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ABSTRACT: We derive explicit expressions for a specific subclass of Jackiw-Teitelboim (JT)
gravity bilocal correlators, corresponding to degenerate Virasoro representations. On the
disk, these degenerate correlators are structurally simple, and they allow us to shed light
on the 1/C Schwarzian bilocal perturbation series. In particular, we prove that the series
is asymptotic for generic weight h ¢ —N/2. Inspired by its minimal string ancestor, we
propose an expression for higher genus corrections to the degenerate correlators. We discuss
the extension to the AV = 1 super JT model. On the disk, we similarly derive properties
of the 1/C super-Schwarzian perturbation series, which we independently develop as well.
As a byproduct, it is shown that JT supergravity saturates the chaos bound A\, = 27/
at first order in 1/C. We develop the fixed-length amplitudes of Liouville supergravity at
the level of the disk partition function, the bulk one-point function and the boundary two-
point functions. In particular we compute the minimal superstring fixed length boundary
two-point functions, which limit to the super JT degenerate correlators. We give some
comments on higher topology at the end.
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1 Introduction

Jackiw-Teitelboim (JT) gravity is a remarkable solvable theory of 2d quantum gravity [1-6].
The recent understanding of the significance of higher genus [7] and the relation to the black
hole information paradox [8-10] have shown that one needs to understand and solve the
gravitational theory in quite some detail to fully grasp the fundamental questions in quan-
tum gravity. In this sense, JT gravity is relatively unique and it would be very beneficial if
we could extend our knowledge to related models and deformations to learn of the generality
of the proposed resolutions. In this sense, we refer to the exciting recent papers [11-13].
In this work, we study a useful subset of boundary correlation functions in JT gravity
that is technically simpler to handle and that can be used to understand more deeply
some of the structural aspects. This class of correlators plays the same role as degenerate



Virasoro representations in 2d Virasoro CFT. We search for and find the same structure
in the supersymmetric A' = 1 version of JT gravity.

Let us first review the general structure of boundary correlation functions within JT
gravity. As well-known, 2d gravity has no bulk degrees of freedom, and by suitable choice
of boundary term, gets all of its dynamics from a fluctuating wiggly boundary curve,
representing a reparametrization of the boundary circle F'(7) [3-6]. The Lagrangian reduces
to the Schwarzian derivative, and one can study correlators (at lowest topology) fully from
just this Schwarzian system. Schwarzian quantum mechanics can be described as the 0+1
dimensional theory, described by a higher-derivative action of the form:

S[f]:—C/dT (F,r), {F,T}EF/"_?’(F")Q, (1.1)

F' 2\ F/

where F'(7) describes a time reparametrization subject to specific boundary /periodicity
conditions to describe the physics of interest. The coupling constant C' has units of length
and is inversely proportional to the 2d Newton constant C' ~ 1/Gy.! Most studied is the
thermal theory where one writes F'(7) = tan % f(7) where f(7 + 8) = f(7) + 3 describes a
reparametrization of S'. This theory has been studied and solved by several different tech-
niques, both for the partition sum as for a certain class of correlation functions, composed
of bilocal operator insertions of the type:

F'(m1) F'(r2) )h
(F(n1) = F(72))?

This operator can be viewed as a reparametrized matter CFT two-point function, labeled

On(71,72) = ( (1.2)

by the real number h, the weight of the matter CFT operator.

One can study correlation functions of these operators by perturbing f(7) = 7 + €(7)
for a periodic function €(7) and then study the 1/C expansion in the Schwarzian coupling
constant. This corresponds physically to an expansion in boundary graviton fluctuations
€. One-loop results and the first subleading corrections to the four-point function and
its chaotic Lyapunov behavior were studied in [5]. Schwarzian perturbation theory has
applications also for higher-point functions [14] and for matter correlators in 2d de Sitter
space [15, 16]. Higher loop corrections were recently analyzed in [17].

By relating this system as a particular limit of known dynamical systems, one also
has access to the exact answers for the correlation functions. In particular, we have the
well-known results for the one-loop exact partition function [5, 18, 19]:

2rC\3/? 2x?c
A (1.3
B
the one-loop exact Schwarzian derivative (or stress tensor) expectation value [19, 20]:2
T 1 0Z 27 3
<{ 7T}>B <{ a‘nleaT}>ﬁ ﬁZ@C /62 +2C/67 ( )

1C gets its units of length from the conformal symmetry breaking parameter in nAdSs/nCFT;.
2Subtracting the zero-temperature answer, n-Schwarzian derivative correlators are n-loop exact.



and the bilocal disk correlators [20-28]:

h
e h B fifs
owcon (5, () )

8
1 1 i k5 T'(h =+ iky & iko)

_1 1 —(8-7) 1% ik
Z (202 /d“(kl)/d”(kz e C—5eren 0 1Y)

where du(k) = dkksinh(27k) and the £-notation denotes the product of all cases. The
semi-classical (large C) gravitational content of correlators like this was studied in detail
in [29], see also [30]. The bilocal correlators get contributions from all orders in Gn ~ 1/C,
and have non-perturbative content as well of the order ~ e#/GN . The last statement will
be proven in this work.

In [8], see also [31, 32], the contributions of including higher genus handles to the disk
geometry was argued to lead to the replacement:

5, 8=z D(h+iVEl +iy/Ey)
/dEldEzp(ElaE2)e 205 ¢~ 8m2T'(2h)

(On(1,0))5 = . (1.6)

(2C )2hZ
in terms of the energy variable E; = k? and where the only new thing is the pair density
correlator p(FEq, F3) coming from the matrix ensemble underlying JT gravity [7]. This pair
density correlator has a genus expansion:

p(E1, Es) = Zpg(El, Es) + (non-pert), (1.7)
g

where p,(F1, E2) ~ eX%0 is weighted by the Euler character x and the (double-scaled)
matrix parameter L = 0. Since Sy can be understood in gravity language as the extremal
black hole entropy with Sy ~ 1/Gy, these perturbative higher genus effects are actually
non-perturbative in G, of the same order as the non-perturbative corrections to the disk
correlator. Next to all of this, there are further non-perturbative corrections in e~ that
are very important to understand the very late-time physics, but will not play a major role
in this work.

In order to gain a better understanding of all of these features, we focus in this work
on the special bilocal operators where h € —N/2.3 They originate from non-unitary mat-
ter insertions at the holographic boundary, and correspond to the degenerate Virasoro
representations, or to the finite dimensional (non-unitary) representations of s((2). Their
correlators exhibit a simplified structure which will allow us to investigate structural as-
pects that are more hard to access for generic h, both at the disk level and for the role and
nature of higher genus corrections.

We will call these operators degenerate operators, in analogy with their origins in
Virasoro representation theory.

3In this case, both numerator and denominator of the ratio of gamma-functions in (1.5) or (1.6) diverge.
The numerator does so only along the codimension 1 subspace of the integrals where k1 = k2 +im for some
(half)integer m. This simplifies the expressions.
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Figure 1. The perturbative 1/C' series is asymptotic, except when h € —N/2.

In this work, we will establish the following results.

e Schwarzian small 7 series expansion. Exploiting the knowledge of the degenerate
h € —N/2 bilocal correlators, we will demonstrate the general series expansion in
the time separation 7 between both endpoints of the bilocal operator of the finite-
temperature bilocal correlator for generic real h has the structure:

(On(r,0) = |1+ LA

+ (a1 (T2) + #(T) + b)) 7 + (#(T2) + #(T) + bg) 7°
 (an (1% + 4 (T2) + #(T) + 1) T6+...}, (1.8)

T4 (a0 (T) 4+ bo) 7° + (# (T) + by) °

with (T™) the thermal piece of the renormalized (or point-split) multi-Schwarzian
derivative correlation function. We give expressions below. The structure of this

expansion is readily generalized to higher orders in the T-expansion.?

« Asymptotic vs convergent Schwarzian perturbation series. We will prove
that the 1/C Schwarzian perturbative series on the disk is asymptotic for any real
h ¢ —g, with non-perturbative effects in G of order e#/G~ that go beyond the
boundary graviton expansion. The degenerate values h € —% on the other hand
yield convergent perturbation series. The actual proof is contained in appendix B.
The situation is summarized in figure 1.

e Degenerate operators as limit of minimal string primaries. JT gravity can be
viewed as a double-scaling limit of the minimal string, consisting of the 2d Liouville
CFT, a matter minimal model, and the bc ghosts to cancel the conformal anomaly.
This was first noticed in [7, 33], and preliminary remarks concerning boundary cor-
relators were made in the conclusion of [34]. We presented a detailed treatment of
this in [35]. Related recent results can be found in e.g. [36-39]. Since the minimal
string has a matrix model description, the same has to be true for its JT limit, and
indeed this was the main result of the impressive work [7].°

Within this framework, the natural bulk and boundary operators are minimal model
primaries dressed by the gravitational Liouville piece. Within the JT limit, the

4The coefficients a, are determined by the small 7 expansion of the semi-classical (C' = +00) answer,
and the b,, can be determined through the zero-temperature result. The other coefficients can in principle
also be deduced by exploiting the fact that the coefficients are polynomials in h, and hence knowing a small
set of datapoints is sufficient to fix the polynomial. The usual correlators (1.5) cannot be used as datapoints
since we are not able to analytically write down this expansion, but the degenerate bilocals (h € —N/2) can.
®See also [40, 41] for more JT computations using matrix model techniques.



minimal string (genus zero) boundary two-point correlator precisely limit to the de-
generate JT correlators we determine in this work. That is, minimal string primaries
are the ancestors of the JT degenerate operator insertions. Because of this, they
correspond to an integrable subsector of the JT gravity operator insertions.

e Proposal for higher topology including degenerate operator insertions. In
JT gravity at higher genus, we will hence draw inspiration from the overarching mini-
mal string framework to define the degenerate bilocal correlator. We will show that it
only has the same kind of higher topology than the partition function itself, signaling
a departure from the generic h bilocal correlator studied in [8]. Diagrammatically,
we draw:

(1.9)
for the genus expansion of the degenerate bilocal correlator.

It is interesting to try to see to which extent this structure remains intact when going
to related solvable models. To that effect, we generalize most of these results to the N' =1
super-JT theory in section 5. This model arises in the universal low-energy description of
supersymmetric versions of the SYK model [42]. As such it is important for a restricted
class of condensed matter systems that might be realizable in the lab, and from this per-
spective should be considerd of similar importance as the bosonic JT model. We take
the opportunity to develop the perturbative treatment of the boundary super-Schwarzian
model as well in section 6.2. This allows a discussion on the self-energy of a matter field,
getting contributions both from the graviton and the gravitino. A byproduct of this de-
velopment is a quick proof that the leading Lyapunov behavior of the out-of-time-ordered
4-point function saturates the chaos bound, just as in the bosonic JT model.

In order to address higher genus contributions to the degenerate bilocals in super JT
gravity, we will first develop our understanding in its overarching Liouville supergravity
model. Roughly paralleling the developments in [35], we construct the fixed length parti-
tion function, bulk one-point function and boundary two-point functions, focussing on the
presence of a (super) JT limit. Armed with these results, we develop the matrix model
perspective on the higher genus degenerate boundary two-point function of the minimal
superstring, and find very analogous results to that of the bosonic case.

This work is structured as follows. In section 2 we provide the results on the degenerate
JT bilocal correlators. Section 3 provides an application in terms of the Schwarzian small
7 and 1/C perturbation series for generic weight h, realizing the first two goals mentioned
above. We investigate the addition of higher topology to these degenerate correlators from
the matrix model and Liouville gravity perspective in section 4, which realizes the last two
above goals. This concludes the bosonic story.

The remainder of the work concerns the generalization of most of these statements
to N/ = 1 supergravity. Sections 5 and 6 provide details on the N/ = 1 supersymmetric
extensions and in particular the perturbative expansion. We make a detour into Liouville



supergravity and the minimal superstring in the next few sections. We start in section 7
with a summary of Liouville supergravities to set the stage, and to initiate our study of
fixed length amplitudes. Section 8 then applies this to the partition function, bulk one-
point function, and boundary two-point functions. In section 9, we specify to the minimal
superstring and give a matrix integral perspective on some of the previous results. The
fixed length minimal superstring boundary tachyon correlators are determined, and finally
a similar proposal on degenerate N' = 1 JT supergravity correlators is formulated for
arbitrary higher genus.

We mention some aspects of the story that are left for the future in the concluding
section 10. Some complementary and technical material is presented in the appendices. In
particular, appendix A contains the degenerate 6j symbol when degenerate lines cross in
the bulk, given essentially by a Wilson polynomial in the external labels. Appendix B pro-
vides a thorough investigation on the perturbative content of generic bilocal correlators, in
particular it contains a proof that the 1/C series is asymptotic generically. Appendix G in-
vestigates boundary Ramond operator insertions leading to boundaries that change parity.

2 Degenerate bilocal correlators in JT gravity

In this section, we determine closed formulas for the degenerate values of h € —N/2 of the
bilocal operators.

2.1 Disk level: Schwarzian bilocals

As mentioned in the introduction, Schwarzian correlation functions can be computed in
several ways. One approach is to use a minisuperspace limit of Liouville CFT between
identity branes with Liouville vertex operators [20]. Another is by using SL(2,R) group
theoretical methods to describe JT gravity in its first-order BF formulation, described
independently in [24, 25] and [28].5 At a technical level, the computation that is required
is the same: the Liouville minisuperspace wavefunctions can be viewed as solutions to
the sl(2,R) Casimir eigenvalue equation upon imposing the gravitational constraints (the
Hamiltonian reduction). This makes it a so-called parabolic matrix element or Whittaker

function. From either approach, one finds the wavefunction:”

Vi(9) = Koi(e?), (2.1)

in terms of the momentum label k, associated to the continuous principal series represen-
tation of s[(2,R) with j = —1/2 + ik.

5These two versions of the BF model are not entirely the same, but lead to the same final results at
least on the disk topology. We focus on the first of these.

"The normalization is a bit technical: from the Liouville perspective, there is an additional normalization
factor 1/T'(2¢k) that makes this set of eigenfunctions an orthonormal basis with flat measure d¢. This
normalization factor conspires to give the Schwarzian density of states ksinh27k. It is not interesting for
our purposes and we don’t write it. From the group theoretical perspective, the normalization of (2.1) is
the correct normalization for the so-called parabolic matrix element for SL™ (2, R) subsemigroup to be used
to find gravity from BF theory [25].



The operator insertion is easily deduced from the Liouville perspective as the Liouville
primary vertex operator e?*?. From the group-theoretical perspective, one needs the matrix
elements of the discrete highest weight irreps of SL(2,R), which turn out to be also given
by e2h¢ [24].

In order to compute the vertex functions (the Gamma’s) within a bilocal correlation
function (1.5), we include two such wavefunctions (2.1), and one operator insertion, and
integrate over the auxiliary variable ¢:

+m . .
/ AP Ko, (%) Kair, (€2)e*? = 22h_3r(h £ ik  iks) (2.2)

o I'(2n)

So far, this has been the standard story. For h € —N/2 however, the operator insertion is

special in the following sense.
2c

o6

Scaling ¢ — ¢/b, degenerate Liouville vertex operators are of the form V,, = e
with 2a = @@ — m/b — nb. To find a well-defined classical limit b — 0, we set m = 1 and

n > 1, which with n = 2j + 1 becomes V1 241 = e~2% where j = %, 1, % ..
to the non-degenerate primaries, this corresponds to effectively setting the weight h = —j.

From group theory, setting the irrep label h = —j € —% is selecting the finite-

.. Comparing

dimensional (but non-unitary) irreps of SL(2,R) of dimension 2j + 1. Some more details
on this were presented in appendix D of [34]. From both perspectives it is clear that this
choice will have a special structural significance.

Instead of (2.2), the vertex functions reduce to a linear combination of Dirac delta-

functions:
+3

Z C]m(k‘l, k‘g)é(kﬁl — ko + im), (23)
m=—j
with a set of momentum-dependent combinatorial prefactors ¢/, (k1, k2). The explicit form
can be determined using the 1d fusion property
K,(x) 1

" = o (Ko (@) = Koo (). (24)

and the orthonormality property:

/ A6 Kot () Kainy ()% = g5 silnh(zwkg) (5 (kl “ht ;> -0 (’“1 “h ;)> '
(2.5)
The evaluation of (2.2) for h € —N/2 requires repeated use of (2.4), leading to the
schematic (2.3).
After what is essentially a tedious combinatorial exercise, one finds the coefficients:

. 1 ) 27 (2ik‘2 + 2m)
G (ke ko) — L ymay 2.
m (k1 k2) k1 sinh27Tk‘1( ) <m+j> (2tky — j 4+ m)2j41 20

where the last factor contains the Pochhammer symbol (z),, = I'(x + n)/I'(x). This last
factor represents the inverse of a polynomial in &k of order 2j. Despite appearances, the ver-
tex function (2.3) is symmetric under k; <> ky. Inserting these into the finite-temperature



two-point function, we get:

Ope—;(7,0)) = —— [ du(k c —)"e=c c . - - )
{Oh=—;j(7,0)) 7 plk)e”2 2 ()Henee m+j) (2tk—j+m)aj1

(2.7)
instead of the generic (1.5). We first write some explicit examples, and afterwards we will

m=—j

discuss some properties of this expression.
The simplest example of h = —1/2 = —j was explicitly written in [34]. In this case

the k-integral can be done in terms of elementary functions:®

<(9h:_1/2(7', 0)> = <§ sin gT> esc175) = <£ sin 27) {1 + 7'(5627) +.. } . (2.8)

A second example is that of h = —1:

(20)? N i e’ 2
Z /d“(k)e ot [ezc ((m 120k | (2ik = 1)2z‘k> T @ik 1 1)(2ik — 1)] - (29)

Let us now make some remarks on this result.

o The appearance of a binomial expansion in (2.7) is no surprise since the bilocal
operator itself can be expanded as such:

(F) - F@E)?Y A (2 ) FO Gy
Oj(Tl’TQ)_< F/ET1)F’(T22) ) -2 <m+j> Fl'(Tl)jF'(;)j .

(2.10)
A further indication of the simplified structure is found by transforming to the free
field variable F' = e? [21, 22],° transforming the Schwarzian action (1.1) into

m=—j

st =5 [ dronor, 211

with constraint foﬁ dre? = +o0 and operator insertion:

O_j(r1,7) = e %) </

which since 2j is integer, is only a product of (complex) plane waves in a free theory.

T2 2
d7'6¢> e I(2) (2.12)

1

One can readily evaluate the ¢ path integral explicitly in this way and make contact
with our main expression (2.7). Since we have just plane waves in a free theory (up
to the constraint), these operators can be viewed as an integrable subclass of the
bilocal operators in JT gravity.

