spectral form factor

must be computed using the matrix model according to

(Zy (B +1it, B —it))
(Zan (26))

S7(t,B) = (3.51)
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Figure 12: On the left diagram we plot the time dependence of the spectral form factor («, 5, i) =
(1/4,10,1) and several values of €. On the right, we have extracted the time ¢pjeatean at which the

plateau is reached for several values of £ > —1/a?.

For the undeformed theory £ = 0, this quantity was carefully discussed and computed in [59]. Us-
ing (3.37) this becomes certain integrals of the kernel K(E, E') that includes its non-diagonal compo-
nents. In the left diagram of figure 12 we show the final result for several values of £. As expected,
they all exhibit the dip and ramp as well as the late time plateau. In this case, the value of the
plateau is 2, which comes from the overall factor of Z;,,(5) in (2.33). On the right diagram of
figure 12 we plot the time it takes to reach the plateau as a function of £. Same as in the Type 0B
case, it exhibits a linear behavior.

Altogether, we have shown how the complex random matrix model provides a stable non-
perturbative completion of Type 0A JT supergravity deformed by sharp defects. The divergence

of the topological expansion at the phase transition £ = —1 is cured by non-perturbative effects.

4 Another phase transition

In the previous section we showed how the random matrix description provides a stable non-
perturbative completion of the deformations of JT supergravity theories across the transition
at £ = —1 (blue and green shaded regions of figure 2). However, the analysis was restricted
to & > —1/a? given that it is only in this regime that the leading solutions ro(z) and ug(x) in (3.7)
and (3.38) are continuous. Building on [62, 63, 21], in this section we show how to appropriately fix
the matrix model in order to obtain a stable description of the theories with & < —1/a?.

Let us start with a more detailed discussion of the issue, analyzing the string equations of the
Hermitian (3.1) and complex (3.32) matrix models. As recently explained in [21], perhaps the first
thing one should examine to avoid potential non-perturbative instabilities is whether the leading
solutions ug(x) and ro(z) are single valued and continuous. Problems can arise at z = 0, where there

is a change of behavior in their piecewise definitions, see (3.7) and (3.38). Given that both functions
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Figure 13: Leading genus solution ug(x) obtained from (3.38) with ¢ in (3.42) (see also (3.43)).
For £ < —1/a? the single valued solution (green sections of the curve) develops a gap and is discontin-
uous at = 0. A completely analogous behavior is obtained for 7¢(z) in (3.7) for the Hermitian matrix

model.

are equivalent after a simple redefinition (see the discussion around equation (3.47)) it is enough to
explain the issue for ug(x), as equivalent statements apply to the Hermitian model.

In figure 13 we plot the curve x(ug) in (3.43) which determines the negative x behavior of ug(z),
as well as ug(z) = 0 for x > 0. The green portions of the curve correspond to the unique single
valued solution for 2 € R. While for ¢ > —1/a? the single valued solution is also continuous,
when & < —1/a? there is a shift in the value at z = 0 and ug(z) becomes discontinuous at the origin
(see the leftmost diagram in figure 13).

Should one worry about the discontinuity of ug(x)? Yes and no, depending on whether one is
interested on perturbative or non-perturbative contributions to observables. Since all perturbative
effects are controlled by the leading spectral density, we should first analyze its behavior. From the
general formula for py (E) in (3.40) we see it is obtained from integrating ug(z) in « € (—oo, ).
Given that p is negative when ¢ < —1/a?, the leading spectral density and spectral curve y(z) are
not sensitive to the discontinuity at x = 0. As a result, the perturbative expansion is perfectly well
defined and still determined by the spectral curve obtained from (3.44) even when & < —1/a?.

The situation is quite different if one is interested in computing observables including non-
perturbative contributions. In that case, one must instead construct the operator H = —(hd,)?+u(z)
and compute its spectrum. To first approximation, it might be tempting to replace u(x) in H by ug(x)
and solve for its eigenfunctions ¥(z, F). However, the discontinuity of ug(x) at x = 0 yields the spec-
tral problem ill defined and it is not possible to proceed. Another approach is to directly solve the
full non-perturbative string equation (3.32) for u(z) in the regime & < —1/a? and then compute
the spectrum of H. Doing so, one finds that as £ takes larger negative values the numerical solu-
tion u(x) becomes more unstable and develops large oscillations near x = 0, see figure 14 for several

examples. This is because the differential equation is struggling to find a smooth solution with the
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Figure 14: Solutions to the complex matrix model string equation (3.32) with ¢, in (3.42),
(Kmax, B, ) = (6,1,1/4) and several values of £ < —1/a?. The dashed curves give the perturbative
result ug(z) (3.38), which is discontinuous at the origin. As ¢ becomes more negative the solutions
are harder to obtain and their behavior at the interior becomes more singular. We have checked these
results are independent of the size and number of the points of the grid used to solve the differential

equation.

corresponding boundary conditions at large |z|. All in all, while the discontinuity of ug(z) does not

affect perturbation theory, it yields a model that seems to be non-perturbatively unstable.

4.1 Type 0A JT supergravity: Non-perturbative gap

Instead of starting with the Hermitian matrix model corresponding to the Type 0B case, it is con-
venient to consider the Type 0A theory, as the discussion for the complex matrix model arises more
naturally. A similar issue as the one arising here for ¢ < —1/a? was uncovered in [21] when studying
a complex matrix model description of deformations of ordinary JT gravity. Building on [62, 63]
it was shown there is a natural parameter that arises in complex matrix models which after dou-
ble scaling results in a slightly different string equation that gives a single-valued and continuous
solution wug(x). Let us describe how this works.

In the complex matrix model the eigenvalues of M M t are lower bounded by Amin = 0. The basic

idea is to appropriately move away from this lower bound by considering instead
Amin = 2E00? Ey >0, (4.1)

where § — 0 in the double scaling limit (see Appendix C for the notation being used here). The role
of Ey is not to modify the functional form of the potential V(M M?), but can be instead interpreted

as a shift of its argument, so that the matrix partition function in (2.54) becomes

N oo
Z = / dM e~ NTVART i) = TT / d\i A, -, Ay)2e NV D) (4.2)
=1 A

min

where the Vandermonde determinant is insensitive to the constant shift of the eigenvalues.?®

26 As explained in Appendix C, the E; are obtained from the eigenvalues \; after a proper rescaling in the double
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Figure 15: Plot of Ey(£) obtained from numerically solving (4.5) for a = 1/4. When £ > —1/a? one
finds Fy = 0.

Since our discussion of the method of orthogonal polynomials in Appendix C already included
an arbitrary value for Ay, it is straightforward to work out the effect of Ejy in the double scaling
limit. The relevant discrete string equations are given in (C.48) with the scaling ansatz for all the
parameters indicated in table 2 and the potential in (C.58). Using the same approach which lead to
the string equation (3.32) but with Ey # 0 one readily finds

B2 B2
(u — FEg)R? — 57273” +

where R = > 72 tx Rg[u(z)] + . A matrix model derivation of this equation from a similar setup

(RY? =0, (4.3)

was first given in [63]. Note the role of Ey and ¢ in the string equation is very different, given that R
is independent of Ej.
Compared to (3.32), the leading solution up(x) now gets modified by Ey in the following way

o
2 Ztkuo(x)k—l—xzo, <0,
=0 - k=1

(uo(z) — Eo) (4.4)

oo
Z teuo(2)® + 2
k=1

uo(x) = Eyp , x>0.

By appropriately fixing the parameter Fy one can always ensure the solution ug(z) is continuous
at the origin. One should not think of the parameters Ey and (u,t) as being at the same footing.
While fixing (u,tx) is equivalent to choosing a particular double scaled model, the value of Ej is
determined by requiring it is consistent, i.e. u(x) is continuous at the origin. In particular, for the
matrix model describing deformations of JT supergravity (3.43) Ejy is determined from the largest

solution to the following equation

\2 ZtkE{; = (Io(2m\/Ep) — 1) + £(Io(2man/Ep) — 1) =0, Ey>0. (4.5)
k=1

Perturbatively solving for Eq(¢) around & = —1/a? one finds
402 (€ +1/a?) a?(4 — 5a?)
— 1
(1l — a?) 9(1 — a?)

scaling limit. In our discussion of the loop equations in the section 2.3 this subtlety was avoided by directly writing F;
as the eigenvalues of MM in (2.54).

Eoy(§) = (E+1/a®) +0(E+1/a®)’| O(=€ ~1/a%) . (4.6)
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Figure 16: 1In the left diagram we plot the full solution to the string equation (4.3) with
(kmax, B, ) = (6,1,1/4) and several values of ¢ < —1/a? = —16, which give Eq # 0. After com-
puting the kernel (3.35) we obtain the Type 0A spectral density for the £ = —20 case. We observe a
non-perturbative gap at Ey ~ 0.1.

In figure 15 we plot the full numerical solution Ey(&) to (4.5) for o = 1/4.

Taking into account Ey # 0, we can solve the full string equation (4.3) and obtain the smooth
and well behaved solutions shown in the left diagram of figure 16. Note that the boundary condition
for large positive = (determined by ug(x)) is now given by lim,_, o u(x) = Ey. The dashed curves
correspond to the leading solution ug(z) in (4.4), which is now continuous at the origin. The full
solutions are much better behaved than the ones displayed in figure 14, which were built from a
discontinuous wug(z).

Let us now explain why Ej is identified as a non-perturbative energy gap for the deformations
of Type 0A JT supergravity. The eigenvalue spectral density is exactly computed from the diagonal
components of the kernel (3.35), where ¥(z, E) are the eigenfunctions of H = —(hd;)? + u(x). The
spectrum of the scattering states of the Schrodinger operator H with potential u(z) determines the
matrix model spectrum (p~(E)) and therefore the supergravity denity o~ (F). Since the asymptotic
behavior for large negative x generates an infinite barrier, the scattering state with minimum energy
is determined from lim,_, 4o u(z) = Ep. The gravitational spectral density is therefore supported
on

o (E)#0 = E € [Ey, +0) . (4.7)

It is important to highlight the difference between Ejy and the threshold value E.. To start, the
implicit constraint which determines each of them in (3.14) and (4.5) is not the same. Although E.
also gives a gap in which the spectral density vanishes, this is only true for the leading contribu-
tion g, (E), obtained from (3.44). Exponentially small non-perturbative corrections are still present
at zero energy, as we can see from the blue curves in the right diagram of figure 10. This is a

consequence of the asymptotic behavior of the solutions u(z) in the left diagram of that figure.
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To confirm these expectations, we use the numerical solution for u(x) to directly compute the
kernel (3.35) and obtain the full spectral density o~ (F) of the supergravity theory. The final result
is shown on the right diagram of figure 16. As expected, the non-perturbative gap of the spectrum
at Ey is substantially different from E., which is only associated to the perturbative density o, (E).

Overall, we have shown how the non-perturbative instability exhibited by the complex matrix
model when ¢ < —1/a? is cured by properly accounting for Ey. Let us stress £ is not an external
parameter one has to introduce in the system, but one that is entirely fixed by requiring the solu-
tion ug(z) in (4.4) is continuous at x = 0. Note that in this case the value of Ey does not affect
the perturbative behavior of the model, given that Ey does not appear in the negative x definition
of ug(x), which ultimately determines the leading spectral density p, (E) in (3.40). As we explain
now, this is not the case for the Type 0B theories.

4.2 Type 0B JT supergravity

Let us now consider the Type 0B case, described by the Hermitian matrix model. The same dis-
continuity at z = 0 arises for the leading solution 7o(x) in (3.7) when ¢ < —1/a?, the diagrams in
figure 13 are essentially the same for ro(z). We would like to find a parameter analogous to Fy which
modifies the string equation (3.1) in such a way that its leading solution is continuous.

Building on the intuition gained from the complex matrix model analysis, one possibility would be
to modify the range of the real eigenvalues \; € R of the Hermitian matrix to |[\;| > Apin = Fod. This
is similar to (4.1) for the matrix MMT. One can then use the technology described in Appendix C
to try to derive the corresponding string equation. However, one stumbles into a technical problem
which does not allow for a derivation of a string equation with Ey # 0 introduced in this way.?” This
suggests the parameter Ej in the Hermitian model has a different origin than that for the complex
case.

There is a different approach we can try, which leverages the fact we have a good understanding
of the complex matrix model when Ey # 0. The string equations of the complex and Hermitian
models are closely related to the Korteweg-de Vries (KdV) and the modified KdV (mKdV) inte-
grable hierarchies respectively. The Miura transform is a known transformation that relates these
hierarchies. Using this, reference [64] showed there is a mapping between the two matrix models
string equations (3.1) and (3.32). Explicitly, given a solution u(z) to the string equation
772

R? — —
b 2

2
RR" + %(R’V = 1’T? | (4.8)

?TLet us explain the issue more carefully. The discrete string equation (before double scaling) is obtained from an
identity similar to (C.6) where the integration region is instead |A| > Amin. This gives a set of equations analogous
to (C.7), which contain a boundary term involving ¥n(Amin). The way one can usually get rid of the boundary term is
by appropriately combining the two equations in (C.7) (see (C.48) for the complex matrix model case). However, since
in the Hermitian model the potential is even, the second identity in (C.6) is always trivially satisfied given that S,
in (C.5) vanishes. As a result, one is left with a single equation that contains a boundary term one can not get rid off.
We have not been able to sidestep this problem in order to derive a string equation for r(z) in the double scaling limit
when |A;| > Amin # 0.
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with T' € R, one applies the Miura transform u(z) = r(z)? — h'(z) and shows 7(x) satisfies the

following equation

> teKoglr(2)] + r(z)z = h(T - 1/2) (4.9)
k=1

which for I' = 1/2 is the Hermitian model (3.1) with t — tog.

Applying this same approach to the string equation (4.3), we should be able to ‘derive’ the
string equation for the Hermitian matrix model with Fy # 0. This calculation was recently per-
formed in Appendix C of [21]. By considering the following generalization of the Miura trans-
form u(x) = r(z)? — hr'(x) + Eg where u(z) a solution to (4.3) with 22I'2 on the right-hand side, one

finds r(z) satisfies the following differential equation®®

S~ torFonlr (), Bo) + r(w)z =0, (4.10)
k=1

with
Koxlr(2), Bo] = (r(2) + %h8x>Rk [r(2)? — ' () + Eo] - (4.11)

For Ey = 0 one can show (4.11) matches with Koi[r(z)] as computed from the general recursion
relation (C.34). When Ey # 0, this provides the generalization of the Hermitian model string
equation (3.1) we are after. It would be interesting to find a way of deriving this string equation
directly from the Hermitian matrix model description.

We can now analyze the behavior of the leading solution rg(xz) to (4.11), which using
Rp[u(x)] = u(x)* + O(h?) can be written as

To(fﬂ)[ztzk(ro(iﬂ)2+E@)k+x =0 =
pst

Compared to the leading solution ugp(x) in the complex matrix model (4.4), the parameter Ey now
appears in the negative x instead of the positive x region. For the values of top we are ultimately

interested, given in (3.11), the solution for x < 0 is determined from the following constraint

(Io(2m/ro(z)? + Eo) — 1) + £ (Lo(2man/ro(z)? + Eg) — 1) + 2 =0, r<0, (4.13)

which reproduces the previous expression (3.12) when Ey = 0. Same as before, the value of Ej is
uniquely fixed by requiring continuity at the origin ro(x = 0) = 0, which from (4.13) gives exactly
the same condition as in the previous case (4.5) (with the numerical solution shown in figure 15).
It is quite curious how the parameter Ej in each of the string equations (4.3) and (4.10) corrects
the discontinuity of the solution at x = 0 in a different way. In the complex model the leading
solution wug(z) is only modified in the positive = region (4.4), where one gets ug(z) = Ey > 0, which

effectively raises the solution for z > 0 and closes the gap (see leftmost diagram in figure 13). For
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Figure 17: Solution to ¢.(§) with a = 1/4 obtained from (4.15), where we observe the transition at
€=—1/a% = —16.

the Hermitian model we have the opposite situation. The solution ry(z) is only modified by Ej in
the negative x region (4.12), effectively lowering its value at = 0~ by FEj.

This distinction turns out being quite important when analyzing the observables of the theory.
While for the Type 0A case the perturbative expansion is not affected by Ej, this is not true for
Type 0B. The leading eigenvalue density of the matrix model (3.9) becomes

N o L2/ + o) + oy (2may/rg + Eo) (4.14)

q
=2 d
Po (7) 4] . ToTo [(7“8 + Eo)(q? — 7“8)]1/2

The threshold parameter g. = r9(p), which determines the support of this function, is now obtained

from the following constraint obtained from (4.13)

In(2m+\/q? + Eo) + Elp(2man/q? + Ep) =0, qgec > 0, (4.15)

generalizing (3.14) when Eg # 0. Solving in a perturbative expansion around & = —1/a? one finds

1 aly(2maby) B 2020(—€ — 1/a?)
21 aly(2mhg) — I (2maby) m2(1 — a?)by

qc(§) = bo — (€+1/a%) +0(E+1/a®)?, (4.16)
where by = q.(—1/a?). The step function shows the first derivative is discontinuous, as we can
confirm from the diagram in figure 17, obtained from numerically solving (4.16) for a = 1/4.