8For this special case h = —1 /2, the formula (3.4) given later simplifies enormously and matches the first
subleading term in this expansion. This specific value seems to be the only case when that formula can be
that much simplified, suggesting that this is the only case for which a very simple (and closed) expression
can be found.

9This transformation is closely related to the Bécklund transformation in Liouville CFT, which can be
seen from the dimensional reduction of Liouville to the Schwarzian theory [23].



e The zero-temperature result, and its small-separation expansion can be obtained by
expanding (2.7) as k — 0, and yields very simple closed expressions:

2

72 (Onna(r0) = e (5-2) +2= s + 0, (213)

T T -3
(20)3 <Oh:—3/2(7,0)> =esc (ic - g) —3esC (_4110 - ;) = W+O(T4),

1 (17 11 = ( 17 2y 3 7 5
7<0h:— (7'70»:60 <> —4e32C <3C+9)+2: (20)4+O(T )

o In the semi-classical regime where C' > 7,3, the integral in (2.7) is dominated by
large k at its saddle k =~ QCT“ The expression then evaluates to:

j . i ET —iZr\ 20 j
i (_)mﬂe*%m%f 2j 1 - 76% —c 7 — (ﬂ sin 7r7_>2]
m+j (Qi%)Qj 2% T B ’

m=—j B
(2.14)
by evaluating the binomial expansion, and taking the largest term in the k-

polynomial. This expression is indeed the expected result for the thermal two-point
function of a non-unitary CFT operator Op—_; when turning off dynamical gravity:

g
(O (1) O (0)) oy = (fsm gf) " (2.15)

e To perform the combinatorial manipulation at higher values of j, an alternative
diagrammatical option is to deconstruct it into the elementary j = +1/2 bilocals:

where j = j1 + j2 + j3. The identity that ensures equivalence of this holds for A > 0,
where it is an analogue of the Barnes lemmas. For the case h € —N/2 of interest,
this requires an independent explicit check, and one can readily see that it is true
in this case as well. Such diagrams are closely related to the loop gas diagrams of
Kostov [43].

2.2 Diagrammatics, and out-of-time ordered correlators

Given these degenerate vertex functions (2.3), the diagrammatic language of Schwarzian
correlators developed in [20] immediately extends to diagrams including degenerate bilocal
lines, where multiple of these insertions are easily accommodated. We will draw degenerate
bilocal lines with a dashed line, and non-degenerate bilocal lines with a full line. A partic-
ularly interesting diagram is that of crossing bilocal lines, corresponding to an out-of-time
ordered correlator:

(2.17)



where we drew an example of a degenerate line crossing a non-degenerate line, and an
example of two degenerate lines crossing. Each such crossing carries a SL(2,R) 6j-symbol.
If we take at least one operator pair to be a degenerate pair, we require the degenerate
6j-symbols. Since this development is a bit orthogonal to our main story, we develop the
expressions in appendix A. On a technical level, the main conclusion is that the 6j symbol
is given in terms of a Wilson polynomial [44] (the non-degenerate 6j-symbol was a Wilson
function). On a physical level, the main conclusion is that the degenerate 6j symbol does
not encode gravitational shockwaves and chaos, which matches indeed with these operators
representing an integrable subsector of the JT model.

3 Application: Schwarzian perturbation theory

As one of our main applications, we will show that knowledge of the degenerate bilocal
correlators on the disk, combined with the structure of the Schwarzian 1/C perturbation
expansion, allows us to learn a few lessons on the small 7 series expansion for any value
of h. We will moreover discuss the nature of the 1/C' perturbation series (asymptotic vs
convergent).

3.1 Review: Schwarzian perturbation theory

In this subsection, we provide a brief recap of the perturbative treatment of Schwarzian
QM. We need only one elementary result from the Schwarzian perturbative expansion,
which is that the coefficient of each term in the series expansion is a polynomial in the
weight h of the bilocal operator.

Setting f(7) = 7 + €(7), and expanding in €, one writes for the Lagrangian:

{tan gf(T),T} = 257;2 + (e’" + 467;26/> + (2;226'2 - ge"g - 6’6"') + O(e), (3.1)

with propagator

3 7T2
(e(1)e(0)) = ﬁ <2Bﬂ_> [1—;(u—7r)2+6+2cosu+(7'—7r) sinu} , u=2nT7/p,
(3.2)

and vertices from the cubic and higher powers in the e-expansion. Notice that the vertices
are $-independent. The bilocal operator is also expanded as

(( FiF; )2)h o T e (3.3)

Fy = Fy 5 sin 5(Ti2 + e — €2))2h

T

From (3.1), one reads that each propagator carries a factor of 1/C and each vertex a factor
of C. For example, Maldacena, Stanford and Yang computed the first-order correction in

~10 -



1/C in their equation (4.36) for a generic bilocal correlator [5]:*°

<Oh(770>>:<oh(770)>0%+oo (3.4)

g (u? —27ru+2—2cosu-+2(r—u)sinu) h? u u—2m
1 h — | -2 —2
tmc 4sin?¥ 3 tanz T ant

2
1
+0( ).

where u = 277 /3. The zero-temperature limit of this formula is readily taken:

(On(T,0)) s = % {1 + h(}gglw +o(1/c?). (3.5)

The leading correction is ~ h(h — 1) ~ m?, the mass? of the bulk field dual to the inserted
boundary operators. We can interpret it as the one-loop self-energy of the bulk particle

X

due to graviton interactions. We will give an analogous interpretation for the one-loop
self-energy contribution from the gravitino in the supersymmetric case in section 5.

Contemplating the expansion (3.3) one also finds that a diagram with n connections
to the external endpoints is contributing a polynomial in h of order n without constant
term. E.g. the diagrams contributing to the zero’th, first and second order term for the
bilocal correlator G(71,72) are schematically drawn as:

Al

Ty h° T Ty hl, hz T
+ W * W% v g, ﬁWQMMH b T +%
T1 T2 1 T2 Ty T2 1 T2
WL h2 3 ' L, r? i, R T w L, WL n2 3, ht

The first line contains the Schwarzian diagrams contributing at leading order 1 (free result)
and the first subleading correction ~ 1/C' corresponding to the one-loop gravitational
self-energy. The second line represents the six 1/C? diagrams. Each contribution is a
polynomial in i and we have indicated to which monomials in h they contribute. Dashed
lines represent virtual fermions ¢ (7) coming from the non-trivial Schwarzian path integral
measure. The solid lines are CF'T matter lines that are external to the actual Schwarzian
theory; we choose to draw them nonetheless to emphasize the physical process.

Achieving a more systematic understanding of higher loop corrections is complicated
by the following facts. The Schwarzian model has a non-trivial path integral measure [19].!
One can flatten the measure by exponentiating it and integrating in an additional fermionic
variable 1(7) that contributes to loop diagrams as illustrated above. Secondly, the number
of vertices increases with each order. Both of these cause the perturbative series to be
extremely unwieldy beyond leading order.!?

10This correction is always positive for h > 1, changes sign for h € [0.7337, 1] and is always negative for
h € [0,0.7337] and again positive for h < 0.

" This can be found from several perspectives: from a Virasoro coadjoint orbit perspective see [19], for
a derivation from the flat Liouville path integral measure, see [23]. Finally, it also follows from the natural
measure on the SL(2,R) group.

1230me results have been obtained at second order [17].
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3.2 Small T-expansion

In order to shed light on the perturbative expansion at higher orders, we will exploit
the degenerate result (2.7). The strategy is simple: we can Taylor expand the integrand
of (2.7) as a power series in 7/C and then perform the momentum k-integral exactly. This
directly gives the small 7-series expansion. In terms of the (renormalized) multi-stress

tensor Schwarzian expectation values: '3

<T>—2—7T2+ 3 < 2>_ﬁ+10w2+ 15 < 3>_877T6+427r4+ 105 105
- 52 QﬂC” - 54 530 45202’ - 56 BSC 25402 8ﬁ303
one obtains for the specific examples of h = —1/2 and h = —1:
1, 1 3 3 1 1 4
_ =74+ —7"— —{(T)— — —= (T —— .
(Onrrp(r0)) =7+ s’ (12< ) 38402>T (960< ) 307203>T (36)
1 1 1
- T2 _ T 5
+<480< ) 153607 " >+98304C4>T

1 1 1
T2)— (T 6
+(384OC< > 36864C5< >+3932160(J5>T

1 1 1
B T 72\__ 1 /3 > 7
+< 117964804< >+6144002< > 40320< >+18874368OC6 g
+(’)(78).

=437 (50 1562) " (561305 ) ™
(On=r (O =r"+357 =50 1562 )7 ~\ et 12008 )7 (3.7)
Loy 1 VN6, (L /oy 1 1 > 7
+(90<T> 72<T>+1152)T +<210<T> 5010 3010 ) 7
1 1 1 1
I O v A T)— ) 8 N.
(2520< ) 960< >+4608< )~ Taaza0 )" O

The multi-Schwarzian derivative correlators (T") always appear in this specific structural

fasion. Since this applies to any h € —N/2, and since at every fixed order in the 7-expansion
one has a polynomial in A as coefficient, this is sufficient to prove that one has the same
expansion structure for any A € R, where only the numerical coeflicients change. This
leads to the structural expansion of (1.8).

As a classical function, the bilocal operator

F/(m)F' () \"
T Ol (38)

On(11,72) = <

can be series-expanded in 71 — 79 before quantizing. By SL(2,R) invariance, the resulting
expansion coefficients need to be local SL(2,R) invariants. This is indeed true in the
general expression (1.8), since it is only constructed from expectation values of powers
of the Schwarzian derivative. Armed with our explicit expressions above, we can now
investigate this equality in more detail, and compare term by term whether the exact
expressions agree with the computation of powers of Schwarzian derivatives. The answer

3These can be found by setting to zero all contact terms in the multi-Schwarzian derivative correlator,
corresponding to a point-splitting procedure, see e.g. [45] for a recent application.
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is quite involved and depends crucially on renormalization subtleties of the multi-stress
tensor composite operators. We present the analysis in appendix C. The upshot is that
with a suitable choice of renormalization, one can make sense of the relation between both
calculational strategies.

Let us end with a short remark on a particular higher-point function: the time-ordered
four-point function. A priori one would expect a four-point function to depend on three
independent time parameters, since the Schwarzian theory is time-invariant, removing an
overall time shift. However, we know from various perspectives that it only depends on two
time parameters, conveniently chosen to be the time differences within each bilocal opera-
tor [20]. The small 7-expansion analyzed here provides yet another way of appreciating this
statement, and it is given strength by our understanding of the expansion of the classical
bilocal in appendix C. Performing a double series expansion for the classical bilocals, they
are expandable into Schwarzian derivatives, their powers, and their derivatives.'* We write
schematically:

F'(r)F' () \"( F'(m)F(ra) \"
<<(F(Tl) - F(Tz))2> ((F(Tg) — F(7—4))2> > (3.9)
- Z Cgln2c;rnn1m2 <T(nl)(72)n2T(ml)(T4)m2> 7'122n7-§£”7

n7m7ni 7m7/

where 7;; = 7; —7; and the Cj; ,,, are the expansion coefficients. This depends explicitly on
the time differences 712 and 734 within each bilocal. Quantum-mechanically, the correlators
of Schwarzian derivatives would now provide the link between both bilocals, such that also
To4 appears. However, due to the fact that correlation functions of Schwarzian derivatives
are always time-independent, this does not happen, and the four-point correlator only

depends on two instead of three time parameters.'® 16

3.3 Asymptotic vs convergent perturbation series

It is apparent from the above formulas (especially (2.8) and (2.13)) that the degenerate
two-point function has a convergent 1/C perturbative expansion. In fact, these degenerate
values of h € —N/2 are the only values of h for which a convergent perturbative series is
achieved. All other values of h ¢ —N/2 correspond to asymptotic series in 1/C. Since this
is a somewhat technical discussion, we present the proof in appendix B.

Physically, the 1/C expansion is interpretable in terms of multi-boundary graviton ex-
changes. We then learn that the generic correlators contain non-perturbative gravitational
physics not captured by these graviton exchanges. In particular, we estimate the size of
non-perturbative corrections to be ~ e~#/G~_ This is of the same order as the higher genus
corrections to amplitudes, to which we turn next.

14 An example is written in (C.2) for h = —1/2.

15Some examples are written in appendix C. The contact terms in the multi-Schwarzian derivative cor-
relators are truly zero in this case, since we will assume both bilocals have no coincident points.

18For out-of-time ordered correlators this simplification does not happen, and we cannot just perform the
small 7-expansion on any bilocal bridging other operators.
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4 Minimal string and matrix interpretation

Our next goal is to analyze this degenerate two-point function on surfaces of higher topol-
ogy. A guide towards achieving this will be the embedding of JT gravity within minimal
string theory, where the boundary tachyon vertex operators limit to our degenerate oper-
ator insertions in JT gravity, a statement we will make explicit below. For the minimal
string, the matrix interpretation and how it links back to higher genus corrections has been
studied extensively in the literature, and we will use it to guide us towards a proposal for
higher topological corrections to the degenerate boundary correlators.

4.1 Motivation from JT gravity: heuristic argument

We start by giving a heuristic argument why higher topological corrections for amplitudes
with degenerate operator insertions behave differently than in the non-degenerate case.

One can consider bilocal correlators in JT gravity that include higher topological cor-
rections and the doubly non-perturbative random matrix completion. Let us first review
the story for a generic h > 0 correlator. The rule is to slice up the initial disk region along
each of the bilocal lines, and then to add higher topology to the resulting cut surface [8, 31].
As an example, the diagrams for the corrections to the boundary two-point function can
be found by first cutting the disk along the bilocal line:

@ &

and then we include higher genus contributions to these two disk pieces. These fall into

two classes, schematically of the types:

e st

In formulas, and working in units where C' = 1/2, the higher genus expansion of the bilocal

(4.2)

correlator was argued to be of the form (1.6), which we retake here:

By (5 L £ VB £ iV/Ey)

szt 0 49

1
<Oh(7’1,7’2)>5 = E /dEldEQ,O(El,EQ) e’

where the two-level spectral density is replaced by the random matrix answer:

sin’ mp(E)(E1 — Ey)
7T2(E1 — E2)2

p(Er, E2) = p(E1)p(E2) — +p(ER)0(Ey — Ea),  Ev= B, (4.4)
representing respectively the disconnected pieces (the first class of diagrams in (4.2)), the
annulus connecting both sides of the bilocal line (the second class of diagrams in (4.2)),
and a contact term that has no a priori geometric origin. This geometric connection was
made for the spectral form factor in [7]. The disconnected piece p(E1)p(E2) at genus zero
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gives back the sinh measure and we get back to (1.5), where py—o(E) ~ €0 sinh 27vE. In
the regime where €% >> 1, higher genus corrections are suppressed, except when F; ~ Fs
which can compensate for the e=50 suppression.

We notice that when taking the limit A — 0 in the above formula (4.3), we do not agree
with setting h = 0 from the outset in which case no bilocal line is present at all and the sur-
face is not cut open to begin with. For degenerate bilocal lines where h € —N/2, we similarly
propose to not slice up the surface along the line. This means e.g. that a disk with a single
degenerate bilocal line has only the same class of higher genus corrections as the disk itself:

(4.5)

where we will depict a degenerate bilocal line by a dashed line in the figures. We will make
this graphical presentation more precise in formulas below.

As a first naive argument, we notice that the pair density correlator p(E1, E2) (4.4) does
not make sense when it connects regions separated by a degenerate bilocal line. Supposing
one starts with (4.4) for a degenerate line (where hence E; and FEj are related as in (2.3)),
then the effects are not important if So > 1. If j is half-integer, then since m # 0, one never
has F; ~ Fs, and higher topology is always suppressed (provided Sy > 1): only the dis-
connected disks contribute. If j is integer, then the m = 0 term in the sum is the dominant
one: the first two terms of (4.4) cancel by level repulsion in random matrix theory, and the
last (plateau) term diverges as ~ 6(0). This illustrates that the pair correlator p(FE;, E9)
does not seem to be the natural quantity when considering degenerate operator insertions.

4.2 Minimal string: boundary tachyon correlators

In order to properly understand how to treat higher genus corrections to these amplitudes,
we will take inspiration from the minimal string theory of which JT gravity is a parametric
double-scaling limit [7, 35]. Minimal string theory consists of a (p,q) minimal model
combined with the Liouville CFT and bc ghosts to form a non-critical string theory with
cr, + ¢y + cgnp = 0. The Liouville central charge is parametrized as ¢, = 1 + 6Q?, where
Q =b+b"! and b? = p/q. This and related 2d models have a long history as toy models
for quantum gravity, see e.g. [43, 46-50]. The minimal string only has degenerate Virasoro
primary matter operators that are dressed by the Liouville sector into physical vertex
operators. E.g. the tachyon boundary vertex operators can be written as

Br’szceﬁ‘bom, 1<r<p-—1, 1<s<qg-—1, (4.6)

in terms of the degenerate matter operator O, , the Liouville vertex operator eP? and the
be ghost ¢.'” For the particular case of p = 2 and ¢ = 2m — 1, a single-matrix description
is possible, and we only have By, for 1 < s < m — 1. The JT limit corresponds to

17Operators are identified as O, s = Op_r q—s, effectively halving the number of independent matter
primaries.
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taking m — oo (b — 0), for which one obtains an infinite discrete set of physical operator
insertions. The minimal string two-point function is essentially captured by the Liouville
boundary two-point function:

_ 0(B2+ B — Q) + d(Bls1,52)d(B2 — B1)

|2A51 )

(Bg, () Bg;™ (0)) (4.7)

|z
with BEI” = ¢P? a boundary Liouville primary operator between boundary segments with
labels 51 and so. We define the quantity'®

020 T(28 - Q)T, (@ — 28)
Sb(ﬁ + iSl + iSQ)

with the boundary FZZT cosmological constant pup related to the label s as up = = =

r cosh 27bs where k = /ii/Vsin wb2. The double sine function Sy and b-deformed Gamma-

function I'y are given in appendix D. In our case the Liouville label 8 = b — By, in terms
of the matter label §ys:

d(B]s1, 52) = (mpry(b?)p?2) (4.8)

1—s r—1
m=—2

1
9 5, P 2
which can be identified with a discrete finite irrep sl(2) spin label 7. We now focus on this

For the (2,2m—1) minimal string with m € N, we hence have 8yy = —jbfor j =0

particular minimal string model, with these operator insertions.

For such boundary operators, we have the corresponding Liouville parameter § =
b+ bj. The Liouville boundary two-point function (4.8) can then be rewritten in terms of
elementary functions:

1 cosh 285y + (—)% ! cosh 2Z s,

Sp(b+bj £isy £isa) 4 [T __ . (cosh 2mbs; — cosh 27b(sy + inb))

n=—j

. (4.10)

It is elementary to check that the r.h.s. is symmetric under s; <+ so. We identify the numer-
ator with genus zero resolvents as Ry—o,1(2) = cosh 2{5 where x = up = kcosh 2wbs. Fol-
lowing common conventions, we will sometimes denote pup by x to streamline the notation.

Next, we transform this expression to the fixed length basis by applying the integral
transform

— / R d,u,Bld,u,Bge'uBlelGMBQK2 X oo, (4.11)
co+i

for both s; and ss. Inserting (4.10), we have two terms for which in both cases the first
integral is contour deformed to pick up the poles in the denominator. The second integral
is then deformed across the branch cut of the cosh 27”82 resp. cosh 2{31 resolvent. We
obtain in the end:

1
<Bl,2j+131,2j+1>41’52 = Inbrd (4.12)
+j Ny — ;
y /-‘roo dxp(aj) {1 cosh 2mbs ZJ | (2])!6 Lok cosh 2mb(s+inb)
K ne—y IT}.__,(cosh 2mb(s 4 inb) — cosh 2mb(s 4 imb))

m#n
+ (fl — fz),

8There is an implicit product over all four sign combinations of the Sy in this and in subsequent similar
equations.
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which is the same expression as that found in [35]. The prefactors are chosen to match
the UV ¢ ~ 0 behavior — Egj with unit coefficient. The advantage of organizing the
calculation like this is that now the resolvent and spectral density of the underlying matrix
integral make explicit appearances, where the discontinuity of the resolvent is the spectral
density p(z(s))

2
Disc[R(z)] = R(x + i€) — R(z — ie) = —2mip(z), po(z(s)) = sinh %s, (4.13)
and where x = k cosh 27bs.

4.3 A proposal for higher topology

We will use this suggestive way of writing the amplitude as the definition of an insertion
in the random matrix integral. In particular, this expression gets its higher genus contri-
butions only from the single-boundary resolvent contributions R, ,—1(x), computable e.g.
from Eynard’s topological recursion relations [51-53]. This is a strong restriction on the
allowed topologies contributing to the amplitude. Aside from this restriction, the resulting
amplitude has a similar structure as the proposed JT bilocal correlator (for h ¢ —N/2) at
higher genus in [8], where indeed also only the spectral densities p(E1, ... E,) are adjusted
to accommodate for different topology. It would be very valuable to verify this proposal
by an explicit computation of the genus one result in the minimal string continuum lan-
guage, which seems out of reach at the moment. In matrix language, where the resolvent
is R(z) = <Trﬁ> in terms of the random matrix H, we can then identify (4.10) as the

genus zero contribution of the matrix insertion:

1 1 1 (z1+29) —2H )

. Tr r — Tr
[T, (x1—22pins) <(951—H)(952—H)) © e (1= T2 i) ((xl—H)(xg—H)
n#0

(4.14)
where the left expression is valid for j € N and the right expression for j € N+ 1/2. We
dropped overall factors here, and used the notation o, = Kk cosh 27b(sy + inb).

Notice the presence of the (¢1 <+ ¢3) second term in (4.12). This is in unison with
the fact that the amplitude (4.11) is manifestly invariant under swapping ¢; and f3. To
understand its meaning, we can write this second term suggestively as:

1 /+OO dz e—élncosh%rbs (4 15)
dmbsZ Jy '

+J -\ ,—{2r cosh 27b(s+inb)
2j)le~t2
<Y plals +inb)() DT .
[T?,__ (cosh2mb(s + inb) — cosh 27b(s + imb))

n=—j —j
m#n

where 21,, = cosh 27b(s + inb). At genus zero we have po(z(s + inb)) = sinh 2% (s + inb) =
(=)?"po(x(s)) and both terms in (4.12) are equal. At higher genus, this is no longer the

9There are obviously other options that agree on the lowest genus zero result but differ beyond that.
We believe this is the most natural one as it will have all the expected properties. The matrix operator
used in [46] is slightly different, but would also only give single-boundary resolvent contributions Ry n=1(z),
which is our main point.
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case. Within the s-coordinates, this means one can interpret the full answer as

(B1,2j+1B1,2j41)4, 4, (4.16)
. +j _ )
. (2])' /+OO s ZJ ) ﬁ(s n)e—llncosh%rbs ¢ —{arcosh2mb(s+inb)
= ——— e 9 - )
Z Jo n— [T),__,(cosh2mb(s +inb) — cosh 2mb(s +imb))
m#n

with an effective density

Pefi(s,m) = % sinh 27bs {p(m(s)) + (=) p(x(s +inb))] ;. Pefi,g=0(s,n) =sinh 27bssinh 2%5.
(4.17)
When viewed gravitationally, this can be interpreted as adding higher topology to each
of the possible sectors of the diagram, leading to a symmetrized result in the end. As an
example, the genus one correction is geometrically computed by considering

+o0 +J
(B1,2j+1B1,2j+1)g=1 :/0 ds Z + (=)™
n=—j

Since we sum over handles in each sector of the diagram (instead of multiplying), it is

(4.18)

conceptually convenient to lump the contributions together when drawing the diagram.
The gravitational interpretation is then geometrically:

(4.19)

where the meaning of the handles is encoded in (4.17). For practical computations, it is
more convenient to compute (4.12) directly and add the ¢; <+ ¢2 contribution by hand.

4.4 JT limit
In the JT limit, we set s; = bk; for finite k;. The denominator of (4.10) becomes
cosh2mbs  — 1+ 2w%b'k2 (4.20)

For the resolvents in the numerator of (4.10), we focus on the spectral region close to the
edge at x = —k, by parametrizing * = —k + 27r2/<;b4z§T:
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Plugging this in the resolvent, and focusing on the (2,2m — 1) minimal string for which
b2 =2/(2m — 1), we get:

1
Ry—0,1(zyT) = cosh b—Qarccosh(—l + 27204 23r) = sin2mzyr, (4.21)

where z?T = —k2. In terms of the uniformizing coordinate k, we can hence write the JT
resolvent at lowest order in the genus expansion as:

Rgzo’l(k) = ginh 27k. (4.22)

The full one-boundary JT resolvent is denoted as R(k), and has a genus expansion:
1
R(k) = <TrM> _ %:RgJ(k). (4.23)

Transforming the JT limit of (4.10) to the length basis gives the expression:

/ a3y EE) T ORER) iz e,
co+iR J (k‘% — (k‘g + ’LTL)Q)

n=—j

(4.24)

Deforming the first contour picks up all of the poles. Deforming the second contour picks
up the discontinuity across the branch cut, where the discontinuity of R between —k? + ie
and —k? — i€ is the spectral density, at genus zero given by the expression:

sinh 27V —F + i€ — sinh 2mv/—FE — ie = 2sin 27VE. (4.25)
Finally setting k> — —k? to have the integral over R*, we obtain:

(B1,2j+1B1,2j+1)g=0
1 +j 6—62(1€+in)2

_ Lo [T e~k
= Z(QJ)!/O dkpg—o (k) n;j H{n:ﬂ'((k +in)2 — (k +1im)?)

m#n

+ (61 — 62) (4.26)

with pg—o(k) = ksinh27k. One can check that this formula matches with (2.7) upon
identifying ¢; = § — 7 and 2 = 7. We have noticed this before in [35]. This shows that
the minimal string tachyon boundary verter operators limit to the JT degenerate operators,
which is one of our main conclusions.

Written as (4.24), the inclusion of higher genus and non-perturbative random matrix
effects is straightforward since we again only adjust the resolvents R(k) in (4.24) into the
exact answer, in the end only replacing the spectral measure from the seed value pg—o(k)
to the random matrix (all-genus) result p(k) in (4.26). The vertex functions and structure
of the amplitude remain the same. The topological corrections to the degenerate bilocal
correlators are hence in one-to-one to those of the partition function (i.e. the h = 0 case),
in particular there is no pair density correlator p(ki, k2) contribution, and hence no handles
connecting opposite sides of the bilocal line in this case.
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Figure 2. Left: degenerate two-point correlator for j = 1/2 and § = 1 and C = 1/2. Blue
(bottom): genus zero result (2.8). Red (top): genus zero (2.8) plus genus one (4.29) result, for
a suitable choice of genus counting parameter e=°. Right: 7 — 0 limit can be non-trivial when
wrapping around higher topology.

To be slightly more explicit, it is convenient to relate the single-density expectation
value p to the resolvent W in the notation of [7]. We can write:

1
pg(k) = 3 (Wy1(2mik + €) + Wy 1 (—2mik +¢€)) , (4.27)

the €’s playing the important role of regulators in the Laplace integrals.?’ E.g. for j = 1/2
and using the explicit expressions for Wy—; ; from [7], we have the genus one correction
(C=1/2):

sin kT

1 oo —,BkZ T
- / dkpy_1 (k) 22T 815 | (7 5 B — 7). (4.29)
27 Jo

The sum of the genus zero and one result for this particular j = 1/2 is plotted in figure 2.
Since the genus zero correlator vanishes as 7 = 0 or 7 = (3, this is where the higher genus
corrections are quite visible and non-trivial. In terms of bilocal lines connecting the two
boundary operators, the reason is the possibility of the line encircling higher topology and
becoming noncontractible, effectively becoming sensitive to non-UV physics due to the
minimal distance to wrap around the higher topology defect.

Beyond some fixed genus amplitudes, the full non-perturbative spectral density for the
JT matrix model was recently computed numerically in [39]. The above then shows that
this information is sufficient to determine the class of degenerate boundary correlators.

At late real times t = —i7, the degenerate correlators (2.7) increase exponentially
without bound. In particular, the role of strongly suppressed (e*SO < 1) higher topological
corrections is less interesting here as it can never stabilize the late time behavior.

5 Degenerate bilocal correlators in JT supergravity

In the remainder of this work, we generalize the discussion to N' = 1 JT supergravity
and its boundary super-Schwarzian quantum mechanics. Since several of the analogous

20For instance, at genus 1 we have:

1 3—27r2(27r(k+ie))2] 1 {3—27r2(27r(k—ie))2} Py {3—2%2(271'16)2]

(4.28)

pa=1(k) = 35 24(27(k + i€))* 2| 24027 (k —ie))? 24(27k)*

where the principal value Pv is taking the real part of this expression, and is effectively removing divergences
as k — 0: Pvf(k) = 1/2(f(k + ie) + f(k — ie)).
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prerequisites (i.e. super-Schwarzian perturbation theory, and the fixed length amplitudes
of Liouville supergravity) have not been developed in the literature before, we will do this
here as well. This is automatically a rather technical endeavor.

The reader only interested in the bosonic story, can safely move to the concluding
section at this point.

In this section, we first review JT supergravity in terms of the super-Schwarzian bound-
ary action and the bilocal boundary operator. We then study the correlator for degenerate
bilocal operators and exploit these to reach a similar conclusion on the structure of the
perturbative small 7-series (1.8) on the disk.

5.1 Set-up: N = 1 super-JT disk correlators

JT supergravity on the disk can be analogously written in terms of a boundary N = 1
super-Schwarzian theory [54, 55], with action [42]

S[f,n] = C’/deQ Sch(r,0),  C~1/G. (5.1)

The super-Schwarzian is defined in N’ =1 (7, 6) superspace by:

D4(9I D39ID26/
Do~ (D)2

Sch(r,0) = Schy¢(7) + 6Schy (1) = (5.2)
with D = 0y + 00, the superderivative and ¢/ = /O, F (0 +n+ %0778777), with F (1) =
tan% f(7). This action describes the dynamics of the superframe (f,7n) of a boundary
super-clock.

Written in component fields (the reparametrization f(7) and its superpartner 7(7)),

one writes
1
Schy(r) = 3 {F 7} + mz”’ + 30" —{F, 7} ], (5.3)
1
Schy(t) =" + 27777’77” + 577 {F,7}. (5.4)

The action (5.1) is then written in bosonic space as:

Sif.nl = C [ drsety, = / dr [{F,7} + " + 30" — {F.ry],  (55)

Considering the thermal disk theory, one is interested in the set of superreparametrizations
of the supercircle. This is defined by the Euclidean path integral:

Z:/ DfDne S, (5.6)
M

over the space
M = SDiffr—1(S)/0Sp(1]2), (5.7)

describing a circle time reparametrization f(t), satisfying f(t + 8) = f(t) + 8 and its
fermionic superpartner 7(t) satisfying antiperiodic boundary conditions n(t + ) = —n(t),
as required for fermions around the thermal circle.
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Under super-reparametrizations, the inverse superdistance, which is at the same time
the elementary h = 1/2 superspace two-point function, is transformed as [42]

1 D710, D>0,
e (5:8)
T —T2— 010 T — 75— 0105
where 7" = F(7 4 0n). For higher h, the classical bilocal operator is of the form:
D16, D6y "
@ 01,02) = | ——F—— 5.9
(71, T2, 01, 02) <T{—T§—0’19’2) ’ (5.9)

expandable in its four components by expanding in the 6;’s. The two fermionic components
give zero in a single bilocal correlator by fermion conservation. The bottom and top
components are non-zero. The (one-loop) exact partition function Z and bilocal correlation
functions for this model are known.

The disk JT supergravity partition function Z is [19, 20, 42]:
21C ) /2 220

+oo 12
Z = / dk2 cosh 2rke P20 = (5 e 7, (5.10)
0

the super-Schwarzian derivative one-point function is [20]

1 0Z 2n2 1

<Schb(7)>ﬁ =(T) = 37 0C W + 35

(5.11)
Again the n multi-Schwarzian derivative correlator is n-loop exact. The N = 1 super-
Schwarzian correlation functions of bilocal operators were determined in [20] using super-
Liouville techniques. The answer for the (bottom component) two-point function is

. | SN
Gp (1) = (On(1,0)) = W/dkldkge 726~ (B=7)3¢ cosh (2mky) cosh (27ks) (5.12)
y (§+h:|:Z(k1 —kg)) (h:l:i(kl —i—kg)) —I—(]{ZQ — —kg)
I'(2h) ’

and its superpartner (i.e. top component) is

T 1 k2 s k3
Gp (1) = EW /d/ﬁdkze 36~ (B=7)3¢ cosh (2mk1) cosh (27ks) (5.13)
et ko)?T(2 + h£i(ky — k)T (h £ i(ky + k2)) + (k2 — —k2)
['(2h) :

In both equations, the factor on the second line will be called the vertex function in what
follows, and this will get replaced by a different expression for the degenerate values of h.
Some more details and properties are described in appendix E.1.

5.2 Disk level: super-Schwarzian bilocals

The computation of the degenerate bilocals in this case proceeds along similar lines as
for the bosonic case. We refer to appendix E.2 for the details and some examples. The
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resulting vertex function for the bottom component of the bilocal operator, replacing the
factor on the second line of (5.12), is given by:

J A j—1/2 A
Z C’ymB(k‘l, ]{72)(50{1 — ko + zm) + Z C’ymT(kl, k?g)é(kl — ko + z'm), (5.14)
m=—j m=—j+1/2

where we defined both bottom (B) and top (T) contributions:?

A 1 (2 1
O k) = — L (_ymt 5.15
mB( 1 2) cosh 27‘(‘]{31( ) (m +]> (Qikg -7+ % + m)2j ( )
A 2 - 2j — 1 1

ot (K1, k2) cosh 27rk:1( ) m+j—1/2 ) (2tkg — j +m)2j11 ( )

Inserting these in (5.12), we get the degenerate boundary two-point functions.
Let us make some comments on these formulas.

o The super-Schwarzian bilocal operator (5.9) for j = —h € N/2 has for its bottom

component:
2j 2j—1
Fy — F ) oy .y . Fy — Fy
—im s | L= amm] L= gmenh] = 2imne | —i5 7 ;. (5.17)
(F{1/2F2/1/2 F1/1/2F2/1/2

and is expandable as two terms that each form a binomial expansion of order 2;5 and
2j — 1 respectively, matching with the expansions in (5.15) and (5.16) respectively.

e If one takes the semi-classical C' — +oc0 limit, we again take k large in the inverse
polynomials in (5.15) and (5.16). Since ¢/ ;. has one extra power of 1/k, this piece is

4 2j
subdominant, and the bottom part ¢/, 5 gives the expected answer (g sin %7‘) .

e One can also determine the degenerate superpartner correlator, this is the top com-
ponent of the bilocal operator (5.9). We give the results in appendix E.3.

 As for the bosonic case, the 1/C expansions of these equations yield convergent series.
The argument in appendix B should be easily generalizable to provide a proof that
for all other values of h the 1/C series is asymptotic only.

6 Application: super-Schwarzian perturbation theory

In this section we apply the degenerate boundary correlators determined above to shed
light on the super-Schwarzian perturbative expansion. In order to truly compare, we need
to independently develop this perturbative approach to the super-Schwarzian as well, which
we do below in subsection 6.2. As a byproduct of developing the perturbative approach,
we give a quick argument that N' = 1 JT supergravity saturates the chaos bound, in the
sense that the out-of-time ordered four-point function has maximal Lyapunov growth.

21This choice of words is motivated by the semi-classical large C regime, where for the bottom component
G” the bottom ¢, p piece dominates and conversely for the superpartner (= top) component G7.
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6.1 Small T-expansion

As explicit applications, the supersymmetric degenerate bilocal correlators (E.14)
and (E.15) have the following small 7 expansions:

1,1 _13_<1 _1>4
<Oh:*1/2(7’0)>_7+1607 12<<T> 3202>T 1280\ 1) Tozssca )™ (6.1)
1, 1 1 ;
+(480 <T >_256002 <T>+49152()C4>T

1 1
T2\ — T 6
+ (46080 < > 73728C'3 (T)+ 2359296005 ) T

1, , 1 1 ) :
S Sy £ Wy [y o\ S R
(40320< > 8601602< >+2752512C4< ) 33190576000 )
+0(7%),
5 1 7 49 17
_ 2 3_ -~ _ 4 o 5
(On=a(RO)) ="+ 5157 6<<T> 25602>T (96OC<T> 6144C3>T (6.2)

1, 403 341 ]
+ (90 <T >_ 160802 U Tamase00n ) 4

107 1381 13
+(2688()C< > 129024OC3< >+786432C5>T
1 3 1303 9 1213 5461 ) 8
(2520< > 172032OC2< >+11796480(74< >+528482304006 T
+0(7%),

22 1 <T2>_47r4 672 3 <T3>:87r6 30mt 45 15

=" tapc \T')= 5 et per E

36 + B5C + 234C2 + 833C3
are the (renormalized) thermal super-Schwarzian multi-stress tensor correlators. This leads
to the same structure of the small 7-expansion (1.8) as in the bosonic case. Since the expan-
sion coefficients are polynomials in h by the perturbative expansion, and we can determine
this structure for all h € —N/2, this is sufficient to uniquely determine these polynomials.
So this structure of the perturbative expansion holds for generic real values of h.