Let us now analyze non-perturbative contributions when Ey # 0 by directly solving the string
equation in (4.10). In the left diagram of figure 18 we give the full solution obtained for several values
of & < —1/a?. All the solutions are well behaved, meaning they do not contain large oscillations
near z = 0, as we would obtain if Fy was not taken into account (compare with figure 14)

From this solution, we can construct the operators #Hs in (3.4), compute its eigenfunctions ¥4(z, ¢)
and from the kernel (3.3) obtain the spectral density. In the right diagram of figure 18 we show the
final result for the energy spectral density of the Type 0B theory ot (FE) for several values of .

The full result has the familiar non-perturbative oscillations around the leading result, obtained

28This is obtained from equation (C.4) of [21] after replacing (v (z),T,tr) — (—r(x),1/2, tar).
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Figure 18: In the left diagram we show the numerical solution to the string equation (4.11) with
(R, kmax, @) = (1,6,1/4) and several values of £ < —1/a? = —16. From the numerical solution r(z) we
compute the full spectral density o7 (E), which exhibits the usual oscillations around the perturbative
result given by the dashed line. Compared to figure 16, in this case there is no non-perturbative gap
in ot (E).

from (4.14) written in terms of E = ¢?. Compared to the Type 0A case shown in figure 16, note
that even though Ejy # 0, there is no non-perturbative gap. This is expected, given that from (4.12)

the boundary condition for r(z) is limg_s 4 r(x) = 0.

5 Future directions

In this paper we computed the Euclidean partition function of certain deformations of N/ = 1
JT supergravity. The associated spectral density, which captures the microsates of the black hole
solutions of the theory, exhibit in certain cases negativities which are in conflict with the expected
unitarity of the theory. We have shown that whenever a negativity develops, there is a phase
transition that removes it, rendering the spectrum positive and well-defined. In order to show this
we constructed a dual description between these theories of gravity and random matrix models. The
main open question of our work is to give a geometrical understanding of the new phase of gravity
that appears. We have already made some comments along these lines in section 3, so we conclude

with other open questions and future directions.

Beyond sharp defects: String equation from the minimal superstring

The (2,p) minimal string theory is believed to be dual to a one matrix model (where by minimal
string we mean the theory defined by the worldsheet CFT, which is a combination of multicritical
matrix models [58]). It was an interesting observation in [11] (studied further in [65]) that the large p
limit of the spectral curve of the minimal string/matrix model duality derived from the worldsheet

CFT becomes the spectral curve of the JT gravity/matrix model duality. This suggests that the
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minimal string thought of as worldsheet two dimensional gravity becomes equivalent to JT gravity
at large p.

This was extended in [25] to deformations of the minimal string by tachyon operators. In this
case the worldsheet theory cannot be solved analytically, but the answer for the spectral curve can
be inferred from a bootstrap argument assuming its still dual to a matrix model [58, 66]. In the
large p limit, the deformations of the minimal string by a tachyon match precisely to the deformation
of JT by a gas of defects. The angle of the defect is related to the scaling dimension of the tachyon
while the weight is related to the coupling of the tachyon operator in the action, see [25] for more
details. A crucial feature of this approach is that it enables the analysis of deformations of JT
gravity beyond sharp defects, i.e. one is no longer constrained to « € (0,1/2) but can have arbitrary
defects a € [0, 1].

A similar correspondence for the undeformed minimal superstring and JT supergravity was an-
alyzed in [67]. It would be interesting to extend the arguments of [66] to find the string equation
with deformations, and check whether they match with the deformations of JT supergravity in the
appropriate limit. Besides checking this works for sharp defects, it would enable the analysis of de-
formations of JT supergravity with arbitrary conical defects, just as in [25]. It would be interesting
as well to compare with the approach of [68]. The comparison in the bosonic case is complicated,

but might be more transparent in the supersymmetric case. We leave this to future work.

Adding unorientable surfaces

In this work we have constrained the topological expansion of N' = 1 JT supergravity (2.3) such that
it only includes the contribution from orientable surfaces. The case in which unorientable surfaces
are also allowed was analyzed in [19]. In Appendix D we consider the deformations of these theories
and show results which are analogous as those obtained for the orientable case. We should mention
that since the volumes of the moduli space of unorientable super Riemann surfaces are not as well

understood, the discussion in this case is slightly more speculative.

Lessons for non-supersymmetric case

In the bosonic case, some unphysical negativities can appears when one does not sum over the
number of defects. Nevertheles, it was pointed out in [22, 23] that even after summing over defects
some new negativities can appear for certain large deformations. This is the type of negativity we
are interested in this paper. It was proposed in [28] that in the bosonic case, a possible resolution
is to declare a jump in the contour of integration of the eigenvalues. In some cases, [28] found some
interesting contours over which the spectral density is positive, although the contours go into the
complex plane. The resolution we propose here is different and, if exists, a bosonic version of our
proposal would imply a transition to a two-cut phase, although its very hard to test. For the cases
we have worked out in supergravity, it would be interesting to see whether it has any implications

for the dynamics of end-of-the-world branes following [28].
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Higher dimensions

There are several examples in higher dimensional black holes involving a two-dimensional AdS factor
near their horizon. Very often, non-perturbative contributions appear as an insertion of defects at
the Euclidean horizon of these black holes. Some examples are [22] and [69], in three and four
dimensions respectively. It would be interesting to find a context in which these negativities are
relevant. The main obstacle is that these contributions are usually small. Another issue is that
higher dimensional examples involve extended supersymmetry in AdSs. The partition function with
defects in examples with extended supersymmetry were studied in [70, 71], but a matrix model dual

(even without deformations) is not currently known.
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A Weil-Petersson supervolumes

The Weil-Petersson supervolumes V- (b1, ..., b,) that include the difference between even and odd
spin structures (relevant for Type 0A JT supergravity) were defined and carefully studied in [19].

They can be computed from the following recursion relation

1 o
bV, (b,B) = —= / Ay’ dy"y" DV +b",b) |V, (V/, V", B +Z > Vo, BV, ,(t", B\ B1)|+
2 Jo
h=0B1CB
|B|
—Z/ dv't’ [D(Y + by, b) + D(V — by, b)] V, (Y, B\ by)

(A1)
where compared to the notation used in the matin text we are omitting the n index in V;, (b1, ..., by).
We have defined B = {by,...,b,} as well as

1 1 1
D(x,y) = — . (A.2)

8 cosh(%7%)  cosh(%fY)

The initial condition for the recursion is V;~(b1) = —1/8 together with V" (b1,...,b,) = 0.
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Taking ¢ = 1 in (A.1) the terms in the first line drop and we are left with the following simple
expression

1B]
Vi (b, B) = Z/ db’b’{ (b + bi, ) + D(b = b, b) Vo (Y, B\ by) . (A.3)

—b

From this, we can use induction to show the genus one supervolumes are explicitly given by the
first line of (2.16). For a single boundary n = 1, the general expression in (2.16) already matches
with V" (b1) = —1/8. Assuming the result holds for n boundaries, let us take B = {b1,...,b,}
n (A.3)

|B|

L DV + by, b) + D(H — by, b
V(b1 b) = (=1 - 1)! Z/ db’b’[ + Ok, )jb( k)| (A.4)

For each value of k, the integral can be solved and shown to be equal to minus one, so that the sum
gives a factor of —n. This proves the explicit formula for the g = 1 supervolumes given in (2.16).
A more involved but conceptually equivalent procedure can be used to prove the ¢ = 2 and g = 3

formulas given in (2.16), see [42] for details.

B Higher genus from loop equations

In this appendix we consider the topological expansion of Type 0A JT supergravity with sharp
defects, defined by taking the difference between even and odd spin structures. First, let us use
the loop equations of the complex matrix model to explicitly derive the g = 1,2, 3 results for the
expectation value of Zy;\(B1,-..,0n) in (2.66). More precisely, we derive the following expressions
for the resolvent defined in (2.55)

B 1 " —1)! &
Wl (21,...,7;”):7( H

2 4n+1a Z] 3/2 ’
(=D)™"(n+1)!