Notice that no simplification in this perturbative series occurs due to the presence
of supersymmetry: N = 1 supersymmetry in 1d is not sufficient to argue for non-
renormalization theorems.

We will very explicitly see this at one-loop in the next subsection.

6.2 Super-Schwarzian perturbation theory

From the two explicit expressions (6.1) and (6.2), and the fact that the coefficient of the
second term in that expansion is a quadratic homogeneous polynomial in h, we can write
the answer for the one-loop self-energy ¥ for arbitrary real h as:

o hh=1/4) _h(h=1) h

6C 6C T80

(6.3)
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T Ty Ty T

Figure 3. Two Feynman graphs contributing at order 1/C' in the supersymmetric theory.

In the second equality, we have split the self-energy into a contribution from gravity, and

a contribution from the gravitino (figure 3). To substantiate this result, we now reproduce

this same term from perturbation theory within the super-Schwarzian system directly.
The quadratic piece of the boundary gravitino action contained in (5.3) is

7T2
L=(20) (n’n” - ﬁym’) : (6.4)

For ease of notation, we set = 27 from here and restore it in the end. The zero-modes
of this action satisfy n” + I = 0:

n(r) = Ae'/? 4 Be /2 4 D, (6.5)

with D = 0 due to antiperiodicity n(7 + 27) = —n(7). The orthonormal eigenmodes are

given by 1, (1) = \/%eim, with eigenvalue )\, = 4iCn(n? —1/4) and hence the zero-modes

n = +1/2. The propagator is then given by:

1

(O) = 5o :

> meim. (6.6)

n€Z+1/2.441/2 "

Choosing a contour C that encircles all half-integers # +1/2, one can write this as:

1 ds 1

(n(m)n(0)) = o —= A e g e, (6.7)

Deforming the contour to encircle the poles 0,+1/2 and the (vanishing) piece at infinity,
one evaluates the residue immediately to find:>?

1 52 T T 6 . 7T
(n(T)n(0)) = 10 2 {—2 +2 (1 - 25) cos 5 + —sin 5} ) (6.8)
with special cases:
1 B 1|8 T2
/ _ _ _
WONO) = —5arg WO = 15 [WT ol 69)
The bottom component of the bilocal operator for generic h (5.9) is explicitly
FiFy \" / / F{Fy \"7?
—_— 1 1 2 —_— . 1
((Fl - F2)2> [1+ ] [1+ hiana] + 2k ((Fl - F2)2> (6.10)

22The application of this method to the bosonic Schwarzian is described e.g. in [56]. We have restored
the units of 8 here.
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Figure 4. Lowest graviton (left) and gravitino (right) contribution to the four-point function. The
gravitino contribution only starts at 1/C?.

The 1/C correction to a single bilocal operator is then readily found. At this order, the
bosonic and fermionic contributions just add up; the bosonic contribution found by using
the propagator (3.2) in (3.3), while the new fermionic contribution is found by using (6.8)
in (6.10). We get:

<Oh (T7O>> = <Oh <T7O)>C%+oo

6] (u?—2mu+2—2cosu+2(m—u)sinu) h? u u—27
1 h — -2 -2
“" e 4sin?¥ 3 T ant + tang

2

+47rﬂ20h<7r+(u—7r)cosg_2>]’ (6.11)

AU
SIH§

where u = 277 /(3. The first line is the bosonic answer (3.4) from the N' = 0 Schwarzian,
and the second line contains the gravitino contribution. Taylor-expanding this in 7 to find
the lowest correction in the 7/C series, we find the answer:

h(h—1/4) h(h—1) 3/4h

= 6.12

6C 6C_ " 60 (6.12)
—— ~——
graviton gravitino

where the gravitino gives a positive contribution to the self-energy, indeed matching with
the result we got from analysing the general structure above in (6.3).

6.3 Lyapunov behavior in N/ = 1 JT supergravity

As an aside, starting with (6.10), one can also analyze the lowest fermionic correction
to the four-point function. One readily sees that this contains two n-propagators, and is
hence suppressed as 1/C?, unlike the graviton which has a single propagator and only 1/C
suppression (figure 4). Since this is true for any ordering of the four points, this is also
immediately so for the boundary out-of-time ordered four-point function, and hence the
leading Lyapunov behavior ~ ge%ﬂt, and the Lyapunov exponent in particular is maximal
A =2m/B [57] in N =1 JT supergravity.

When evaluating the 1/C? correction in the A/ = 1 case, the bosonic contribution
was evaluated in [17]. The fermionic contribution can be explicitly evaluated using the
propagator (6.8) twice for each of the possible contractions of the right graph of figure 4.
Note that the bosonic partner of the measure fermion 1 only appears at higher order. We
will not evaluate it explicitly.
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7 Liouville supergravities

Next we aim to understand higher genus corrections to these degenerate correlators. In
order to do so, and paralleling the bosonic treatment, it is useful to first understand the
ancestral minimal superstring for which JT supergravity is found in a parametric limit. The
next few sections will have the goal to investigate fixed length amplitudes of N' = 1 Liouville
supergravities in their own right and to find out precisely how one obtains a (super) JT
parametric limit. We come back to the degenerate bilocal correlators in section 9 and in
particular in subsection 9.1.

This section provides a short review on A/ = 1 Liouville supergravity and the minimal
superstring, and a summary on the transformation to the fixed length basis. This section
is complemented by some technical review material contained in appendix F, where in F.1
we provide a Lagrangian treatment to prove the transformation to fixed length amplitudes
in both the Ramond and the Neveu-Schwarz sector. In F.2 we collect the known super-
Liouville amplitudes in the FZZT brane basis, to be used later on in the main text.

7.1 Liouville supergravity and minimal superstring

We consider the N' = 1 supersymmetric Liouville model [58-61] with central charge c¢;, =
% +3Q? where Q = 1/b+ b on a manifold with a circular boundary. We couple this to a

matter sector with c¢p; < 3/2 parametrized by cp; = % — 3¢%. Demanding a cancellation of
the superconformal anomaly requires:
co+ey=15 = ¢q=1/b—b. (7.1)

Neveu-Schwarz (NS) boundary vertex operators are of the form
B = (ce™¥) e39 Ogy,» (7.2)

]
with ce™® the superghost contribution and ez? the boundary super-Liouville vertex op-
erator, dressing the matter operator Og,,. We have the constraint Ag + Ag,, = 1/2.
With?3

Ba=30@=0).  Asy = 3Pula+5u). (73)

this leads to the solutions § = b — By or = 1/b+ By These choices are related by
applying a boundary reflection transformation § — @ — §, and represents a freedom in
dressing the matter operator with given 83;. We hence focus on the first case only:

B=b—Pu. (7.4)
Ramond (R) boundary vertex operators are of the form

B = (ce#/2)0%e 3005, | (7.5)

23 The parametrization and definition of By is in parallel to the bosonic case. It follows from consider
timelike super-Liouville to describe the ¢y < 3/2 matter CFT. This essentially boils down to taking an

ordinary super-Liouville CFT with b — ib and Q — —ig. Primary boundary vertex operators are then

8
described by Og,, = e 2"X in terms of the (timelike) Liouville field x, with weight Ag,, = %,BM(q + Bum).
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with the constraint Ag + Ag,, = 5/8 and

1

1 1
16’ Agy = iﬁM(q +Bm) + = (7.6)

1

solvable by the same relation (7.4).

If we consider for the matter theory a (p,q) superminimal model,?* then we have only
a finite set of tachyon vertex operators, corresponding to taking the degenerate super-
Virasoro primaries as matter operators, and dressing these with the appropriate super-
Liouville operators [62].

Depending on the parity of r — s, open string tachyon vertex operators in the minimal
superstring are of the form:

Br,s
B,ljssz (ce ®)e2 20, r—seven, r=1...p—1, s=1...q—1, (7.7

_ Brys

Bffs: (ce #/?)o%e 5 %0,,, r—sodd, r=1...p—1, s=1...q—1, (7.8)

where we left the legpole factors implicit. The operator O, , is a superminimal model
primary operator, and has the identification O, s = Op_, 4. This is dressed by the super-
Liouville primary vertex operator with parameter:

b 1
/BT,S = (1+S)§+(17T)27b (79)
For r — s even, this operator is in the NS sector of the theory, whereas for » — s odd it is
in the R sector.

In the special case where p = 2, we have an even more restricted class:

k—-1/2, q=4k,

(7.10)
k, q =4k + 2,

. . 1
8172]‘4_1, ﬂl,szb—i-jb, J :075,1

where all half-integer j give R-sector boundary operators, and all integer j give NS-sector
boundary operators. We have already parametrized to the specific superminimal model
series of interest to us: (2,4k) or (2,4k 4 2). R-sector operators will not play a role in our
main story, and their fixed length correlators are studied in appendix G.2.

We will not be bothered too much by the precise matter sector in the remainder of this
and the next section, since we only focus on cases where the amplitude factorizes into a
Liouville piece, a matter piece and a superghost piece. The only length dependence comes
from the super-Liouville piece and this will be our focus. The main effect of the matter
and ghosts sectors is a cancellation of the dependence on the worldsheet coordinates, much
like happens in the bosonic minimal string.

However, in section 9 we will investigate the matrix model interpretation of certain of
the quantities we computed, and for this we will restrict to the (2, ¢) superminimal models,
with a particular emphasis on ¢ = 4k, with k € N.

2p,q > 2, and (p, q) odd and coprime, or (p,q) even and (p/2,q/2) coprime and (p — ¢)/2 odd. This last
restriction follows from modular invariance and is violated for the (2, 4k + 2) models. We comment on this
further on.
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7.2 Transform to fixed length basis

We next present a short summary of how the transform to the fixed length basis works. The
starting point is the Lagrangian description of (conformal) boundaries in N = 1 Liouville
SCF'T, for which we refer the reader to appendix F.1.

It is known that the Cardy boundary states for the non-degenerate super-Virasoro
representations with Liouville momentum s can be labeled as:

INS, s,1m), IR, s,m), (7.11)

in terms of a representation label s, related to the boundary FZZT cosmological constant

pp(s) by [63]:
cosh 7bs, = +1, 2
up =k 7 k= —te, (7.12)
sinh 7bs, n=-—1, cos "5~

a sign 7 = =1 representing a local fermion boundary condition, and a global fermionic
boundary condition Neveu-Schwarz (NS) or Ramond (R) as one goes around the boundary
circle. Associated to each of these classes of FZZT boundary states, will be a fixed-length
amplitude that we will determine in the following.

For the R-sector FZZT-branes |R, s,7), the integral transform to go to |R,¢,n), or to
transfer from the pp-basis to the ¢-length basis is the following:

- 7,/ d,uBe"QBE cey C = pu% —nK?: —ico — +ioo, (7.13)
C

The contour C is half of a hyperbola. This rule is motivated from the Lagrangian perspective
in appendix F.1 and applied explicitly to the partition function and the bulk one-point
function in sections 8.1 and 8.2 respectively. The contour is deformed to wrap the negative
M2B axis, where the role of taking the discontinuity across the branch cut at negative MQB
is played by adding instead of subtracting the two contributions, leading to the effective

transformation:
/+Oo dsefﬁ(cosh(%rbs)fn) cosh mbs, n=+1 (7 14)
0 sinh wbs, n = —1 '
For the NS-sector FZZT-brane |NS,s,n), to transfer to the fixed-length boundary state
INS, ¢,n), one uses the integral transform:%
- z/ d,u2Be“QB€ cee C = u% —nK?: —ico — +ioo, (7.15)
c
leading to
+o0o
/ dse™ 3 (cosh(2mbs)=m) ginp o (7.16)
0

where the discontinuity is just as in the bosonic case happening by subtraction. The NS-
branes play a somewhat minor role in our story as they behave largely as in the bosonic
Liouville story, and in particular they have the same semi-classical (bosonic JT) limit.

*Both integral transforms (7.13) and (7.15) have the same structure as proposals made for suitable
macroscopic loop operators in the ¢ = 1 matrix model in [64, 65], lending further support for these equations.
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8 Fixed length amplitudes of Liouville supergravity

In this section, we discuss the above transformation to find the fixed-length disk amplitudes.
We first present a derivation of the marked disk partition function and the bulk one-
point functions, paralleling the bosonic treatment of [35]. Then we describe local marking
operators and how they act indeed as the identity insertion in the fixed length basis,
followed by our treatment of the boundary two-point function. This last part is our main
result in this section, and in particular equations (8.47) and (8.48).

At a technical level, the starting point is the super-Liouville amplitudes with FZZT
brane boundaries, which are summarized in appendix F.2.

8.1 Marked partition function

We first apply the above transform to the marked partition function, and derive fixed-length
disk amplitudes.

The bulk one-point function for the insertion of a bulk cosmological constant operator
for FZZT boundary condition s is given by:

: 11 2
oz = <cée_¢_¢¢¢eb¢> = [ZZ (,Mr’y(bQ/Q)) 2% 2p <bz - ;) r (2 — 211)2)1 coshm (b— 2) s,

(8.1)

in terms of the superghost contributions cce ¥~% that we will suppress, and the super-

Liouville fields 1, ¢ and ¢, where the dependence on the fermionic boundary condition 7 is

implicit in the relation between pp and the brane parameter s in (7.12). This equation is the

superpartner of (F.30). Integrating w.r.t. u, and choosing a more convenient normalization

of the amplitude, Seiberg and Shih found the following unmarked FZZT disk partition

functions [62]:

Z(up)Y ~ b* cosh wbs cosh%s — sinh 7bs sinh %s, n=+1, (8.2)
Z(up)" ~ b*sinh wbs sinh%s — cosh wbs cosh %s, n=-1. (8.3)
We will analyze the two fermionic boundary conditions = £1 separately.

11 = +1. The marked partition function is

1

Z(up)™ = 0upZ(up)" = cosh <b2arccoshMB) : (8.4)
K

The integration contour (7.13) in the pp plane is a single leaf of a hyperboloid with top at

pp = ++ (figure 5).2° The contour is initially along the vertical line u% —nk? : —ico — ioco.

We can contour deform it to hug the imaginary axis.?” Deforming this contour to the

26The difference here compared to there is in a (re)normalization of u and pg, effectively mapping
Ho — K2

2"The small real segment (0, x) cancels between top and bottom part of the contour, just like it did in
the bosonic case. Note that one cannot contour deform to the right since the integral diverges there. Note
also that the case with n = —1 is a disconnected contour in the up-plane.
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Figure 5. Integration contour in the pp plane in the supersymmetric case. The initial contour is
in green, and the final one in blue. The red lines denote the branch cuts of the integrand. Left:
n = +1. Right: n = —1.

imaginary axis, and evaluating, we can write it as:

+00 1
/ d,uBe*e’ﬂB cosh (arcsinhMB> ) (8.5)
0 b2 K

where we used:

T 1 T 1 us s
h{— — h{—-(s— =) ) =2cos—— cosh—. .
cos (b <s + 2b>) + cos <b (s 2b>) €08 o5 cosh = (8.6)

Interpreting the boundary length £ = § as the inverse temperature, we can read this as
a disk contribution of the thermal partition function with energy E = ,uQB and density of

states:
cosh b%arcsinh@

PRp=+1 (E ) = \/E )
starting at F = 0 with a hard spectral edge p ~ 1/+/E and asymptotically following a power

(8.7)

law as p ~ E/ 26°-1/2 For the particular case of the (2,4k) minimal superstring, the series
expansion of pr,—+1(E) in powers of VE truncates at EX=1/2_ At the thermodynamical
saddle, we can write the first law as

V2B 4 7 = .
2F? + K’E 025’ (8.8)
at high energies (UV) going as E ~ 1/, just like in the bosonic case [35], and following
the (super)JT black hole relation vE ~ 57! at lower energies. The UV behavior means we
expect to find a holographic bulk that deviates from the asymptotic AdS boundary condi-
tions. It would be interesting to learn of a dilaton supergravity model and (super)potential
that is able to generate this law from a black hole solution in the bulk.

Substituting
. 1 Y
pp = ksinhmbs < s= —arcsinh=—, (8.9)
b K
we get:
+oo w2
ZRy=t1 = / dse™ ‘7 Hcosh(2mbs)—1) oo hs cosh % (8.10)
0
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The quantity x2?/2 limits to g as b — 0 by (7.12), and can be viewed as the effective
bulk cosmological constant peg. Note that deforming the contour in the above way has
effectively swapped the local fermionic boundary condition n = +£1 — n = F1. We will
see this happen for the correlation functions below as well. The integral (8.10) can be
evaluated in terms of modified Bessel functions of the second kind as:

2
ezt

2 2
ZR,n:+1247rb<K%+2;2 (Ii 5/2)+K%*ﬁ (l-i f/?)). (8.11)

*U(cosh(2mbs)=1) cogh 7rbs . . . as the correct supersym-

One can view the transform [ dse™"
metric version of the transform to the length basis [63, 66]. We will apply this kernel also

for correlation functions below.

11 = —1. The marked partition function is in this case given by
M U : 1 . 1 MB

Z(pB)" = OupZ(pup)"” = sinh <b2arcsmh) . (8.12)
K

Looking at the branchcut of arcsinh, we have the discontinuity-like relation:
sinh <7(§ (s + 22}))) + sinh (7; (s — 22)) = 2cos QLI)Z sinh %8, (8.13)

+oo 1
/ d,uBe_E“ZB sinh (bzarccoshNB> , (8.14)
K K

leading to

with density of states:
sinh b%arccosh@
pRvn:_l(E) - = )
vE

starting at £ = k2 with a spectral edge p ~ v E — k2 and asymptotically a power law as p ~

(8.15)

EY2Y=1/2 For the (2, 4k) minimal superstring, the series expansion of pr ,——1(F) in pow-
ers of VE — k2 truncates at (E — x?)¥~1/2_ This model generates a semi-classical first law

V2E2 — K2F = b;ﬁ (8.16)

We now set up = xcoshwbs and hence the fixed-length marked disk amplitude is given
by the expression:

+o00 KQZ T
ZRpy=—1(0) = / dse™ 7 tcosh(2mbs)+1) i rhs sinh (bs>. (8.17)
0
The integral can be done and leads to

ZRye—1() = e <K1+1(ﬁ2£/2) — K%_l(n2£/2)> . (8.18)

47b 2 " 2p2 252

So in both cases we have to take the sum of both terms of the contour across the cut.
To make a distinction with the bosonic case, where we take the genuine discontinuity by
subtraction, here we will denote the sum by the sdiscontinuity, or sDisc for short. This
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will distinguish the R-sector and the NS-sector branes, the latter requiring taking the
genuine discontinuity by subtracting both sides.

In both cases, the final result for the fixed length partition functions matches with
the R-sector minisuperspace Liouville QM computation results [66]. This generalizes the
observation made by the Zamolodchikovs [67] to the supersymmetric case that the Liou-
ville disk partition function at fixed length (8.10) and (8.17) is exactly computed by the
minisuperspace Liouville problem, details of the latter can be found in [66].