W27 (zla R Zn) =3 4n+5an+3

"1 1
(n—l—2)a1—3aozzi] HW,

]:

_ L(=D)"(n+3)![, o
Wy (21, vm) = ¢ i [3% 2502 2 +252) ) —
Z#J

n

1
) — 252apa;(n +4) Z ;Jr
i=1""

+ (n+4)(42af(n +5) — 75aga2)] Hl (_21)3/2 .

(B.1)
Performing the integral transform (2.60) and using the following identities with ¢ € Ny
+oo n = 1 "1
3 B a) 2q +1)! 1
H/ Wi (Zﬁ ) = Chis U= )
T (B.2)

LIRS ; 1 1
CoBizi [ .
jl_[l/o dpje \/z(#zkﬁzﬁo on+2 H (—z;)3/2 (Zk > Zk:) )
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one immediately recovers (2.66).

Genus one: When applying the loop equations the first step is computing the function Fy(2',I)
n (2.45) (with W+ — W~) and then obtaining W, (z, ) from the residue (2.44), in this case at the
only branch point of the spectral curve (2.59) at z’ = 0. The function Fy(z’,I) in (2.45) for g = 1 is
given by

1|

F() = Wi (2, 2) = (421,)2 L ORED=Y {2W0—(z',zk) + (Z_lzk)Q] W (2 T\ 2) . (B.3)
k=1

For a single resolvent insertion one computes the residue of Fj(z’) in (2.45) and finds

- B \/Z !’ _ _71
W (z) = ﬁRes 29 (2)(42)2(2 — Z),z = 0] - 32a9(—2)3/2 "’

in agreement with (B.1) with n = 1. To prove it for arbitrary n we can use induction. Assuming it
holds for n — 1, take I = {z1,...,2,—1} in (B.3)

1

(B.4)

n—1

) 1(=1)" (n—2)! o, 1 1 |
Fi(Z,1) = 2( 4)71 (agl) ;{[QWO (2, 2) + (z,_Zk)Q] (—Z')?’/Q}g e (B.5)

Using the only 2’ dependence is in the term between curly brackets, one can easily compute the
residue (2.44) at the origin 2’ = 0 and find

B (=D)L (-2 ~1 Ca
Wiz, 21,0 2n-1) = 9 4n i ; A(—z)3/2(—2)3/2a g (—2)3/2

(B.6)

C1(=)" (-2 1 ’ﬁ 1 ”Z‘:ll
T 9 yntl —\3/2 —..\3/2 ’
that is precisely the general n expression (B.1).

Genus two: In this case the function Fy(z/,I) (2.45) gets contributions from all three terms. The
first two are completely determined by the g = 1 result in (B.1) and can therefore be written explicitly

]

9(_1)n+1 1 B
F2(Z/,I) = 4"+4a8+1 3 H 3/2 + Z 2VVO 4 Zk) + m W2 (Z/vI\Zk) ) (B7)

where we have taken I = {z1,...,2,—1} and carefully computed the sum over J C [ in (2.45).
For n = 1 the second term vanishes and the computation of the residue (2.44) gives the n = 1 result

n (B.1). Assuming (B.1) holds for n — 1 insertions, we can write (B.7) for n insertions as

n—1 —
REa | 3a0 1
=7 Antiapt? ]1_11 (—2)3/2 | (=2 kz W (2, 2) + (2 — 2p,)?

[((n + 1)a; — 3ao Z > —Zk 3/22 + 3ag ((_jj;;)’//j} }

FZ(Z,7 Rlyeeey anl)

(B.8)
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Computing the residue at z’ = 0 according to (2.44) we find

—1
B () 17 1 1
Wy (2,21, ,201) = 3 bar — Gao-+
9 ( 1 n 1) 4n+5ag+3 (_2)3/2 Jl;[l (—23)3/2 1 Oz
(B.9)

n—1
1 1
4(n—1)a; — 3 1 — —3(n—1)ag—
+(n+4)(n—1)a —3(n+ )aO;Zi (n )aoz} ;
where the terms inside the curly brackets in the first and second lines come from the g = 1 and g = 2

contributions in (B.7). This result matches with (B.1) for arbitrary n.

Genus three: Although one can use induction to explicitly derive the g = 3 result in (B.1), the
calculation becomes increasingly tedious. Instead, we have written F3(2’,T) in (2.45) for fixed I,

computed the residue (2.44) and matched with the general n answer in (B.1) with n = 1,2,3, 4.

Arbitrary genus: For g > 4 we follow [22] and use the deformation theorem of [52] to prove the
equivalence between matrix model and supergravity to all orders in perturbation theory. Since the
loop equations of the complex and Hermitian matrix models are the same, they also coincide with
the more abstract topological expansion defined in [52].

To do this, it is convenient to consider a slight redefinition of the resolvent matrix model opera-

tor (2.55) by considering the variable z(s) = —s? and defining
W;\dM(Sl)"'asn;g) = H(_282)Wg_(_512a£) ) (BlO)
i=1

where the £ dependence is indicated explicitly to keep track of the deformation. We have also added
the superscript MM to remind ourselves this is computed from the matrix model. The analogous
quantity in the supergravity side is obtained by performing a Laplace transform as in (2.60) of the

partition function (2.18), so that we get
W (1,58 =[] / dBisie P52 (B, B €) - (B.11)
=170

The right hand side can be written explicitly using the expansion in (2.18) together with the analytic

continuation of the supervolumes (2.24). From this we easily get

A LN R bty : :
I/VQSJT(SL...,Sn;g):ZH 1—‘!\@ ; db; b; e zbz%7n+k(b1,...,bn,2moz,...,2ma) , (B.12)
k=0 i=

where we have computed the §; integral using the trumpet partition function (2.11).
Our aim is to match (B.12) with (B.10) for arbitrary ¢g and n. To do this, we use the deformation

theorem of [52], which for our purposes can be stated as follows (see [22] and section 4.3.2 of [72]):
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given an analytic function f(s) and a closed curve C in the complex plane such that

0
73/(575):_7 f() ( ’g;g)a
o€ 2s 2m
5 i (B.13)
OEWO (51732;6) - 27TZf( ) (517‘92,5;5) )
then one can prove the following identity
— i WMM(s S &) = H 7{ ds; f(5; WMM(S Sn, 8 5p; &) (B.14)
agk 17" n7 27_(_7/ 1?"" nsy 17"'7 k’ * *

The second condition in (B.13) is automatically satisfied, given that the g = 0 two point function
is independent of & and the three point function vanishes (see (2.64)). Same as in [22], to ensure
the first condition is also satisfied it is enough to take C as any closed curve around the origin
and f(s) = sin(2wa)/v/2ma. Using the two point function in (2.63) the integral picks up the residue
at s = s and the right hand side can be shown to agree with dey(s;€) = — cos(2mas)/V/2s as
obtained from (2.59).

We can then apply the deformation theorem and use (B.14) to compute the derivatives of (B.10)
at £ = 0. Moreover, we can then use the Weyl-Petersson supervolumes are related to the undeformed

matrix model resolvents as (see equations (5.37) and (5.33) in [19])

WMM(sy, .. s = Hf/ dbibie™ "V (b, .., by) - (B.15)

Taking ¢ = n + k and using this in (B.14) after evaluating at £ = 0 one finds

0" MM
Wy (51,...,Sn;§)' = / dbibie * % G(by, ..., by, ) , (B.16)
ok =0 i ﬂf
where we have defined
G(b 5 sin 2”‘53) bV (b by B.17
(]_7.. H 27‘(‘2 0 j]e g7n+k(17"')n7 15"'7143)' ( . )

Since the supervolumes are even polynomials in the geodesic lengths, it is enough to compute the
integrals for the monomial B?m, which gives (2mia)*™. This shows the function G(by, ..., by, ) is
precisely the analytic continuation b; — (27mia) appearing in (B.12). Altogether, this shows the
agreement between the expansions of the complex matrix model and the deformations of Type 0A

JT supergravity to all orders in e =0,

C Orthogonal polynomials and double scaling

The aim of this Appendix is to introduce a powerful formalism for studying double scaled models,

called the method of orthogonal polynomials. Compared to the loop equations, it allows for explicit
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computation of observables beyond the 1/N perturbative expansion, see [73-75] for early references
and [72] for a review. Apart from putting together many results scattered in the literature, this
Appendix includes some new technical results, like the precise method for computing the matrix

model kernel and observables for double scaled and double-cut Hermitian matrix models.