8.2 Bulk one-point function

Let us insert a (gauge-fixed) bulk operator T, = cce™?~%e*® and transform the bulk one-
point function to the fixed length basis. We will parametrize o = % — % = % +iP, in
terms of what turns out to be a conical defect @, or a macroscopic primary P.

Starting with an NS brane with an NS bulk operator insertion (F.30) for n = +1, we

first mark the bulk one-point function, by differentiating w.r.t. u% as:

1 sinh l;%arccosh%"

(8.19)

0,2 cosh EarccoshN—B = .

HE b? K 2up V\/up+rRJUB — K

We transform this to the fixed length basis using the NS transformation (7.15). Deforming

the contour to pp : —ico + € — +ico + ¢,°® we get again two contributions that have to be

added. The 2up-factor in the NS transform measure (7.15) cancels with the explicit factor

above in (8.19). Also, the square root factors in the denominator creates a relative minus

sign between both parts of the contour, effectively leading to a subtraction of the pieces

on both sides of the branch cut. We hence see that the NS computation is in effect doing
the same discontinuity calculation as in the bosonic case of [35]. We end up with:

0 sin 2% cosh Zarcsinh 42
Disc |0y, cosh 2arccoshMB] =2 e £, (8.20)
b K b2 /MZB + K2
Substituting pp = xsinh wbs, we get?”
O e _ w0
(Ta)eNsp=t1 = 3/0 dse™ T t(cosh2mbs—1) ey 55 (8.21)
The case n = —1 is entirely analogous. We have the discontinuity relation:
0 B sin Z% cosh Zarccosh“E
Disc |9, , cosh —arcsinh—| =0 b b £ 8.22
e b2 K b2\ /2 — K2 (8.22)
Setting similarly up = & cosh wbs, we write finally:
1 e 2 0
(Tdexsmm1 = 3 / dse™ T e 205 1) cosy T2 (8.23)
b b 0

280ne checks explicitly that there is effectively no branch cut in the region (0, ).
2The normalization is somewhat arbitrary. We have chosen it to find the JT bulk defect one-point
function in the JT limit.
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Once again, following the contour deformation argument, we are effectively swapping n =
+1.
Both of these integrals (8.21) and (8.23) can be readily evaluated explicitly yielding:

2
(Todensy = e”%eﬁKﬁ(ﬁﬁ/Z). (8.24)
The bulk one-point functions of the Ramond sector operators (F.31) and (F.32) can be
transformed to the length basis in the same way. We do not mark these boundaries further
since the bulk Ramond operator creates a branch cut that necessarily already marks the
boundary. The calculation is identical to the one for the Ramond partition functions in 8.1,

and we end up with:

1o[+ee fﬁf(cosh%rbsfl) w0
<@a>Z,R,n:+1 = 5/0 dse™ 2 cosh bs cosh 5 (8.25)

1 [t w2
(Oa)rr n—1=73 / dse™ 5 tleosh2mbs+1) i b s sinh %95. (8.26)
T 0

The integrals are done as:

2,

_ e 2 2
(Oadery—t1= 573 <K5+2§2(f@ b2+ Ky o (x E/2)> , (8.27)
e et K 20/9) — K 2
(Oa)ern=-1= 532 ( 1o (R0/2) = Ky _ o (s /2)). (8.28)

For the special case # = 0, the bulk insertion corresponds to the gravitationally dressed

matter Ramond ground state with A,,, = 9, corresponding to the “middle” o 3 degen-

a N
erate label in case of the (p, q) superminimal models with both p and ¢ even.

q
2

We can get back to the Ramond disk partition function from here by setting 6 = 1.
This is not true in the bosonic model, or in the NS sector, where the bulk one-point function
has one additional marking compared to the partition function. We make some comments
on this in appendix F.3.

Setting 8 = 2iPb, these bulk insertions are macroscopic holes with label P from the
(super)Liouville geometry perspective. These specific bulk insertions are required when
gluing disks together. We will write some formulas in the concluding section 10.

Neveu-Schwarz partition function. In the bosonic Liouville gravity, it was illustrated
in [35] that the partition function Z can be found from the bulk one-point function by letting
6 — 1, and simultaneously removing a single marking. Starting with (8.24), we can remove
a single marking by dividing by ¢. Letting § — 1 defines the partition function. We get

2, 1

K +m H/Z
Znsy(l) = e"TemKﬁ(n%ﬁ) = an/O dse™ T cosh2mbs=n) gin} 27rbs sinh %s,
(8.29)
with the spectral densities:

1 E
PNSn=+1(F) = sinh anrcsinh\C, n=+1, (8.30)

1 E
PNS,p=+1(F) = sinh bzarccosh\/», n=-—1 (8.31)

K

~ 34—



For the particular case of the (2, 4k +2) minimal superstring, the series expansions of these
quantities in powers of VE and v'E — k2 respectively, truncate at EXt1/2 and (E—n2)k+1/ 2
respectively. This should be compared to the similar statement for the Ramond partition
functions discussed above that show a similar truncation for the (2, 4k) minimal superstring.

8.3 Marking operators

Now we move on to inserting boundary vertex operators at the boundary of the disk.
The simplest such operator is to pick the matter operator to be the identity 1, and to
gravitationally dress this with the super-Liouville (and ghost) pieces. This leads to the
following 83 = 0 (8 = b) boundary operator and its superpartner:

BYa) = @), AY(x) = D ((a) + ni(a))esH@, (8.32)

in terms of the Liouville field ¢ and the fermions 1 and 1 at the boundary coordinate .
We refer to appendix F for the details.

Here we show, in analogy with the bosonic case [35], that in the fixed-length basis these
boundary insertions are trivial insertions. We can set § = b in the Liouville boundary two-
point functions (reflection coefficients) (F.40) and get (up to a prefactor that is chosen with
hindsight ):3°

1 cosh §s1 + cosh 759 1 cosh §s1 — cosh 752

d(b‘8+81+) e d/(b|8+5;) —

k cosh mbs; — cosh mhsy’
1 sinh %51 — sinh %32

K cosh mbsy + cosh mhsa’

1 sinh%sl + sinh %32

d(bls_s"_) = d'(bls—s") =

(8.34)

k sinh wbs1 + sinh 7bsy’ k sinh wbsy — sinh wbsy’

where the notation d(j|s;s;) and d'(8]sys;) denote the operator with 3 = b resp. super-
partner boundary two-point function on a boundary segmented in two pieces labeled by s,
and 827. This notation is further explained in appendix F.2. In appendix F.4 we perform a
simple consistency check on these specific relations.

Let us now transform these to the fixed-length basis. We will use this paragraph to
argue that to find the fixed length operator insertion of interest, we should take a linear
combination of both d(8|s4s',) and d'(8|ss’,) amplitudes. Contour deforming both s and
s'-integrals in the same fashion as in subsection 8.1, one has the relation:

™

sDiscd(b|s; ', ) = sDiscd’ (b|s4s,) = 2sin o2 (8.35)
y sinh b%arcsinh% + sinh b%arcsinh“—,f N sinh b%arcsinh“—; — sinh b%arcsinh“—,f
M1+ 2 1 — W2

where p; is shorthand notation for up;. Since these are equal, there is no contribution to
d(blsys’,) — d'(bls4s’,) when s # 5. However, a more careful treatment is required when

30Using the shift identities (D.9), one can prove the following needed equalities:

cosh "sz

T )
cosh 77

sinh "—12””

: T
sinh 77

Sns(b+ iz) = Sr(b+iz) = (8.33)

— 35 —



s = s'. By first subtracting both terms in d(b|s;s’, ) — d'(b|s;s’,) and only in the end
evaluating the discontinuity across the cut, we get
s / / / T 1 .o, M1
sDisc [d(b|s4s',) — d'(b|s4+s,)] = 8 cos 02 cosh b—Qarcsmh— 51 — p2), (8.36)
K
giving back the original partition function in the n = +1 sector (8.10):

K2
/ dse™ T Heosh2mbs=1) ogh 7rbs cosh %8. (8.37)

The linear combination d(b|s;s’,) — d'(bsys’,) can be identified as the two-point function
of the linear combination of operator and superpartner as A’ 4 iB®, defined in (F.36).
Concretely, this means that inserting the operator (%(1[) + ) + z')e%‘ZS has no effect after
transforming to the fixed length basis.?!

The significance of this is that these boundary operators in the fixed length basis act as
identity operators and in particular their two-point function is just the partition function.
Following the notation used in the bosonic minimal string, we will refer to these operators
as local marking operators. The triviality of correlators of these operators also holds for
more than two marking operators. This is discussed easiest using the matrix description
of the minimal superstring, as we do in section 9.

Analogously, for the n = —1 case, one considers

1 sinh 782 — pg sinh 751

d(Bls_s" ) —d(Bls_s" ) =2 SR
K1 — Ha

, (8.38)

reproducing the n = —1 sector partition function (8.10), after transforming to the fixed
length basis. The interpretation as inserting two marking operators that act as the identity
in the fixed-length basis holds true for this case as well.

8.4 Boundary two-point function

Here we will consider the boundary two-point function in general Liouville supergravities.
This generalizes the preceding discussion on marking operators with 5 = b to generic values
of 5. We first consider the super-Liouville sector of the boundary two-point function, since
this one will carry almost all of the interesting information. The relevant equations were
obtained in [68]. Transitioning to the fixed-length amplitudes proceeds by applying the
integral transform (7.13). Deforming the contour as for the partition function, we will
evaluate the sdiscontinuity of these expressions. Just as in the previous subsection, it
turns out one obtains well-behaved answers by pairing up the formulas for the boundary
operator and its superpartner.

We define a Neveu-Schwarz (NS) boundary operator in the Liouville sector, combining
the bosonic Liouville vertex operator with its superpartner (F.36) as:

g

0f = AP +iBP = (2(¢ + ) + z) e3?, (8.39)

The resulting boundary two-point functions are now straightforward to compute.

31This local boundary operator is to be identified with My (z) (F.23) upon using that v¢ = 1 in the
two-point function.
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e For a n = +1 boundary, the super-Liouville boundary two-point function of two such
operators (8.39), is:

(070%) = DIy =d(Blsssl) — d(Blsssl). (8.40)
Define the double discontinuity with all plus-signs as:

sDischS,EDﬂ +D? 4+ pP . +D° /

KAV i gyt ARV gt
stop.8't o3 S=o55 T a5 stops o3 S72p% Tap

, (8.41)
as we are instructed to do in the pp-contour deformation of an amplitude with only
NS-sector operator insertions on a Ramond boundary, as in section 8.1. Using the
supersymmetric shift relations (D.9), one explicitly evaluates this to:

1
sDisc Dis, = [—16 cos% (,8 — 2b> sin ﬂ-bﬁ} (8.42)

75 o™ (@ (50 o o b))
x cosh 7 cosh ; (d (B+b|s_5_>+d<ﬁ+b]5_s_ .

We notice two things. Firstly, the r.h.s. contains a similar linear combination of two-
point functions, but with a shift in 8 — 5+ 1/b. Secondly, one has in effect changed
fermionic boundary conditions from 1 = +1 to n = —1 during this process.

e Secondly, we consider a n = —1 boundary, for which the boundary-two point function
<(95(9f3> is given by the expression Dfs, = d'(B|s—s") — d(B|s—s"). Using the

same definition (8.41), we obtain:

1
sDisc Df’s, = [—16 cos% (6 - 2b> sin 7;5} (8.43)

! 1 1
X sinh %8 sinh % (d’ <ﬁ + b]u+u'+> +d <,6’ + b]u+u'+>) ,

with a similar qualitative interpretation. Notice the appearance of two sinh measure
factors in the second line, to be contrasted with the cosh appearing in (8.42).

Next we combine this super-Liouville sector with the matter sector, the superghosts
and the overall normalization factor (the legpole factor) of the vertex operator. The full
NS boundary tachyon vertex operators are defined as:

B, = (e (0Q/2) 5T (3(@-29) ) (ce™#) [ 5% (superpartmer)], (340

By, = (mi(6Q/2)) 5T ( 35(Q-28) ) (ce™#) [e22-- X (superpartner)|. - (5.45)

This expression includes, in order, the normalization and legpole factor, the superghost
vertex operator, the Liouville vertex operator, and the matter vertex operator. The latter
has been conveniently parametrized through timelike super-Liouville as we pointed out in
footnote 23. As written here, we need to include the superpartner of this expression as
well, and take the particular linear combination as in (8.39). We refrain from writing out
this expression in detail.
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Including the superghost and matter contributions and imposing the Virasoro con-
straints in the full theory has two additional effects compared to the pure Liouville SCFT
correlators described above.

Firstly, normalizing the matter boundary two-point function as 1, the main effect of
the superghost and matter boundary two-point function is to cancel the dependence on the
worldsheet coordinates x in the final result.

Secondly, just as in the bosonic case, the Liouville piece of the boundary two-point
function diverges as 6(0) from the Liouville zero-mode, which is cancelled by the volume
of the (super)conformal Killing group of the two-punctured disk. For two NS boundary
operators, the ratio is finite and equals 2(Q — 23) precisely like in the bosonic case.’?

The prefactors in the final result are of three kinds: the explicit legpole factors in the
vertex operators (8.44), the prefactors coming from the contour rotation argument in (8.42)
and its cousins, and finally the ratio of I'ng factors present in the super-Liouville two-point
functions of (F.40). It is not difficult to show that these conspire to the simple result of
1/Sxs(2Bas) for the NS-operator insertion, and 1/Sg(28) for the R-operator insertion.>

Combining all of the ingredients, we finally arrive at the fixed-length expression for
n=+1:

— k201 sinh?7bsy e*lizég sinh?7bso

+ - _
<35M Bg,, >€17£M:+1—/d81d820R,n=+1(Sl)PR,n=+1(82)6

SR(ﬁMii(51+52))SNs(5Mii(51—82))+SNS(5Mii(81+82))5R(5Mﬂ(81—82))
Sns(26m) Sns(26m) 7
(8.47)

X

with pry=11(s) = cosh 7 scoshwbs. For n = —1, we get the slightly simpler:

—k201 cosh? 7bsy 6—5262 cosh? 7bso

+ pe _
<BBM 85M>zl,e2,n:—1 = /dsldSZPR,n:—l(Sl)PR,n:—1(32)e

SNS(/BM + isl + iSQ) SR(BM + iSl + iSQ)
Sns(28n) Sns(28m) ’

with pry——1(s) = sinh 7 ssinh 7bs. These are our final results for the fixed-length bound-

(8.48)

ary two-point function in N' = 1 Liouville supergravity.

8.5 Ramond boundary operators

In an analogous treatment, one can consider Ramond (R) boundary operators as well.
Natural operators in the fixed-length basis sum over both chiralities of (F.38):

P = 0t8 1 9F = (0=t 4 o= 1)e3?, (8.49)

32For the boundary Ramond two-point function in string theory, the ratio gives a factor independent
of the vertex operator labels. It would be interesting to explicitly derive this by integrating the N' = 1
Liouville boundary three-point function (B,©°*'1©°*?) w.r.t. us.

330ne way to derive this, is to use the shift relations (D.10) twice for the numerator I'ns/r(28 —Q), then
write it in terms of Sxs/r and apply its shift relation twice again (D.9). Use is made throughout of the
gamma-function reflection formula in the form

1 1 s
() (30 o4
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with o€ the boundary spin field, change the fermionic boundary condition 7 of the brane
segment in the fixed-length basis. For our main story, we will not need the Ramond sector
boundary operators, so we present the analogous results for their boundary two-point
functions in appendix G. We also compare these operator insertions to those in super-
Liouville theory between a pair of ZZ-branes where branch cuts from the spin fields signal
a change in boundary condition 7.

8.6 JT supergravity limit

Here we discuss how a JT (super)gravity limit is achieved, starting with the above deter-
mined fixed-length amplitudes in Liouville supergravity. We will make contact with known
amplitudes in these limiting JT models. In all cases, the JT limit is a double-scaling
limit where we take the Liouville parameter b — 0 and let the boundary length segments
{ — +o0 in a suitable way to be specified below. These results generalize the statements
made in [7, 35] about the JT limit of the minimal string, to the supersymmetric case.

We retake all of our fixed-length amplitudes one by one.

Partition functions. The JT limit of the partition functions (8.10) and (8.17) is readily
evaluated, by letting s — 0 and £ — +o0 as

Lyt

in terms of a finite length £y and finite momentum k. We obtain
oo yrk?
Zry=+1(0) = / dse” T cosh 27k, (8.51)
0

+00
Zry=—1(£) = / dse vk sinh 2k, (8.52)
0

which is for n = 41 indeed the AN/ = 1 supersymmetric Schwarzian partition function [19,
20]. In the JT limit, the NS-boundary partition functions (8.29) for both n = £1 produce
the bosonic JT density of states p(k) = ksinh 27k.

Bulk one-point function.

+oo
(Ta) e ns 0 6”26"/ dke 7% cosh 20k (8.53)
Y 0

This corresponds to a conical defect of deficit 2w(1 — #). Analogously,

+o0
(Oa)rRyei1 — e*”%/o dke™ "% cosh 20k, (8.54)

400
(Oa)g g1 — 272" / dke ™7 k sinh 276k (8.55)
Y 0
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Boundary two-point function. Finally we take the Schwarzian limit of the boundary
two-point function expressions. Setting Sy = 2bh and s = 2bk;, s’ = 2bks, and using (D.5),
the building blocks (F.40) reduce to:

A(Bls—.s') = Tl ilh — k)T (5 +h il + b)), (5.56)
d'(Bls—,s" ) — —T'(h £i(ky + k2))T (; +h4i(k — k2)> : (8.57)
d(Bss, 5,) = T(h % i(ky + ko))D(h = i(ky — ko), (8.58)
d(Blss,s,) =T (; +ht (ks — k:g)) r (; Fht ik 4+ k:g)) , (8.59)

and the denominators in (8.47) and (8.48) have the limit

Use is made of formulas contained in appendix D. The results can now be compared with
the A = 1 super-Schwarzian bilocal correlators (5.12). The NS boundary operator insertion
with boundary label n = +1 (8.47) precisely limits to this super-JT correlator. The
boundary with n = —1 is less interesting for our purposes and limits to a linear combination
of bosonic JT results.?*

9 Minimal superstring and matrix interpretation

The above results hold for generic choice of matter sector. From here on, we specify to
the (p, ¢) super-minimal model briefly reviewed in section 7. It is known that a two-matrix
description is possible for the generic choice of p and ¢q. Specifying further to p = 2,
we have a single-matrix description, and it is possible to describe some of the properties
derived above more cleanly from the perspective of this matrix model. We first make some
observations on the partition functions and marking operators, and then in subsection 9.1
we proceed with our main goal of constructing the minimal superstring boundary two-
point functions using the matrix model perspective as a guide towards writing down the

analogous proposal for higher genus corrections.

1
z—H
the singly marked disk amplitude. For the A/ = 1 case, and in the Ramond sector, the

For any random matrix integral, the resolvent is defined as R(x) = Tr and equals

34In [20], the super JT bilocal correlators were constructed by considering N' = 1 super-Liouville theory
on a cylinder in the NS sector between a pair of 77 identity branes [67]. This means one uses periodic (R)
boundary conditions around the circumference of the cylinder, identifying this with the n = +1 boundary
condition on the Liouville supergravity disk studied in this work. From the ZZ-ZZ brane perspective,
choosing anti-periodic (NS) boundary conditions around the cylinder circumference, leads to a removal of
all fermions in the JT limit and one retrieves only the bosonic Schwarzian system. This is then identified
with the n = —1 fermionic boundary condition on the Liouville supergravity disk. This corresponds to (8.58)

2h+1 inserted into the bosonic

and (8.59). The fourth line can be viewed as the reparametrized operator 1/7
Schwarzian system, indeed giving just the h — h + 1/2 result. We will come back to this interpretation in

the ZZ-7Z7 system in appendix G.3.
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random matrix in question is a “supercharge” matrix @, with the Hamiltonian matrix
related to it as H = Q2. We define the Ramond sector resolvent by

1 T
z T
2 12— H r$—Q

+ (regular), (9.1)

where the second way of writing it shows that it is also the usual resolvent of a random
matrix model with matrix Q.3°> With this definition, the R-sector resolvent produces the
“charge” spectral density by an sdiscontinuity:

sDisc[RR(ix)] = RR(iz + €) + R¥(—iz + €) = —2mzpr(—2?). (9.2)

In terms of x = pup, transforming in the R-sector to the fixed length amplitude
through (7.13), we get indeed:

+ico 2,1 x +i00 2 1
dre™ " ‘2T = dre™ ™ 'Tr——— = e 1. 9.3
/_ioo ze 2rm2—H . ze rm_Q e (9.3)
For the (2,4k) one-matrix superminimal models with k € N, we have an analogous story
as for the bosonic (2,2m — 1) models. Let us be more explicit for the case n = 41, related
to JT supergravity as found in (8.51). The resolvent in this case is determined in terms of
the uniformizing coordinate s as:

RY(z) = cosh %s, x = K cosh bs. (9.4)

The sdiscontinuity of the resolvent is twice its value along either side of the cut and we
find for the resolvent for the matrix H:

RE(+i/x +¢) cosh garcsinhy/z

R(—x +1¢€) = = 9.5
(—ztie) = — N (9:5)
In the SJT limit, we set « = 4n2b%2gyr as b — 0, and get:
cosh 27,/x
R(—a +i€) ~ 2 TVISIT (9.6)
VISIT
up to a prefactor, reproducing the super-JT spectral curve if we set xgyr = —zg IT-

We can write the marking two-point function, composed of the difference of the two
equations in (8.34), for either case n = £1 in the following ways:

R R R _ PR
R (l‘l) +R ($2) _ R (Il) R ($2) — Ty 2%1 2$2 7 (9.7)
xr1 + X2 Tl — T2 xl—HiL‘Q—H
illustrating that this inverse Laplace transforms to
e~ (it (9.8)

35The regular terms do not have poles or branch cuts in the physical region of interest and are immaterial
for our purposes.
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HB1 M2($2) 0y + 0 +€3

My (1) UB2 —

HB3 My (z3)

Figure 6. FZZT brane segments between n marking operators Mz (z;) (F.23) leads upon transform-
ing to the fixed length basis with length ¢ = Zj ¢;. In the figure we show an example with n = 3.

This is a simple proof that marking operators act as the identity operator in the fixed-length
basis.?6
Multiple local marking operators are then readily accommodated by the expression:

x1 Z2 Tn
22— Hz3—H 22— H’

n

Tr

(9.9)

yielding a boundary with n different cosmological constants z; between all marking oper-
ators Ms(x), as illustrated in figure 6.

For a NS-sector brane boundary, the treatment is similar to the bosonic minimal string,
as we discussed in [35]. Defining

NS —
we transform to fixed length using (7.15)
Fico 2 1
da?e ™ Tr——— = e 9.11
[im Te er — e , ( )
where now the spectral density is obtained by a genuine discontinuity:
Disc {RNS(Z.%)} = RNS(iz + €) — RNS(—ix + €) = —2mipns(—a?). (9.12)

This NS sector is related to the (2,4k + 2) (one-matrix) superminimal models.?” The
discontinuity of the resolvent is twice its value along either side of the cut and we get e.g.
for n = +1:

R(—x +i€e) = RNS(4iy/x + €) = £sinh b%arcsmh\/:;, (9.13)

giving the spectral density of (8.30). In the JT limit, we set 2 = 472b*z ;1 as b — 0, and get:

R(—xz + i€) = sinh 27\/xjT, (9.14)
reproducing the bosonic JT spectral curve if we set xzgyT = —zg IT

36Notice that it is only by combining e3¢ and 1/)e%¢, that we get a function without any branch cuts
(only a function of z?).

3"These (2, 4k +2) models are not strictly speaking (super)minimal models, since they contain an infinite
number of super-Virasoro primaries. The combined background is argued to be a RR-background, and not
describable in terms of Liouville coupled to a matter model [69]. However, the simple observation we make
here suggests that the NS-sector brane boundaries are related to the corresponding matrix model. It would
be interesting to understand this better.
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9.1 Minimal superstring: boundary tachyon correlators

Next, we consider how we would insert the tachyon boundary vertex operators (7.7) in the
minimal superstring. The main goal here is to get intuition into formulating a proposal for
higher genus corrections to these kinds of boundary correlators. We follow a strategy very
similar to the bosonic case in section 4, where we write the Liouville amplitudes in terms
of solely the matrix resolvents.

n = +1. Forje N=1,2, ... the super-Liouville boundary two-point expressions (F.40)
simplify to:38

cosh Ts1 + (—)? cosh Lo

d(b+ bj|s1,s = — - , 9.15
b+ bjlsn, s2+) = ;(coshmbsy + (—)I=™ cosh wb(sz + imb)) (6.15)
hZs; — (=) cosh ®
d'(b+bj|s1s,594) = — cosh §s1 = (=) cosh §52 : (9.16)
fn:_j (cosh wbsy — (—)7—™ cosh wb(s2 + imb))

Transforming d(b+bj|s14, s2+)—d'(b4bj|s1+, S2+) to the fixed-length basis, we will contour
transform both pp integrals. The integrand contains both poles and branch cuts. However,
just like in the bosonic case in section 4, we first do one of the integrals by evaluating the
residues. Deforming the second contour, we effectively set s; — s; £ i%b, and we obtain:

oo . oR — k201 sinh? b
<Bl72j+16172j+1>£1’é2 :/0 dsy cosh wbs sD1sc[Rn:+1(51)]e KT sinhe oSt (9.17)
i j!(_l)j(_l)ne—/iQéQ sinh? wb(s1+inbd)
X :
ne—y; [T}, (sinh 7b(s1 + inb) — (=)~ sinh 7b(s1 + imb))
m#n
+ (51 > 52),

where an: +1(8) = coshmbs sDisc[RnR: 11(8)] = coshmbs cosh Ts. The numerical prefactors
are chosen such that the UV limit becomes

(B12j41B1241) = 8, ly ~ 0. (9.18)

The JT limit is found by letting s = 2bk with b — 0 and k kept finite. One can check that
one reproduces the weight h = —j/2 super-Schwarzian degenerate bilocal correlator. Very
explicitly, for j = 1 and j = 2, we reproduce the —1/2 and —1 super-Schwarzian results,
given by (E.14) and (E.15) respectively. This generalizes a conclusion made above to the
supersymmetric case: the minimal string boundary tachyon correlators have as their JT
limit precisely the degenerate operator insertions studied throughout this work.

Armed with these expressions, we can now make a similar proposal for how higher
genus effects are treated. Identifying again the genus zero resolvents and spectral density
in the above expressions, we propose to simply replace that by the all-genus random matrix
result. This in paritcular implies one only has the same kind of higher topology as in the

38We neglect overall normalization factors here, but restore them in the end in (9.17) to match with the
SJT limit of degenerate bilocal operators.
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partition function, just like we found in the bosonic theory in section 4. In the JT limit,
the spectral curve is %; its higher genus effects were studied in [70], and the non-
perturbative answer was computed numerically in [38]. This realizes our original goal of
structurally understanding higher genus effects to degenerate super JT bilocal correlators.

We postpone a deeper study of this proposal to future work.

n = —1. For completeness, we analyze the 7 = —1 boundary as well, even though it is
less important for our purposes. For j € N =1,2,..., we have analogously:

sinh 51 + (—)? sinh T sy

Ao+ bjlsr—, 52-) = J—_;(sinhwbsy + (—)7=™ sinh wh(s + imb))’ (6-19)
d'(b+bj|s1_,s9_) = — sinh §51 — (=) sinh £55 , (9.20)
= j(sinh wbsy — (=)J =™ sinh 7b(sg + imb))
leading to an almost identical expression:
(B1,2j+1B1,2j41) ¢, 4, = /;Oo dsi sinh bs SDiSC[RSZ_l (31)]6_“281 cosh® wbs, (9.21)
y i | j!(_l)j(_l)ne—nzég cosh? wb(s1+inb)
S Hig;g; (cosh b(s1 + inb) — (=)™ cosh wb(s1 + imb))
+ ({1 < o),

where pff:_l(s) = sinh 7bs sDisc[RSz_l(s)] = sinhwbssinh 7s. The JT limit can again

be explicitly checked, reproducing the sum of the weight h = —j/2 and h = —5/2 + 1/2
bosonic Schwarzian degenerate expressions. We checked this explicitly for j = 1 and j = 2,
reproducing a combination of the —1/2 and 0, and the —1 and —1/2 bosonic Schwarzian
degenerate expressions respectively, given by (2.8) and (2.9).

Minimal superstring Ramond boundary insertions can be treated analogously. Since
we do not need these explicitly, we present the results in appendix G.2.

10 Concluding remarks

In this work, we have considered the JT bilocal correlators of a special integrable class of
operators with weight h € —N/2, corresponding to degenerate Virasoro representations.
We have shown that their structure is simpler than that of the generic h correlator and have
exploited this to understand more deeply some aspects of the 1/C and small 7 perturbation
series on the disk that would otherwise be hard to distill. We have also exploited its minimal
string embedding to gain an understanding on how higher topology interplays with this class
of correlators, illustrating that no handles crossing the bilocal line are generated in this case.

We generalized most of these statements to JT supergravity and its degenerate bilocal
correlators. In order to analyze the minimal superstring embedding here, we first analyzed
the more general Liouville supergravities and how JT limits are obtained in those ampli-
tudes. These results are of interest in their own right. The structure of the degenerate
correlators and higher genus corrections mirrors that of the bosonic case in the end. An
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identical small 7 expansion structure was found with no additional cancellations in the se-
ries expansion. It would be interesting to understand higher supersymmetric versions such
as N' = 2 and to see whether one satisfies perturbative non-renormalization theorems in
those cases, simplifying the expansion. We also analyzed how Ramond boundary operators
work in this case, and how they change fermionic boundary conditions. In the JT limit,
this corresponds to sectors of the diagrams changing between the supersymmetric and the

non-supersymmetric model.

We end with some remarks and points that deserve further study that we did not
mention up to this point.

Massive bulk fields and HKLL. Whereas the degenerate bilocals are largely part of
a structural discussion, we should point out a genuine appearance of degenerate bilocals
in a direct physical context. When constructing bulk observables and their correlators
associated with mass m scalar fields in JT gravity in a diff-invariant way, the Schwarzian
path integral can be performed exactly in terms of multiple bilocal operator insertions [31,
71], interpretable as a product of HKLL kernels [72, 73]. Several of these are of negative
weight 1— A where m? = A(A—1), and for A = 3/2,2,5/2... these are degenerate bilocals
for which the results in this work have to be applied. It would be interesting to understand
how they alter the deep IR bulk physics of [32, 74].

Beyond boundary gravitons. We have established in appendix B that the perturbative
1/C disk expansion is only asymptotic for h ¢ —N/2. This means that it contains non-
perturbative physics even on the disk topology. We already know the full answer (1.5),
but can we get a more physical picture on precisely what it contains that goes beyond

boundary gravitons?

Ground ring, enhanced symmetries and higher-point degenerate correlators.
The ¢ < 1 model contains next to the tachyon vertex operators, also an interesting set
of operators with dimension 0 and ghost number 0 [62, 75]. This is the ground ring [76].
For the ¢ = 1 model, it plays an important role in making explicit the W, symmetry that
strongly constrains correlators [77]. For the ¢ < 1 models, similar constraints on correlators
can be written down. We leave it as an interesting open question to see whether one can
exploit this to make progress on fixed-length higher-point functions in the minimal string,
and whether it contains non-trivial information in the JT limit on degenerate higher-point
functions. See also [78-80] for explicit calculations in this direction.

Other Liouville supergravity disk amplitudes. In [35], we additionally determined
the bosonic fixed length amplitudes for the bulk-boundary two point function and the
boundary three-point function. It would be interesting to provide these also for the su-
pergravities studied here. However, this requires knowledge of these amplitudes in AV = 1
super-Liouville CFT, which as far as we know, have not been rigourously established.
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Quantum group interpretation. The authors of [81, 82] constructed a set of self-dual
representations of the modular double of U, (0sp(1|2)) with Casimir, and supercharge:

sinh? 7bs cosh wbs

Q== (10.1)

sin? b2’ sinh? ’

related as C' = @Q?—1. This Casimir matches structurally with the Hamiltonian in the prop-
agation amplitudes of e.g. (8.10) and subsequent equations (up to shifts and rescalings).
Likewise, the spectral densities p(s) are to be identified as super-Virasoro vacuum modular
S-matrices and presumably Plancherel measures on these representations. It would be in-
teresting to understand this group theoretic perspective better. For the bosonic Liouville
SpButisiLise) oan be identified

Sp(260)
as the square of a 3j symbol of the quantum group associated to the modular double of

gravity models, we showed in [35] that the vertex functions

Uy(s1(2,R)), where two entries are mixed parabolic matrix elements or Whittaker functions
in the principal series representation, and the last entry is a discrete representation inser-
tion. It would be interesting to perform the analogous computation with the Whittaker
function of (the modular double of) U,(0sp(1|2)) and interpret the vertex functions in the
second lines of (8.47) and (8.48) in this same manner.

On a related front, the authors of [83] found a solution to the double-scaled super-
symmetric SYK model, related to structure found in a certain quantum group. In the
bosonic case, it is known that the double-scaled SYK model and the Liouville gravities are
associated to different quantum deformations of SL(2,R), namely SU,(1,1) and SL,(2,R)
respectively. It would be interesting to learn whether this distinction persists in the super-
symmetric case.

Expansion of macroscopic loops in local operators? Within the context of the
bosonic ¢ < 1 and ¢ = 1 models, suggestive local expansions were written down for a
macroscopic loop operator in [77, 84] as:

L Y2 Iit1)2(K0)

W) => (="t %72% %H}EET, (10.2)

n

where k ~ /1, the bulk Liouville cosmological constant. The first expansion is a Laurent
expansion, and the second expansion for the (2,2m — 1) minimal string corresponds to the
local operators 6; which are to be identified with the minimal string bulk tachyon operator
insertions [84] for j = 0...m — 2. It seems such expansions have no sensible JT limit, since
e.g. the loop amplitude itself in the JT limit:

71,2
(W) ~ 0 Ky pa(0) = £33 %6, (10.3)

is not Laurent expandable around ¢;1 = 0.3"

The expansion in terms of the 6, on the other hand corresponds to picking up poles
in the complex energy FE-plane when writing the double trumpet amplitude in terms of

39For the (2,2m — 1), the dominant piece is (W (£)) ~ £~™~/2 and hence in the JT limit where m — co,
this becomes an essential singularity.
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boundary wavefunctions and propagator [77], as

W)W () = [ dBGE) ve(t)in(ts) (104

For the minimal string, it was shown that the (2,2m — 1) propagator G(EF) ~ 1/coshmE
has the JT limit ~ 1 [35] and hence all of the complex poles shift away to infinity and are
beyond the JT regime.

An expansion that does make sense in the JT regime is in terms of the physical inter-
mediate set of macroscopic Liouville operators. For the bosonic case, the relation of this ex-
pansion to its JT limit was studied in [35]. We present the supersymmetric analogue below.

Double trumpet amplitudes for the (2,q) minimal superstring. Given the re-
cently understood relevance of higher topology [7, 85], including multi-boundary ampli-
tudes (see also [25, 86]), it is of interest to understand the structure of the multi-boundary
and higher genus amplitudes in Liouville supergravity.*’ Restricting to the (p,¢) minimal
superstring, we have a matrix approach at our disposal as well. For the (p,q) minimal
superstring, annulus amplitudes were extensively discussed from the continuum approach
in [87, 88]. The annulus amplitude for two NS branes with fermionic labels n and 7', and
with matter vacuum branes, is given by:

+oo ) COS 2 cos 2 h p—
2 (s, s) = T / dA T €05 27 snh 25 (10.5)
NSNS sinh 7w\ sinh 7r/\ /D’

Restricting to p = 2, and transforming both loops to the length basis in units where k = 1,
we have:

, “+oo
20 (01, 6) = 1) /0 A tanh TAK (£) Ky (£2), (10.6)

with the same gluing measure dA\ tanh 7\ as the bosonic minimal string.*!

In case of Ramond boundaries, we have the following expressions [87]:42

oo L

Zn:+1an':+1(s ¥ /+ d) €08 27‘(’\/— cos 27r\ﬁ cosh 2=—=7\ (10.7)
RR ) 9 sinh T\ cosh F)\/p '

Zn:_17n,:_1(5 ¥ = /+oo )\ sin 27T\ﬁ sin 27‘(‘\/— cosh == 7T/\ (10.8)
RR ' 2 sinh 7T\ cosh 7r>\ /p

“0Some results for bosonic Liouville gravity in this framework were studied in [35].

4IThis parameter A plays the role of the energy variable E from the previous paragraph.