C.1 Finite N

Consider a set of polynomials P, ()\) labeled n € Ny and defined as

n

P,(\) = Zln [1‘[1/;00 d)\je_NV(Aj)} A )P T =) (C.1)

=1

min

where Py(\) = 1 and Z, is defined as the numerator in P,(\) but without the [[" (XA — ;) in-
sertion in the integral. This normalization ensures P,()) is a monic polynomial with leading be-
havior P,(A) = A" + O(A\"™1). In this Appendix, A plays the role of the eigenvalue of Q and MM
for the Hermitian and complex matrix model (the relation with ¢ and F used in the main text will
become clear shortly). This means Apin = —00 and Apin = 0 in each of the models. One can show

these polynomials form an orthogonal set (see [74] for details)

/+OO A e NV PN Pr(N) = hypd hy = L2t g (C.2)
\ n m nYnm » n TL—l—l Zn - ) .

where h,, is the norm of P, ().

In most cases, the explicit formula (C.1) cannot be used to write the polynomials explicitly, since
the analytic evaluation of the integrals is too complicated. Instead, it is convenient to study the
action of the multiplication by A on P, (). Since AP,(\) is a polynomial of order n + 1, it can be

expanded in terms of lower order polynomials
n—2
AP,(A) = Pos1(N) + SnPa(A) + RuPaca (M) + D giPi(N) (C.3)
i=0

where the coefficient of P,,11()\) is fixed to one since P,41(A) is monic. Using the orthogonality
relation (C.2) one can easily show ¢g; = 0. It is convenient to work in terms of an orthonormal set of

functions v, (\) with respect to the flat measure in A

PN = B, () TV i) = [ T D A () = 6 (C.4)
n = \/H n s = . n m n,m - .

Using (C.3), the multiplication by A has the following simple action on ), ()%’

)\wn()\) =V Rn+1wn+1 ()‘) + Snwn()\) =+ \/Rinwnfl()\) . (05)

29To write this we have been careful with the normalization, using hn41 = hnRni1 which follows from computing
e 41 n using (C.2) for either P, 41 or P, .
dre ™ NV P (AMAPL(X) using (C.2) for either P,y1(A) or Po(A
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Given a potential V()), the coefficients (R, Sy,) can be computed from the string equations. These

are a set of recursion relations derived from the following identity

+oo
A DO (U (N) = — i) i i) - (C.6)

Using P,(\) = A" + O(A" 1) and the orthogonality, the string equations are derived by evaluating

the left-hand side for m=nand m=n—1

<’I7,’V,( )|TL - 1> + wn( mln)wnfl()\min) 5
String equations : N\/i (C.7)

(n[V'(A)In) = %( min)

For any particular potential V' (\) one can use (C.5) to write an explicit set of recursion relations
for (R, Sp) which can then be used to compute all observables in the matrix model. The simplest

case is the partition function Zy = Z, which can be easily obtained from (C.2)
N-1 N-1
Z=N'[] e =Nhy T BYF, (C.8)
k=0 k=1

where in the second equality we have used hpy1 = hnRpi1.
We are interested in extending this to the expectation value of the multi-trace observables
ZiEi(Bis - -+, By) in the Hermitian (2.34) and complex (2.53) matrix models. Consider the generating

function of connected correlation functions, defined as
G(d@) =1In [<62?=1 %TrFﬂB))] : (C.9)

where @ = (a1, ...,q,) and Fj(B) is an arbitrary function of the matrix B = Q or B = MM in

each case. Differentiating with respect to o; and evaluating at a;; = 0 we find

" . P
05 G(a)| oy = ([T (Tx Ey(B)*), ok = H @ (C.10)
q=1 Jj=1
where k = (k1,...,kp) and the subscript c indicates it is the connected correlation function. The main

complication in computing G(&) comes from the fact that the N integrals over \; in the expectation
value are coupled due to the Vandermonde determinant det(\! 71) when writing the integrals (2.34)
and (2.53) in terms of the appropriate eigenvalues. To simplify this, we can write this determinant

as

det (M™1)? = det (Pj_1 (M) = det (;-1( 21‘[ NV (C.11)

In the second equality we have used the determinant is invariant under linear combinations of its
columns to rewrite it directly in terms of the polynomials. We then wrote the argument in terms

of 1, (\) and used (C.2) to write the prefactor in terms of the matrix model partition function Z.
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Expanding the determinant using its ordinary definition we can write the generating function (C.9)

as
N

aaﬁn%IZ(qwﬂqpmpuﬁ%wwmm_w, (C.12)
0,0'€Sn i=1

where o and ¢’ are elements of the permutation group Sy with parity 7, and m,,. By relabelling the

indices in the sum, the argument of the logarithm is the determinant of an /N-dimensional matrix A

defined as

G(@) = Tr[In(4)] , A (@) = (n]e=i=1 TNy (C.13)

where n,m =0,...,(N — 1) and we have used Jacobi’s formula to write the determinant as a trace.
Differentiating with respect to @ as in (C.10) we can write expressions for the ensemble average of

any multi-trace observable. For instance, arbitrary single and double trace observables are given by

N-1
(Tr F(B)) = Y _ (n|[F(\)|n) ,
. . (C.14)
(Tr Fy(B)Tr Fy(B))e = > (n|Fy(\)Fa(N)|n) — > (n|F1(A)|m) (m|Fa(X)|n) .
n=0 n,m=0

where we used 9,(A~!) = —A71(9,A)A~L. Using the action of A given in (C.5), these expressions
are ultimately written in terms of (R, S,) obtained solving the string equations (C.7).
It is worth mentioning that all observables in the matrix model are determined by a single object,

called the matrix model kernel and defined as

N-1
KON =D ba(Npn(X) - (C.15)
n=0
In terms of (A, \), both expressions in (C.14) are given by
400
MF@»f/ ANKEOLNE() |
e (C.16)
mmwmﬂwmzl’w&wwdpx@mm@mﬂmgw.

C.2 Double scaling of Hermitian matrices

Let us now restrict to a Hermitian matrix model, meaning A, = —oo. In the double scaling limit

one takes NN large while simultaneously approaching a critical potential

N — o0
Double scaling limit : (C.17)

V()\) — chritical ()\)

By taking these limits in the right way, one captures universal features associated to the behavior

of the system close to criticality (see [76-78] for some early references). The simplest way to define
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a critical model is by analyzing the spectral density pT(\) = %Tr d(A — @), whose average in the
large N limit is given by (2.40)

Po( *‘h RV ) X 1500<0 > (C.18)

where o(A) = [[2_;(A — a;)(A — b;). For our purposes (see section 6.5 in [79]), a critical model is
defined as
V(X) critical = h(A) =0, Ae Ul la;, b . (C.19)

There are two classes of critical points, depending on whether h(\) vanishes at the edge or interior of
the cuts [a;, b;]. Here, we focus on the latter case, whos double scaling was first analyzed in [53, 80]
(see also [H4, 81-83)).

Given a critical point A\, (that from now on we conveniently fix to the origin A\. = 0), its detailed
behavior is determined by the rate at which the spectral density vanishes. A family of critical models
characterized by par()\) ~ A2k is obtained from the following large N spectral densities

2k 2 2 2k+1 (1 — 1)\
bi A a A ST where by, = 2 (k+ DIk —1)!
27 ' a(2k —1)!

is a normalization constant and a € R determines the support. The potential required to generate

po(N) =

(C.20)

a?

this spectral density can be easily computed by requiring the large N limit of the resolvent WJ (2)
in (2.39) has the correct behavior W' () = 1/z + O(1/22), which gives

k
Vi) = S (km )(1)“ (\/a)?™+ . (C.21)

n=o NV T
This gives a finite N definition of a family of critical models. For fixed k there is an infinite number of
critical potentials one could write down which produce the desired behavior pg (A) ~ A2k We should
think of Vor(A) in (C.21) as a representative of this class. One of the crucial features of the double
scaling limit is that the end result is universal, i.e. independent of the particular representative. In
the following, we explain in detail how to take the double scaling limit, first analyzing the string

equations (C.7) and then the computation of observables such as (C.14).

C.2.1 String equation

We now analyze the fate of the string equations (C.7) in the double scaling limit. Noting that the
critical potentials (C.21) are even and Apin, = —00, one can use (C.1) to show P,(—\) = (—=1)"P,()),
which implies the coefficients S, in (C.5) vanish. This means the second string equation in (C.7) is
trivial and we only need to worry about the first one, which can be written as
S= /Ry (n|V'(\) \n—1>—%:0. (C.22)
Using (C.5) one can explicitly compute this for a general even potential V'(\) = 3 by; A%~ 1
S =byRy, +bsRy [Ru_1 + Ry + Ryi1] + bRy [R2_, + R2+ R2 4

(C.23)

+2Ry, (Ry—1 4+ Rpy1) + Ry_o2Rp 1+ Ry 1Ryi1 + Ruy1Royo) — N + O(bsR*) .
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v<1 v=1 v>1

Figure 19: Spectral density pd (\;7) associated to the critical potential (C.21) with & = 1 (dashed
curve). As 7 goes to one we approach criticality and there is a phase transition from a double to a

single-cut model.

The number of terms appearing for a particular order by; is given by (22’__11) In practice, the simplest
way to compute (n|A*~!n — 1) is to write a (big enough) finite dimensional matrix representation

of A, compute the appropriate power and extract the (n,n — 1) component.

Single critical model: Consider the potential V(A;7) = %ng()\), where we have introduced the
additional parameter v so that when v — 1 the system is critical. To get some intuition it is helpful

to compute the large N eigenvalue density for general v. When k = 1 a standard calculation yields

(2/&)4 y ()\24‘(0%_&2)/2) \V C%_AZ ) v=21, (C.24)

+
po (A7) =
2 MA@ -2 -) . y<t,

where we are omitting the indicator functions that determine the support and have defined

(cofa)? = YT (exfay = =T (C.25)
Depending on whether + is larger or smaller than one, the system is in a single or double-cut phase
respectively (see figure 19). Precisely at v = 1 there is a phase transition which signals the criticality
of the model.

To take the double scaling limit we approach criticality and simultaneously take the large N limit
in the following way .

1
N~ gl

where 6 — 0 and (h, ) are the scaling parameters associated to each of these quantities. The

§2k+1 v =1+ coppud®* | (C.26)

coefficient c¢op is a normalization constant that is appropriately chosen for notation convenience.
Note the sign of p is crucial, as it determines whether we approach the critical potential from either
the single or double-cut phase. Figuring the right power of § in each of the different quantities is a
matter of trying different values until one gets a useful ansatz. In the large N limit, n/N becomes a

continuum variable x, related to d in the following way

% =1+ copad®t . (C.27)
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It is important to mention that we allow x to take any real value, including infinite. In this way, we
can approach whatever value of n we desire, not necessarily n ~ N. The only thing we are missing
to compute the double scaling limit of the string equation (C.22) is an ansatz for R, that we take

as
2k+1

Ry=1-(~1"r(@)s+ 3 [fie) + (~1)"gi(2)] 6" . (C.28)
=2

While r(z) controls leading scaling behavior, the functions {f;(x), ¢i;(x)} determine the subleading

" insertion. See [54, 83] for a formal justification of this

contributions with and without the (—1)
ansatz.
All that is left to do is insert everything into the string equation (C.22) and expand in a power

series for . The first two orders give

1 o0 Bl o0 o
— B L _1\n+l - . 2
Sk—[z<i1>bgl 1}+( 1)" r(gj)|:z<i1>b22](5+0(5), (C.29)
i=1 =1
where by; are the coefficients of the critical potential (C.21) defined as V3, (\) = Sk b2iA%1. Both
of these terms can be written in terms of a hypergeometric function and vanish when a (defined
in (C.21)) is set to a = 2, which we do from here onwards. Expanding to higher orders in § one

obtains more interesting expressions. For instance, for £k = 1 one finds
Sict = [152(2) = (& + @) 4{ [4se) ~ 2o )] +

(=n"

. (C.30)
+72 [4f2(m)r(x) — 2h27“//($):| } 8+ (’)(54) )

For the functions { fa(z), g2(x)} we get algebraic equations that can be easily solved. This is not the
case for r(x), which instead must satisfy a differential equation, that is nothing more than Painleve II

1
lim —

lim =5 Sk=1 =0 — |:T‘(£L‘)3 — ;hzr”(x)] +7r(x)x=0. (C.31)

In the double scaling limit the string equation for the recursion coefficients R,, becomes an ordinary
differential equation for r(z). This also true for higher values of k. While the expansion up to
order 6% gives a set of algebraic equations for {f;(z),g;(z)}, at order §2**1 one finds an ordinary
differential equation for r(x)

lim

e W‘S‘k =0 e KQk + 7”(117).17 =0 y (032)

where Ky is a polynomial in (z) and its derivatives. For the first few values of k it can be computed

explicitly and written as

Ko =r(z)3 - %fﬂr”(m) ,
Ky =r(@)’ = 20r(@) (r()" + i (a)
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//_7

1—0h4 [5T/(:L‘)2TH($) + 3r(z)r" (z)? + 4r(z)r' ()r® (z)  (C.33)

1
+r(z) 2@ (z)| - %h6r(6)(x) ,

—1)k —
Ko = r($)2k+l _ é(2k + 1)h2T($)k_1(T(aj)k)” bt ( ;)(2];'g€1)'1)'h2kr(2k)(x) ’

where we have conveniently fixed cg, in (C.26) to cor = (1,3/8,1/8,5/128) so that the leading term
in Ky, is given by r(2)2*T!. For arbitrary k one finds the differential polynomials can be computed

from the following recursion relation

2%k v I
Ko = gy @) [ o)K@ - K| (C:31)

For an explicit derivation of the general k case, see [54]. This is the Painleve II hierarchy of ordinary

differential equations, related to the modified Korteweg—de Vries (mKdV) integrable hierarchy. The

boundary conditions for r(x) obtained from the matrix model are given by

Boundary conditions : lim r(x) = (—z)/% lim r(z) =0, (C.35)

T—r—00 T—+00

which can be obtained from solving (C.32) in the A — 0 limit.

Multiple critical models: Given a critical model k, one can perturb it using the other critical
models with ¢ < k. To do so, one needs to take a superposition of their respective critical poten-

tials (C.21) in the following way

k—1
1 c i
V(A7) = 5 Vor(A) + Z ci;t%dz(k MWai(N)| (C.36)
i=1
The perturbation away from the & critical model is controlled by the parameters {tzi}fz_ll. We have
conveniently chosen extra factors of § to get a well defined result in the double scaling limit. To
accommodate for t9; # 0, the ansatz for v and n is slightly modified compared to (C.26) and (C.27),
see table 1 where we summarize the scaling of all quantities. Taking the double scaling limit of the

string equation Sy (C.22) the same way as before, we find

k—1
lim g8 =0 = Kut > oK +r(w)z =0, (C.37)
=1

The string equation now gets contributions from the differential polynomials Ko; with ¢ < k. Formally
taking £ — +o0o we find

o0
String equation : ZtQkKQk +r(x)z=0, (C.38)

k=1
where after taking the limit we have relabeled ¢ — k. This is the most general string equation
obtained from the critical potentials with an interior and stable critical point. A particular model is
specified by fixing the value of the coefficients to; that control the inclusion of each critical model.

To make contact with JT supergravity these shall be fixed to particular values.
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Matrix model Scaling parameter Double scaling limit § — 0
1 1
N - = 2k+1
h N 2h62k5
=1 A
g % y=1+ Z 162570 4 gy 0%
— C9;
ny G
My G2y §2(k=0) 2%k
n x N + Z o to;0 + copxd
2k+1 ‘
R, r(z) Ry =1-(-1 5+Z [fi(2) + (=1)"gi(2)] &'
A q A=qd
Pan(A) U (z,q) Yan(A) = "V1/2¥ (2, q)
Yont1(A) Y_(z,q) Yant1(A) )"V h/2V_(x + hyd/2, q)

Table 1: Ansatz for the different parameters in the Hermitian matrix model involving the double
scaling of a critical model with potential Var(A) (C.21) perturbed by other critical models with i < k
(see (C.36) for the full potential). The perturbation away from the k model is parametrized by the
coefficients {tgz} . The double scaling limit § — 0 of the string equation Sy (C.37) can be worked
out using the ﬁrst four rows of this table. The normalization coefficient cof is fixed so that when
double scaling a single critical model we have Kop, = 7(x)2**1 + O(h2). For the first few values we have
cox = (1,3/8,1/8,5/128).