42This is for the case where p and g are both even, which is the relevant one for the (2,q) models we
consider here. We have chosen the matter identity brane, in the notation of [87] thisis k =1l=k"=1' = 1.
Notice that the n = 7’ = +1 expression looks divergent due to the A\ &~ 0 region. Just as in the bosonic
case, we expect this can be suitably regulated and interpreted [89].
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Transforming these to the length basis (without any additional marking in the Ramond
sector as explained in appendix F.3) and setting p = 2, we get the results:

= oo g\
ZERJFLTI +1(£1, fg) = /0 T coth WA(Kl/Q-H)\(Kl) + K1/2 z)\(gl))
X (K1/24ix(l2) + K1/2_ix(£2)),
et oo
2 ) = [ coth mA (K () — K ja-in(6)

X (K1/21ia(l2) — Ki/2-ix(£2))- (10.9)

Both (10.6) and (10.9) are interpretable as summing over all intermediate labels of two
bulk one-point functions (8.24) or (8.27) and (8.28) where o = Q/2 + ib\, with a certain
gluing measure dApglue(A) that can be read from these equations. Diagrammatically, we
read this as

. oo T Te
Zxgns (b1, b2) = /0 A\ pgine(A) X
/ +oo 0, O,
ZIZ,PZ (61’62) :/O d)‘pglue(/\) ’ X '

where we drew the bulk one-point function diagrams from figure 9, and where the branch

(10.10)

(10.11)

cuts from the spin fields (drawn as dashed lines) are glued together by this procedure.

It would be interesting to understand this structure better for more involved topology,
and to tie it to some of the known results in JT supergravity and its super Weil-Petersson
volumes [70]. In order to achieve this, we need to get a better grasp on the underlying
matrix model [69, 90]. Suppose we start with the genus zero density of states (8.7) for the
(2,4k) minimal superstring. Then the string equation at genus zero of the resulting matrix
model is written in terms of an auxiliary quantity f(u), defined as:

Ox 1 [F f(u)
= —— E)y=— d 10.12
f(u) ou’ PO( ) o /0 u\/m ( )
We can find f(u) by expanding po(E) as a polynomial in vE as:
cosh 2k arcsinhW\/E 1 ko 4 k +j7—-1k
i1 VE)¥L, 10.13
5 Z k)] (VE) (10.13)
from which, following the steps outlined in e.g. [37-39], we can find
2 coe 212 21 (1.0) 2, /1.2
flu) =219 (1 +k,1-k;2;,—m*u/k*) = Tpk—l (14 27%u/k?), (10.14)
where Pl&?) is a Jacobi polynomial of order k — 1.%3 This indeed satisfies the relation:
1 /E " f(u) . 1 cosh 2k arcsinhw\/E. (10.15)
21 Jo VE—u 7VE E

43In the bosonic minimal string, this was a Legendre polynomial P, = Pflo’o) [35, 62].
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The string equation is then found by integrating (10.14) and taking care of the E~1/2
contribution, leading to:

r=2— 2P0 7V (1 + 2n%u/K). (10.16)

At large k, these become the super JT result derived in [38]**

(2
fu) = 2oV o on o). (10.18)
Vu
The multi-loop genus zero amplitudes are then fully determined by the knowledge of the
relation u(z) from inverting the string equation (10.16), with a general formula written in
e.g. [84]. We leave a more elaborate study to future work.
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A Degenerate braiding and OTOCs

In this appendix, we examine the crossings of higher-point functions where at least one of
the bilocal lines has a label in the degenerate Virasoro representation j.

We will see that the amplitudes for both uncrossed and crossed diagrams can be ac-
commodated by the following vertex function rule:

kl kl

i i 1/2 . . . .
ho )= HEese, A = Sk ka)d(k — ke i), (A1)

kQ k2

where we add that the last rule is only written once for each combination of k; and kp.*> As
earlier, we denote a non-degenerate line by a solid line, and a degenerate line by a dashed
line.

We supplement these diagrammatic rules with the correct crossing diagram: (A.3)
for a degenerate/non-degenerate crossing or (A.21) for a degenerate/degenerate crossing
(keeping the discussion around (A.29) in mind).

“4To find both equations (10.18), one can use the Mehler-Heine relation

lim n~*p*" (cos E) = (E)_ Ja(2). (10.17)
n

n—-+oo 2

45Likewise, in case of a doubly degenerate bulk vertex (see below in subsection A.2, only three such
contributions are written, since the fourth one would be superfluous again. E.g. the two-point function has
two such vertices but we only write the contribution once. We will see that this indeed gives the correct
bookkeeping also for crossed lines.

— 49 —



A.1 Degenerate and non-degenerate crossing

We examine a crossed four-point function with one degenerate and one non-degenerate
bilocal line:

(A.2)

The case where both bilocals are degenerate, is treated further below in subsection A.2.
For a bulk crossing between a non-degenerate and degenerate line, we use the degenerate

6j-symbol:

ks

An explicit expression is written in (A.18), with the particular case of j = 1/2in (A.11). We
will determine these using two complementary methods: the first takes a Schwarzian limit
from the degenerate braiding matrix in 2d Virasoro CFT, while the second method deforms
the contour of the SL(2,R) 6j symbols directly. The second method is more powerful but
it is useful to have both perspectives.

Method 1: Virasoro CFT. It is known how the crossed four-point function can be
obtained by applying the Virasoro braiding kernel within the Schwarzian limit to the un-
crossed case [20]. The braiding kernel R realizes the following diagrammatic operation:

It is an object defined in 2d CFT by the following operation on conformal blocks:

Qo Q3 a3 Q3
o, = Roa [§51] o (4.5)
(o %1 Qy Qg Qy
The braiding matrix R itself is related to the fusion matrix F' by
Fo,ar [02 1] = e BmtBeamboBa) R, o, [32 03], (A.6)

where € is the sign of the braiding. To be explicit, we focus here on the first degenerate
primary with j = 1/2. For a degenerate primary as = —b/2 (denoted by a dashed line
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n (A.5)), the fusion rules require oy = vy /2 and o = ag = b/2. Denoting this choice

of sign in the subscript of the fusion matrix, the degenerate fusion matrix is of the form:*°

b2as] _ (21 = 0)b)I'((Q — 204)b)
F__ {Otlb 2 043} - F((Ozl — o+ a3 — b/2)b)r(1 _ (041 —ay — ag)b—i— 62/2)7 (A7)
I3 [—b/? ou;} _ ['((2a1 = b)b)T'((2044 — Q)b)
Lo ws TPy + oy — ag — b/2)0) (a1 + o + ag — b/2 — Q)b)’
F+_ |:—b/2 044:| — (1 + (Q 2a1)b)r((Q - 20{4)()) ’
@ a3 F(l — (a1+a4—a3—b/2)b)F(1 — (a1+a4+a3—b/2—Q)b)
Py, [—b/? M} _ I'(1 4 (Q — 2a1)b)I'((204 — Q)D) _
@ as I((—a1 +ag+ a3 —b/2)b)T'(1 — (a1 — ag + az)b + b%/2)

Parametrizing oy = Q/2 + ibky, ag = Q/2 + ibka, s = —b/2 and a3 = bh, and taking the

Schwarzian limit where b — 0, we obtain:*”

—b/2 a i . . 1 b/2 ) . . 1
P [al/ aﬂ - <h+7’k1_”‘72_2>7 F_y {041/ aﬂ = %%, (h+zk1+zk2—2),
1 i 1
7b/2a4 _ s s - —b/2a4 _ s . -
P[] = (h k1 —iks 2), L R (h k1 +iks 2). (A.8)
Let us work this out for the ++ case as an example, for which ik, = ik; + 1/2 and

iky = iky + 1/2. Following the logic of [20], the braiding procedure results in the following
combination of Schwarzian vertex functions and braiding matrix:

D(h + (iky +1/2) + ikp) 1 oo
~F s A.
T'(2h) w2 6] (A-9)

where we take the vertex functions from the uncrossed diagram (the left diagram of (A.4)).
This expression can be rewritten suggestively as:

1/2

iky + ik iky + iks))"/? 2
(D(h + iky + k%g}f;i ko £ iky)) 2ik11k:2 ((h_D +(k1_k2)2> C(A10)

where the first factors are the diagrammatic rule for the vertex functions (A.1) of the right-
most diagram of (A.4), already evaluating the delta-functions and cancelling the measures
for ks and k;. The last factor can be interpreted as the degenerate 6j-symbol.

46These expressions can be found in many works. Some particularly convenient ones are [91-93].
“"The phase factor in (A.6) evaluates to (—)¢, and is an overall sign factor which is ignored.
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The other three cases —+, +— and —— are worked out analogously, resulting in the
6j-symbols:*®

[N

_1/2 kl ks(_)
h ko ki(—)

1
ik, - (63
{—1/2k1ks<+>} ((

h ke k(—)
_1/2 k1 ks(+) _ _1
L kt<+>}deg‘((h 2

Denoting the boundary lengths of the four segments £;1 ;, where i = 1,2, 3,4, we can write

[N}
+
—~
l
—
+
™
)
~
N———
(NI

N

N—— N——— N——— N————
[\
+
—
B
=
+
X
N
~—
(V]
N———
]l

+ (kg — k2)2> : (A.11)

the full amplitude for the crossed four-point function as:

3 / +Oodk:f sinh 27k dk2 sinh 2kge 00T 1ks (€ ~lam 2kl —lam ki ()’ ~liaky (A 12)
0

€,e/=+%

1
Z

(D(h % iky =+ iky(€))T(h % iky £ ik (€)Y, (=172 by ka(e)
X T2h) €€ h ks k(e deg.

Method 2: contour pinching of non-degenerate 6j symbols. From a 2d CFT
point of view, higher degenerate fusion matrices get significantly more complicated.
Instead, there is a second way of getting the expressions (A.11) for the 6j-symbols, without
resorting to 2d CFT. For non-degenerate labels, the 6j-symbol has an integral expression
written in [20]:

hy ki kg | [T(ha+iky £iks)U(ho —iky £ik)T(hy —iko £iky)[(ho +ike £iks) (A13)
hy ky ke [\ T(hy —iky £iks)T (ho +iky £iki)T(hy +ika £iky)T(hg —ikg tiks) *

« 7Odu I‘(u)F(u—2ik‘S)F(u+ik1+2,s+t)1“(u—z’ksﬂ,l,g)f‘(hl+z'l<:s,1—u)1“(h2+i/~cs,2—u)
) 2mi [(u+hy—iks—1)T (utho—iks—2) '

where k;_; = k; — k; etc. This was obtained as the Schwarzian limit of the well-known fu-
sion kernel of Virasoro CFT, obtained by Ponsot and Teschner in [94]. The expression can
be viewed as an integral representation of the Wilson function of Groenevelt’s work [44].
Suppose the label hy becomes degenerate, then the vertex function of the hy bilocal
line contains the piece 1/I'(2h1) bringing the entire amplitude to zero, unless the 6j sym-
bol (A.13) contains a pole that precisely compensates the zero of the vertex function. This

“8There is a technicality about the sign factors. Starting with (A.1) for 5 = 1/2, one can write the
resulting contributions schematically as (+) — (=), being the difference between the iks = tk1 + 1/2 and
tks = tk1 — 1/2 contributions. Including now the overall sign factors of (A.8), we find that the resulting
four terms have relative signs as (++) — (+—) — (—+) 4+ (——), which is in accord with the signs of applying
the degenerate vertex function (A.1) twice in the rightmost diagram of (A.4). What is left after these signs
are removed, is (A.11).
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Figure 7. Pole series from the 6 Gamma-functions in the numerator of (A.13), with the poles on
the r.h.s. of the contour colored in red. Left: starting situation where hy o > 0 and k; € R. Right:
as one changes hy — —1/2 and k,, € R+4/2 to correspond to the degenerate insertion and fusion
rules, some of the red poles cause the contour to pinch off. One picks up the residue from these
poles which give singular contributions (due to coincidence with some of the other (black) poles).

can happen when multiple poles coincide in the degenerate limit. A sketch of the poles of
the integrand of (A.13) is given in figure 7. This leads to the contour getting pinched off
between the poles. We can deform the contour by picking up only those residues which
give divergent contributions due to multiple poles coinciding.

Within the full amplitude, this process results in only some of the residues of the
u-integral that have to be considered. In this case, we only need the pole series where
u = hy + iks — ik1 + n (from the fifth gamma in the numerator of the integrand of A.13).
The integer n ranges only over a short range to give a divergent pole contribution. In fact,
we can keep the entire range n € N since the residues of all other poles in this series turn
out to vanish as we show below. The resulting contribution was evaluated in [20] in terms
of a 4F3 hypergeometric function and yields:

{ ~J ka Rah) }:r(—jﬂkliz‘ks>1/2r<—jﬂkzﬂkt>”2 (A14)

hy k ki(ks) I'(=2j)
F(h2—ikliikt)F(h2+iinikS) F(h2+j+ik1—ik2)
F(hg—l—ik‘liik‘t)F(hg—’ik‘gﬂ:ik‘s) F(hz—j—ik?1+’ik2)

—j—ikytiks  —j—iky—iks —jtikatike  —jtiko—ik, |

X 4 F:
1 3[ —2j  —jtho—iki+iky 1—j—ho—iki+iks

where the hypergeometric function is defined by the series expansion:

R e I (A15)

n=0

in terms of Pochhammer symbols (a), = a(a + 1)...(a +n — 1). Combining the vertex
functions for the j bilocal line with the first line of (A.14), we have the hy — —1/2 limit as:

F(hl + 1k = iks) F(hl + ko + ’ikt) B Z Eeld(kl — ks + 6@/2) 5(k2 — ki + 6’i/2)

A.16
F(th) F(th) k‘lk‘s sinh27rk:s kgk‘tSiHhQﬂ'kt ’ ( )

ece/!=+

where use is made of (2.2) and (2.5), evaluating to Dirac delta functions giving the
degenerate fusion rules. Across a higher j bilocal line, we get (2.3), and the momentum
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labels are related as tks = tk1 + m and tk; = tko + m where —j < m,m < j. With these
values of ks and k; in terms of k1 and k2, we can see that the first and fourth entry of the
4F5 in (A.14) are negative integers. This means the 4F3 truncates to a polynomial, that
is called the Wilson polynomial P,(x;a,b,c,d). In the notation of [44], we can write:

by ik —j ik —iky  —jiky b ik —j +iks — ik,
e I P T P R D A ] (A17)

= Pj_ikyyik, (ks; —J — tk1, —j + ik1, ho + ika, 1 — ha + iks).

With the value of kg and k; in terms of k1 and ks, the polynomial is of order min(j—m, j+m)
in k1, ks. This leads to the final form of the degenerate 6j-symbols, where we stripped off

the pieces that are associated to the vertex functions:

ho ko kt(/ﬂg) o F(hg + ’ik‘l + Zkit)r(hg — ’ik‘g + Zl{is) F(hg — ] — ikl + ’Lk‘g)
X ijingrikt (ks; —j —tky,—j + ki, ho + ik, 1 — ho + ikg). (A.18)

{ —J k1 ks(kl) } _ \/F(hZ - Z'k/'l + ikf't)r(hZ + ikQ =+ iks) F(h2 +j + ikl - ik2)
d

Very explicitly, for h; = —j — —1/2, we can evaluate the Wilson polynomial (or compute
the relevant residues in (A.13)),*” and we obtain for (A.18)

1/2

<<h2 - ;)2 + (ky £ k2)2> : (A.19)

which matches with (A.11), with matching + signs.

As a further application, setting 7 = 0 in (A.14), the second and third lines evaluate
to 1, and we get:

0 ki ko(ke) | _ [ Ok — ks)o(ka — ki) 0 ki ks(k) Uy (4 90)
ha ko ki(ko) k1 sinh 27k ko sinh 27k’ ha kg ki(k2) deg ’ '

providing a noncompact analogue to a well-known identity, required when checking that

removing a bilocal line in the crossed four-point function gives back the two-point function.

Physically, the 6j-symbol for non-degenerate matter weights h; and hs contains the
semi-classical information for gravitational shockwave scattering in the bulk of particles
with masses m? ~ h;(h; — 1), and with four black hole regions of energies k? [20, 95].
Since for degenerate operators, two of these k;’s are complex, the black hole shockwave
interpretation is not valid here. This is in accord with our interpretation in section 2 in
terms of an integrable subclass of operators.

“For the sign choices ++, +— and ——, only a single residue at n = 0 is required. Alternatively, the
Wilson polynomial is 1. For the —+ case, one needs both n =0 and n = 1.
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A.2 Degenerate crossing

Next we consider the case where both operator pairs are degenerate:

ki
j;‘\ i . —J1 k1 ks .
k1 ) ko - { —jo ko Ky } ) J1,J2 € N/2 (A21)

ks

This requires both (red) pole series in figure 7 getting pinched contour contributions, and
leads to the rather lengthy expression:

g1k kg | D(—giikydiks) 2T (—j1ikotiks) /2
. = : (A.22)
—Jo ko ki I'(—2j1)
« F(—jQ—ikliikt)r(—jg—i-ik‘giik‘s) F(—jg—i—jl—i-ikl—’ikQ)
F(—j2+ik1iikt)1“(—j2—ik2iiks) F(—jg—jl—ikﬁl—F’ikQ)
—j1—ik1+iks —j1—iky—iks —j1t+ika+iky: —J1+iko—ik,
X4F3 . . . . . . . . . al ;
—271 —]1—]2—Zk1+lk‘2 1—j1+]2—lk1+2k‘2

+(J1 4> j2,k1 ko),

where the last line represents the contribution from the second pole series, and where we
still need to explicitly deal with setting ji,j2 € N/2. We can rewrite this suggestively as
follows. Denoting the degenerate 3j-symbols (squared) as:
T'(h+ik +ik;) L

2= " (k, k2)S(ky — ko + im), (A.23)

m=—j

we can write the doubly degenerate 6j-symbol (A.22) as:

—Jj1 k1 ks(lﬁ) _ V(kl,ks;jl)V(kQ,kt;jl)V(kl,kt;jQ) (A 24)
—jy ka(kr) Ku(ky) V (k2,ks; ) '

F(*]’2+n*m*’fh) F(jl *jQ*TLjLTh) F(*j2+2il€1 +n+m—m)
['(—j2—n) [(—j1—j2+n—m) I(—jo2+2ik1+n)
XPj1+m(k1—’im;—j1—’i/€1,—j1 +ik1,—jo+ik1 —m,1+jo+1k; +n—fn)
+(j1 ¢ Jo, k1 > k2),

X

where we have already used the delta-functions in the numerator in the first line of (A.24)

in terms of:
iky = iky +n, —J2 <n < g,
and hence

tko = iks +n —m —m =ik, + 7, (A.26)
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where we defined the number 7 in terms of the others. Graphically, the four quantum
numbers m, m,n and 7 are defined as

“+n . “+m
Ve ikt LN
N
J2 ™ J1
ikl :., ikg (A27)
Y
Pl hN .
Nk 2
—+m +n

There are two features of the expression (A.24) that deserve special attention: the treat-
ment of the delta-functions, and the selection rule on the quantum number 7 =n—m —m
that follows from consistency.