C.2.2 Computing expectation values

Let us now explain how to compute the expectation value of observables in the double scaling limit.
To start, we ‘zoom in’ the region A ~ 0 by rescaling A\ = ¢d. For the L?(R) functions 1, (\) one
must distinguish between even and odd n [53, 54, 82, 83], so that one ends up with two independent
functions ¥4 (x,q), given in the last row of table 1

U () e Ue(x,q) , s==. (C.39)

double scaling

The countable set 1, (\) are replaced by the uncountable ¥4(z, q) with x € R together with an extra

spin degree of freedom. The orthonormality condition (C.4) becomes®”
+oo
(soalas) = [ dgW(e,@)Valeg) = 6o — s (C.41)
—o0
30The Dirac delta arises from
1 in—myp _ 1 /’r ie-9)2% _ _
6n,m o d()b 27{' . d¢e ho = (hé)é(‘r y) ) (C40)

where in the last step we have changed the integration variable to 2¢/hd and used the usual integral representation of
the Dirac delta.
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In the double scaling limit, the action of A in (C.5) is given by
q¥s(x,q) = (—sh@m + r(m))\ll,s(x,q) . (C.42)
Multiplying with ¢ once again, we obtain a very useful eigenvalue problem for the functions ¥4(z, q)
HoUs(z,q) = ¢ Vs(z,q) , He = —(hdy)? + [r(2)* — shr'(z)] . (C.43)

After solving the string equation (C.38) for r(z) one can construct the differential operator Hs and
obtain Vg(z,q) from its eigenvectors. All observables are then determined from the matrix model

kernel (C.15), which in the double scaling limit becomes

K(g,q Z/ dx¥s(z,q)Vs(z,q) h2z (z qa Vs(@,9) , (C.44)
s==

¢* — ¢ e

<~
where 0, = 890 — (91. In the second equality we have integrated by parts using (C.43) to reduce the
integral to a boundary term. This last relation is called the Christoffel-Darboux formula. In terms

of this double scaled kernel, the expressions in (C.16) become

400
(Tt F(Q)) = / dg K(q.q)F(q5) .
‘foo (C.45)
(Tr Fy(Q)Tr Fy(Q)). = / dq dq [5(g — @) — K(q.0)) K (¢ ) F1 (a) F2(46)

Note there are still factor of § on the functions F; on the right-hand side. This means that the
observables that are meaningful in the double scaling limit must be constructed from the rescaled
matrix /6. For notation simplicity, we shall keep this extra factor of § implicit in the computations

in the main text.

C.3 Double scaling of complex matrices

Let us now turn our attention to the double scaling of a random matrix model built from complex ma-
trices, first analyzed in [50, 51]. Since the eigenvalues of MM are positive, the minimum eigenvalue
is at zero Apin = 0. Critical models are defined the same way as before (C.19), with the differ-
ence that the expectation value of the eigenvalue density py (A) (2.55) is given by (2.57) with o(\)
an odd (instead of even) polynomial with simple roots. A family of critical models characterized

by pg (A) ~ A¥=1/2 can be constructed from

B b (OM\* Ja— )
Po ()‘) =t <a> X 1[07(1} ’ (046)

o \a A
where by, defined in (C.20). The potential needed to generate this spectral density can be easily
worked out by requiring the resolvent Wy (2) in (2.56) behaves like W, (2) = 1/z + O(1/2%), which
gives

i =0 (M2 ) () (ca7)

n=0
The double scaling limit (C.17) is realized by taking N large while appropriately approaching Vi ().

67



A og (As7) A py (A7) A py (A7)

/\ A A L’”\ A
0 > 0 > 0
v<1 vy=1 v>1

Figure 20: Spectral density pg (A;y) associated to the critical potential (C.47) with k = 1 (dashed
curve). As v goes to one we approach criticality and there is a phase transition between a hard-edge
Py ~ 1/V/X and soft-edge p; ~ v/ behavior at A = 0.

C.3.1 String equation

The string equations (C.7) for this matrix model are more complicated for two reasons: the critical
potentials (C.47) are not even (meaning S,, # 0) and Apin # —00, so that we must consider the
boundary terms in (C.47). One can get rid of the latter complication by combining the two strings

equations and using (C.5). A simple calculation shows the following equations are equivalent

A= (S = i) {1V ) ) + /B (nlV' W) = 1) 4 /R {4+ 1V N)m) — 58 =0,
B= R (nlV'(Nln) (0 — V')l — 1)~ [v/Ba (alV/ 0 — 1) — ] " =0,
(C.48)

which have the advantage of being independent of ¥, (Amin)-

Single critical model: Introduce the parameter v and consider the potential V(\;v) = %Vk(/\),

so that when v — 1 the system is critical. It is instructive to compute the large N eigenvalue density

for general v and k£ = 1, which gives

2 —a 2 -\
4(2/a)? (H 02) -2 4>,

J@-no-e) <t
where ¢y and cy are defined in (C.25). Similarly as before, we observe a phase transition at v = 1
between a hard-edge p, ~ 1/ VA and soft-edge Py ~ VA behavior near A = 0, see figure 20.
To take the double scaling we write an ansatz for the parameters (N,~,n) in terms of (A, u,x)
that is completely analogous to (C.26) and (C.27)
1 ny

7= V2hep 2t v =1+ cpud® | =1t cpwd? (C.50)

For each k the factor ¢y, is fixed for normalization convenience of the string equation. For the recursion

Py (Xs7) = (C.49)

27y

coefficients (R, S,) we consider the following scaling ansatz [50, 51]

2k+4 4 2k+4 '
Ry =1-u(@)6®+ > gi(x)s*", Sp =2+ u(2)8” + > gi(x)5*H . (C.51)
=0 =0
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Comparing with (C.28) note the factors of (—1)" are not required for the matrix model quantities to
have a smooth limit. Replacing into the string equations (C.48) and expanding to linear order in ¢
one finds the parameter a in the critical potentials (C.47) must be fixed to a = 4.3! Expanding Ay,
in (C.48) to higher orders one obtains a set of algebraic equations that can be used to solve for g;(x)

Ap=0 = g =Glu@)], i=01,... 4k+2. (C.52)

%1_13% 5Ak+2

where G;[u(x)] is a functional of u(x) and its derivatives. As an example, for £ = 1 one finds

go(:x):%clx, gl(az):%\@h(cl—i—Qu'(m)), gg(x)zliﬁ[2h2u”(x)—(clx+2u(x))2] (C53)

With these choices for g;(z) one expands the By string equation (C.48) in a power series in 0 and

54k+1

finds it is automatically satisfied up to order . Going one order beyond that, one does not find

an algebraic equation but an ordinary differential equation entirely given by u(x)

h? h?

Bi=0 =  u@R’ - SRR+ (R)* =0, (C.54)

%i_)r% §4k+2
where primes are derivatives with respect to x and for each critical potential R = Ry[u(z)] + =,
with Rg[u(x)] the Gelfand-Dikii polynomials [61]. These are functionals of u(z) and its derivatives

determined by the following recursion relation

k+1 T , _ h? 1
Rii1 = 1 dz u(z)Ry[u(Z)] + u(x) Ry, — ?Rk , (C.55)
with Ry = 1. Their A expansion has the following general structure
h2 B B 2(—1 k+1k!2 B
Ri[u] = u(x)k—ﬁk [(u(x)k 1)” + (k — Du(2)* 2" (z) | +-- -+<(2)k)!(h0x)2k 2u(z) . (C.56)

We have explicitly computed and checked (C.54) for k < 4, as first done in [50, 51]. Using the
method of [84], a derivation for general k is sketched in [85] (see also section 5 of [51]). The boundary
conditions for u(x) are again implied by the large N behavior of the model and given by

Boundary conditions : lim wu(z) = (—z)"/* lim w(z)=0. (C.57)

T——00 T——+00

These are most easily obtained by analyzing the leading i — 0 behavior of the string equation (C.54).

Multiple critical models: Given a critical model k one can perturb it using the other critical

models with ¢ < k by taking the following potential

k—1
1 .
V) = V) + 30 B0 (C.58)
i=1

31By modifying the constant terms in (C.51) it is possible to take other values for a.
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Matrix model Scaling parameter Double scaling limit § — 0
1
N h — = V2he6*F
N
=1
_ Sk, c2(k—i) 2k
=1 ;0 o
v Iz v=1+ Z o T Ckp
n T ——14—2 t52 +ckx52k
2k+-4
R, r(x) R,=1—u(z 52 + Z gi(x 52+Z
=0
2k-+4
Sp u(x) Sp =2+ u(x)8* + Z gi(z)6%*
A E A =2E6°
ey f(, E) en(N) = (=1)"(h/V25) ¥ (a, B)

Table 2: Ansatz for the different parameters in the complex matrix model involving the double
scaling of a critical model with potential Vi (A) (C.47) perturbed by other critical models with ¢ < k
(see (C.58) for the full potential). The perturbation away from the k£ model is parametrized by the
coefficients {t; } . The double scaling limit § — 0 of the string equations (C.48) can be worked out
using the first four rows of this table. The normalization coefficient ¢ is fixed so that when double
scaling a single critical model the Gelfand-Dikii polynomials are normalized as in (C.56). For the first
few values we have ¢;, = (2,3/2,1,5/8).

The perturbation away from the k& model is controlled by the coefficients {t i 1, with the extra
factors of § included to have a sensible limit as 4 — 0. The ansatz for n and < is slightly modified
with respect to (C.50), see table 2 where we summarize the scaling of all quantities. Taking the
double scaling limit of (C.48) the string equation becomes the same differential equation (C.54) with
the difference that R is now given by R = Zle tiRi[u] + z. The most general model is obtained by
formally taking the limit k¥ — +o00, so that we find

R = ithk[u] +x, (C.59)

where we have relabeled i — k after taking the limit. A given model is obtained by taking particular

values for the parameters tj.

C.3.2 Computing expectation values

To compute the expectation value of observables in the double scaled model we have to ‘zoom in’

to A ~ 0 and take an appropriate scaling limit of the orthonormal functions v, (), see the lower rows

70



of table 2. A difference with respect to the Hermitian model is that in this case there is no need to
distinguish between even and odd n with two distinct functions ¥,—1 (compare with table 1) but
we instead have

Un(\)  ———  U(z,E). (C.60)

double scaling

The precise scaling of A and ,,(\) are given in table 2, where the normalization is chosen appropri-
ately so that taking 6 — 0 of (C.4) and (C.5) we have

(zly) = /;Oo dEU(z, E)U(y, E) = 0(z —y) | (C.61)

as well as
HU(x,FE) = EV(x,E) , H = —(hoy)?* +u(z) . (C.62)

The differential operator H has a completely analogous structure to that of H, in (C.43). Solving
for u(x) from the string equation (C.54) with (C.59), one can construct H and obtain ¥(z, E) from

its eigenfunctions. The double scaling of the matrix model kernel (C.15) becomes

(—> —
_ iz -
K(E,E) = da¥(z, E)U(z, E) = h U(z, B)0,¥(x, E) |
o o .

(C.63)

“ — —
where 0, = 0, — 05. In the second equality we have integrated by parts using (C.62) to reduce the
integral to a boundary term, called the Christoffel-Darboux formula. In terms of the double scaled

kernel the expectation value of arbitrary single and double-trace observables (C.16) are given by
+o0
(Tr F(MMT)) = / dEK(E, E)F(2E$?) ,
0

+oo
(Tr Fy(MM")Tr Fy(MMT)), = / dEdE [§(E — E) — K(E, E)] K(E, E)Fy (2E8%) F»(2E6?) .
0
(C.64)
Similarly as before, observables in the double scaling limit are functions of the rescaled matrix

M — +/2M$§. In the main text we leave this rescaling implicit for notation convenience.

D Including unorientable surfaces

The inclusion of unorientable surfaces in N’ = 1 JT supergravity was first introduced and methodi-
cally studied in [19]. As explained in that work, there are eight theories one can define, corresponding
—imN'n/2 in the path integral, where N’ is an integer mod 8 and n the n-
invariant of Atiyah-Patodi-Singer [86]. As shown in [19], only the N’ = 2,6 theories have finite and

well defined partition functions. From now on, we restrict to these values of N’.

to inserting a factor of e
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Undeformed theories: Let us start by briefly reviewing the A/ = 1 JT supergravity theories
including unorientable surface but no conical defects. The computation of the Euclidean partition
function proceeds similarly as in the orientable case, with the decomposition of surfaces shown in

figure 3. The fixed genus contributions are analogous to (2.13) and given by

2801 B) = [ Zreuer B0V 18
N e (D.1)
Zé\gr_ng(ﬁl, c. ,571) = 2n—1 [H/O dbz bz ZTrumpet (/817 bz) Vg% (bla ) bn) ;
1=1

where Zmrumpet(5,0) is given in (2.11) and g € N/2. Note the different integration measure for
the g = 1/2 case as well as the additional factor of 2"~!. Similarly as before, we make the formal
definition V(]{\g(bl, ba) = 26(by —b2) /by and for (g,n) = (0, 1) we have the disk partition function (2.7)
instead. For the same reason as for the orientable case, the genus zero volumes with more than
two boundaries vanish V;yji/o,n(bh ..., bp) =0, see (2.14). The special (g,n) = (1/2,1) case has been
explicitly computed in [19] and gives

N —4
2
Apart from these results, the remaining supervolumes have not been computed so far. However,

ANOE N'=2,6. (D.2)

building on some results from random matrix models, [19] conjectured the vanishing of all the
remaining supervolumes

VN (b1,...,0,) =0, N' =26. (D.3)
This provides an extremely simple expressions for the partition function to all orders in perturbation
theory. Apart from the g = 1/2 contribution coming from (D.2), this is analogous to the situation
encountered for the Type 0B JT supergravity in (2.15).

As shown in [19], there is a random matrix model which matches the results from this topological
expansion to all orders in perturbation theory. The matrix model is most easily described in terms
of an arbitrary complex matrix M, such that the expectation value of an arbitrary observable O is
defined as

(0) = % / dM O det(MMTY e N V(MM (D.4)

where T is related to N’ according to I' = (N’ — 4)/4. The spectral curve which defines the model

is obtained from the leading eigenvalue spectral density, that is fixed to

o) = Cosgff;f) | 05)

By analyzing the loop equations of this model, the following matching was shown in section 5.3.3
of [19]

ZN (B, -, Ba) = (ZDM(B1) - ZDM(Bn)) ZN(B) = 2v/2 Tr e PMMT (D.6)

where ~ means the equality holds to all orders in perturbation theory. Note the different prefactor
in the matrix operator Zﬁ{v[ (8) when compared to (2.33). Non-perturbative aspects of this matrix

model were first explored in [20] using the method of orthogonal polynomials.
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Including conical defects: Contributions to the path integral coming from conical defects are
included the same way as before (2.17), by summing over arbitrary k-number of defects. By restricting
ourselves to sharp defects a € (0,1/2), each term ZéY;; (B1, ..., Bn; ) is written as (2.18). To proceed,
we need to assume the analytic continuation (2.24) that allows us to relate the supervolumes with and
without defects. Given that the unorientable volumes ngynl(bl, ..., by) are not as well understood, it
is not entirely clear whether this analytic continuation still makes sense and yields the desired result.
That being said, if one assumes the defects are properly accounted in this way, one gets a result
analogous to the Type 0B case with defects (2.29)3

’ 2 2 2 2 N' —4
ZN ~ So /B T4t /B
(B) = e[ 3 [e +&e MW AR

N 8 Vbipe (D.7)
Z7 (B, B2) =~ 3w Bt

ZN'(Bi,. .. Bn) 0.

The leading spectral density of the supergravity theory og(FE) obtained from the inverse Laplace
transform of ZN'(B) gives

o0(E) = ﬂﬂhgm +5ﬂcosf%“@ , (D.3)

which for & = 0 agrees with the undeformed matrix model result (D.5) after taking into account the

factor of 24/2 in (D.6). Same as in the orientable case, the supergravity calculation breaks down
when & < —1 and go(F) becomes negative. The constant term in the first line of (D.7) contributes
to the spectral density with a subleading (order one) Dirac delta at £ =0

On the other hand, the random matrix model is well defined for arbitrary values of £. Using the
method of orthogonal polynomials, the leading eigenvalue spectral density po(E) is given by (3.40),
which is explicitly non-negative. To match with the supergravity spectral density in (D.8) one finds

the parameters (p,t;) (which entirely define the double scaled model) are given by

2k

(ot) = (146, 551+ €02)) (D.9)

This are the same values obtained for the Type 0B theory (3.11) and the Type 0A (3.42) up to an
overall factor of v/2. The method of orthogonal polynomials applied to (D.4) yields exactly the same
results as for the Type OA case, summarized at the beginning of section 3.2. The only difference is
that the string equation (3.32) gets an additional contribution from T', as given in (4.8). Using the
methods described in this work, it is straightforward to compute the observables of this model for

arbitrary values of £ € R, obtaining a phase diagram analogous to the one sketched in figure 2.

32Compared to (2.18), these expressions are obtained after rescaling & — 2&, same as previously done in (2.29).
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