Delta-functions. The presence of square roots of delta-functions in (A.24) is warranted
since they will always combine with other such factors coming from either 3j-symbols, or
other 6j-symbols for adjacent bulk crossings. For instance, when inserted in a crossed
four-point function:

(A.28)

the first line in (A.24) can be economically combined with the vertex functions in (A.28),
yielding the momentum space amplitude

A=V (ky, ks; 1)V (k2, ke; 1)V (kv ke j2) (A.29)
D(—j2+n—m—m) T(j1 —j2—n+m) D(—js +2iki +n+m—1m)
['(—ja —n) L(—j1 — jo+n—m) [(—ja + 2iki + n)

X leer(k‘l —am; —j1 — ik, —j1 + tk1, —jo + ik1 —m, 1 4+ jo + k1 +n — Th)

+ (J1 > Jo, k1 <> k2).

We notice that since there are three delta-functions, only a single momentum label remains
in diagram (A.28) (which we choose as ky).

Following (A.1) above, it is possible to redefine the normalization of the degenerate 6j-
symbol by interpreting the first line of (A.29) as coming entirely from the vertex functions.
However, we refrain from doing that here since we believe the above form (A.24) is more

transparant in the doubly degenerate case.

Selection rules. The first two factors in the second line of (A.24) result in selection
rules to which we turn next. They can be written as

ji+m—1 —Jj1
[I Ciz—n+s) II (—a+n—m+s), (A.30)
s=0 s=—m—1

and provide selection rules on the quantum numbers m,m and n in the sense that for
compatibility we require that
—J2 <n < jo, (A.31)
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where we have the relation 1 = n — m — m because we can go in the “opposite direction”
around the bulk crossing vertex (A.27). A priori we only have m,m and n, and hence this
quantum number 7 is only bounded as

—2j1 —jo <n—m—m<2j + jo. (A.32)

However, using (A.30), one readily sees that the 6j-symbol expression vanishes additionally
in the intervals:

f€{~jo—m—m,...,~ja+j1—m~—1}, (A.33)
ﬁe{j2+17-"7j2+jl_m}- (A34)

Hence the 6j-symbol (A.24) is zero outside of the restricted range (A.31), where the first
line of (A.33) produces the lower bound, and the second line of (A.33) produces the upper
bound of (A.31).

Generalization. When going to more complicated diagrams with multiple bulk cross-
ings, the procedure generalizes as follows. The square root of delta functions in (A.24) can
now also combine with the other bulk 6j-symbols from the crossings. Working out a few
examples immediately shows that one indeed gets the correct number of delta-functions,
resulting in a single undetermined momentum label in the disk (say ki), with a selection
rule for the sectors around each bulk crossing vertex.

B Precision testing the two-point function and perturbative expansion

In this appendix, we wish to show that the perturbative 1/C' expansion of the bosonic
Schwarzian bilocal correlator (1.5) is always asymptotic except at negative half-integers
h € —N/2, which we investigated above in section 2.

We will start with a warm-up and consider the particular examples h = +1/2 and
h = +1 for which we illustrate that the perturbative series is asymptotic for these cases,
developing the technical tools we need further on.

B.1 Warm-up: h =1/2,1 case study

The zero-temperature Schwarzian bilocal correlator is given by taking the 5 — +oo limit
of (1.5), which effectively projects onto the ks = 0 sector:

1 ¥ T'(h +ik)?

(On(71,72)) gs00 = Ggﬁm(ﬂ = W/dﬂ(k)e_T” 22T (2h) (B.1)

In order to distill lessons on the perturbative 1/C expansion of this object, we focus on the
cases where h € +N/2 first. Using the asymptotic expansions

+oo +o0
coth(rk) = 142 exp(—2jmk),  tanh(rk)=1-2> (=) "exp(—2j7k), (B.2)
j=1 j=1
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one can write a (formal) asymptotic series expansion of the h = 1 and h = 1/2 result in
terms of Bernoulli numbers as:

o 1 /+<>o , OT (2n44) ( )n
G (=255 |, dke” o K eoth(rk) = 22 220 4)\ 20
1 1 1 1
L sl B.
72 24002 100803+384OC4+O( ) (B3)

11 RN 2T (2n42) [ o, \"
B—r00 . 2n—1__ o
G _ 1/2( = QC/ dke~zck k:tanh(wk) CZB%Hi!(Qn—i—Q)!@ 1) (20)

1 1 1 72
T 8L T o), (B.4)

This is done in a multi-step process: first we insert the above asymptotic expansion (B.2) for
the hyperbolic functions. Then we Taylor-expand the Boltzmann factor e~ zck , perform

the k-integral and finally resum the series-expansion of the coth and tanh in terms of

izt )

This series expansion is asymptotic as one can check very explicitly: the coefficients of

Bernoulli numbers B, =

these series diverge at large orders. This means the correlators contain non-perturbative
(in Gy ~ 1/C) contributions. We will later show that the non-perturbative contribution to
the correlator we have just discussed on the one hand, and the higher-genus contributions
on the other hand, are both contributing at the same order in the Gy ~ 1/C expansion,
both as ~ 6_%.

B.2 Explicit form of zero-temperature expansion

Generalizing to higher value of h € N/2, each coefficient at any fixed order in the expansion
is larger than the h = 1 coefficient, meaning these series are even more divergent. An
explicit expression can be obtained in terms of combinations of Bernoulli numbers, but
is not very revealing. Instead we focus on obtaining generic expressions for the first few
lowest-order terms.

The trick is to start with h € N, for which we can write

1 +oo T 1.2 h=1
G (r) = 27/ dke™ 2% kP coth(rk) J] (m? + k%)*. (B.5)
€ (2C)20T(2R) Jo el
We expand the product as a power series in k:

h—1
H (mQ + k‘2)2 — k’4h_4 +g2k,4h—6 +g4k4h—8 +gﬁk4h_10 4. .. (B6>

m=1

with coefficients explicitly determined by the combinatorics as:

h—1 h—1 h—1 2 h—1 - h—1\ 3
T SRS W] D OL) I ) St w1 ol B
n=1 n=1 n=1 n=1

(B.7)
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These coefficients have closed expressions, and doing the k-integral, one can write down
the expansion:

1 h(h—1)  h(10h3 — 24h? + 14h + 3) 72
1 3
——h(h — 2)(70h* — 154h3 h? h+15)— +...].
+ 50720 ( )(70 54h3 4+ 86h2 + T3h + 5)03 +

While derived only for integer h, the structure of the Schwarzian perturbation series at this
order, reviewed in section 3.1, shows that for any h the quantity g,, has to be a polynomial
of m’th order in h, and hence the above formula is correct for any real h.*°

The third term is positive for A > 0 and the fourth for A > 2. Some other lessons are
that all singular terms as 7 — 0 are always positive, and integer h always has no 1/7-term,
reflected in the presence of h(h — n) factors at the levels 7°99. The positive terms in the

>0

expansion ~ 770 are always alternating in sign, as is seen by (B.10).%!

B.3 General proof of asymptotic series

In this section, we will show explicitly that the 1/C Schwarzian perturbative expansions
are asymptotic series. We will do this by working up from the zero-temperature case, via
the fixed energy eigenstate, to the thermal ensemble.

Ground state. For any real value of h, one can write the zero-temperature two-point
function (B.1) as:

Boo N _ n_ 2 / — k2.3 L(h £ ik)
G, (1) = n:E_Qh Cn(h)T" = O (2h) Jo dke™ 20" k? coth(rk) NCESTOEE
(B.9)

# cannot be Taylor-expanded (the

This consists of a finite number of terms for which e~ 2¢
negative-order n < 0 terms ~ T% in the T-expansion) and an infinite number of terms (n >
0) where it can. The latter is the important contribution to test convergence of the power

_ T(h%ik)?

series. For any fixed value of k, the function fi(h) = INCEToi has the following properties:

e It is positive and monotonically increasing as a function of h.

o For any real value of h, this function is bounded by a polynomial in k; this is because
for h € N it is polynomial. Since any h has an integer on top of it, and since the
function is monotonically increasing, this result follows.

*0Indeed, evaluating this correction for h = 1, h = 1/2 and h = —1/2 agrees with the second- and
third-order terms in all of the above series expansions (B.3), (B.4) and (2.8).

51This also resolves a small puzzle we faced in section 4 of [20]. We performed the small-7 expansion of
the h = 1 bilocal and matched the first correction to the 1/72 pole to & (T), but we didn’t explain the zero-
temperature additive constant. With formula (B.8) and our general understanding of the T-expansion, we
can indeed check numerically that the zero-temperature piece is indeed captured by the third term in (B.8).
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Hence, the coefficient at a fixed positive order n in the T-expansion, >, C,(h)7", in the
expansion is given by:

+o00 0o n
Cp(h) = W‘M;[ dk% (—210142) k3 exp(—2j7k) fr(h). (B.10)

The integral is convergent by the polynomial boundedness of fj.

The series itself is an alternating series with the following important property. If the
series is asymptotic for some value h*, then it is automatically so for higher values of
h > h*; indeed, due to the monotonicity properties of fx(h), the size of the coefficient |C,,|
increases for higher values of h.

We hence investigate the limiting case where h — —oo, for which we can use the
asymptotic Stirling result:

D(h =+ ik) ~ 2 |h|*" 71 e~ 2™k =2, (B.11)
The coefficient C,, in this limit becomes:??
oo ()M N\ —4rk
C’n7(h—>—oo)~/0 ak <20k> i sinh(2mk)e 4T, (B.12)

One checks explicitly that this diverges as C), ~ n as n — +00, meaning even the h — —oo
series is asymptotic. By the above argument, this then happens for any h € R.

Energy eigenstate. For an energy eigenstate with ko = M, one only replaces the func-
tion fr(h) by:
I'(h ik +£iM)
h) =

S (h) T(1+ ik £iM)’
which is likewise positive, monotonically increasing as a function of A and polynomially

(B.13)

bounded in k. The expansion coefficient is now:
4 P I | 1 n
(b M) = dk—(=)" [ =5k* ) k(k* — M?
Cn(h, M) (QC)QhF(Qh);_/() n!( ) (20 ) ( )
x exp(—2jmk) cosh 27j M fi a1 (h), (B.14)
with Cp,(h, M = 0) = C,(h). As before, it suffices to look at the relevant h — —oo
asymptotics:

2
D(h=+ ik +iM) ~ |42’2 || g Ammax(k,M) g —dh, (B.15)

Using this, one obtains the h — —oo expansion coefficient:*?

—+00 _\n n
Cr(h — —o0, M) ~ / p ) <2lc(k2 - M2)) k sinh(27k)e 4™ max(k:M) = (B 16)
0

n!
It is readily seen that Cp(h — —oo, M) decreases for increasing M, but increases for
increasing n sufficiently large.* This behavior with n immediately shows that the resulting
7/C' expansion is again asymptotic, for any value of h.

52There is no need to expand the coth-function in this case, as the gamma-functions are already con-
tributing decaying expontial factors to make the k-integral convergent.

3Notice the presence of the 1/C™ coefficient which has to be here for dimensional reasons.

54This last property can be checked numerically.
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Thermal ensemble. Finally, for the thermal ensemble, one has to take the convergent
Laplace M-integral of the previous answer:

1/+°Oczz\4j\4 inh(27M)e~ 36 M io nCp(h, M) | = io D (h 5)771 (B.17)
4 0 ’ ‘ n:thT o _n:th " 7 " ‘

where we defined the new coefficients D,, as

BY _Cn [
n (h, ) = — dM M sinh(27 M )e™ oM *Ch (h, M). (B.18)
C Z Jo
The D, still increase as n is sufficiently large and increasing, simply because if the
Cn(h,M) > Cy,(h, M) for any M and for n > m and both sufficiently large, then the
integral transform in (B.18) with its positive factors respects this inequality.
This implies the small 7-series expansion

S 0u(nl) 5 (B.19)

n=—2h

has larger coefficients D, (h, g) for n sufficiently large, and is thus asymptotic only. This
is a property of the series expansion (1.8) written in the introduction.®®

If one imagines creating the thermal background in the bulk through gravitational
effects, then it is natural to take 8 ~ C. The above result then shows that if we think of the
coherent background as created through gravitational fluctuations, then that perturbative
series is asymptotic.

Now let’s not assume [ proportional to C, and interpret 8 as an independent length

scale. One can rearrange the series into a power series in 1/C, by writing:

Z D, ( )g;z io Dp<h,;> % (B.20)

n=-—2h p=—2h

in term of new coefficients D (h, 5) and this series must hence also be divergent.

We now prove that the coefficients Dp (h, %) appearing in the 1/C expansion (B.20)
are well-defined, and that the divergence of the series on the r.h.s. of (B.20) only comes
from the summation over p, making the 1/C expansion asymptotic as well.

The proof uses the fact that the coefficient ]jp (h, %) in this series can be found in the
Schwarzian 1/C' perturbation series that we reviewed in the main text. In particular, its
computation requires using the higher vertices of the Schwarzian action (3.1) (which only
contribute a 7/3-independent factor), the propagator (3.2) and the expansion of the bilocal
itself (3.3). A crucial property is that the coefficient D, has no singularity as 7/8 — 0,
due to the existence of a well-defined zero-temperature limit. The coefficient Dp h,%
at fixed order p is a (complicated) analytic function of 7/5 within its convergence radius

%From the perspective of this section it seems harder to make explicit the form of the coefficients
Dy, (h, g) in terms of multi-stress tensor correlators (1), which is something where the degenerate cases
h € —N/2 are more convenient for.
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0 < 7 < B, with a convergent Taylor series expansion within that radius. An example is
the first-order result (3.4). The divergence of the series on the r.h.s. of (B.20) can then
only arise from the summation over p, meaning the 1/C' Schwarzian perturbation series is
an asymptotic series as well.

We have hence proved rather generically that the series expansion is asymptotic both
at zero temperature, for an energy eigenstate, and at finite temperature.

However, there is an exception to this analysis: if I'(2h) = oo, and hence h =
0,—1/2,—1..., the above k-integrals diverge from the ki — ko ~ im region (for a
(half)integer m) but this is cancelled by a similar divergence from I'(2h). Hence this
case requires separate treatment, and this is our main story in section 2.

Non-perturbative corrections. It is interesting to assess the size of the non-
perturbative contributions, that goes beyond boundary gravitons, by looking at the growth
of the coeflicients of this asymptotic series. We will only discuss the zero-temperature case,
as we don’t expect finite temperature to change this. For both h = 1 and h = 1/2 the
coefficients at large n grow as’® '

n

TRy

To estimate the size of non-perturbative corrections, a useful diagnostic is to Borel trans-

Cpp ~ (B.21)

form this series as [96]:

Ch, I e
= FE/0) = /0 dte S B(1), (B.22)

B(t)=> "

where the pole in the Borel t-plane closest to the origin signals the size of the leading
non-perturbative corrections. Since this Borel series has its convergence properties from
the geometric series, we find the radius of convergence ¢, ~ 2, leading to non-perturbative

effects of order
C

-Anon—pt ~e T. (B23)
It is interesting to note that this is of the same order in Gy ~ 1/C as the perturbative
genus expansion of the matrix integral in powers of e #50 = o=#C,

C Expansion of classical bilocal in SL(2,R) invariants

Starting with a classical bilocal (1.2), one can perform a small 7-expansion with coefficients
that have to be, due to local SL(2,R) invariance, composed of the Schwarzian derivative,
its derivatives and its powers. Can we understand such small time expansions within
correlation functions,

RE O\ R,
<(Fli}72‘2)2>:n;2<cn({FﬂTQ} 7{F77—2}--')>T2. (Cl)

56In the h — —oo regime, the coefficients grow as slow as C,, ~ n, but of course still divergent as we
used above.
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We will take up the simplest degenerate correlator with h = —1/2 as a case study. Denoting
the Schwarzian derivative T'(7) = {F, 7}, the classical bilocal (1.2) for h = —1/2 has the
small time expansion:

_Fl_FQ_ 1 3 L 4 1 11 2 5
O£:_1/2(T,0)_\/ﬁ_7 5 Tl =57 Tl m[zzﬁr 4T}OT (C.2)
1+ 2
1

~ 3350 (87" —61'T],7°

+...

1 " N2 " 3 7
- 539560 [1607"" ~160(T")? — 208T"T +8T ]OT

Comparing (C.2) and (3.6), several terms match, such as the (T') contribution at 73 and
the <T2> at 7°. However, other terms are more puzzling: such as the 72 term and 7 terms.

In order to properly identify contributions, a crucial point is the renormalization of
the composite stress tensors, which start at O(7°).°" The Schwarzian derivative two-point
function is:

A7t 1072 15 #

(T()T(O) =~ 58"(r) — 2 (T(0))5(r) +
and diverges at 7 = 0 due to the contact terms. The last term written here is a zero-
temperature contribution that depends on precisely how one defines the operator. Note
that even renormalizing by subtracting the zero-temperature answer still isn’t enough to
renormalize this correlator.

These terms actually cause a breakdown of the perturbative expansion (C.2). Nonethe-
less, we would like to find out which renormalization is implicitly used in the correlation
functions (3.6). We propose to replace the contact terms by a pole instead using the rule

§M(r) = 1/7"*, (C.4)

replacing the n-fold derivative of the delta-function by a pole. We were not able to deter-
mine the precise coefficient, but will check now that this rule explains the general structure
in (3.6).°® Using this rule, these contribute to the perturbative expansion at lower orders
in the 7 expansion. This is dimensionally correct, and we illustrate here how the previous
missing terms and the particular structure in (3.6) can be explained.

The 75-term only contributes

(T(r)'T(0)) = —=5"(r)

c (T(0)) 6'(7), (C.5)

2
C

giving a zero-temperature 72-term and a (T) 73-term.

"The subtleties associated to composite multi-Schwarzian derivatives were studied recently in [45] in a
different context.

58This interpretation is inspired by the 2d CFT origin of the Schwarzian theory [20], where the singular
contact terms are coming from the singular terms in the OPE expansion.
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At order 77, we need the following expressions:
1 i 2 1
65 (1) 4+ = (T(0)) 6" (1), (C.6)

(
(T T(0) = = 58" (r) - = (T(0)) 8"(7), ()

(T () = (G50t — g (T(r0) Suadis — & (T()T(r)) b2 ) + (perm)

86 427% 10572 105 #
26 T e T ogice T ames T e
B pEC T 2p4C2?  8B3C3 T C

(T(r)T(0)) =

+ (C.8)
contributing a zero-temperature term at 72, (T) at 74, a zero-temperature term at 73, (T)
at 79, (T?) at 75 (containing a further zero-temperature term for 73 and (T') for 7°) and
finally the (T3) at 77 itself.

Equation (C.8) can be found by generalizing the arguments of Stanford and Wit-
ten [19].%¢

C.1 Aside: normal-ordered bilocal operators

Within the gravitational quantum theory, one can alternatively define the normal-ordered
bilocal operator by entirely removing all singular contact term contributions studied above.
Since these contact terms arise from poles in the OPE when coming from 2d CFT [20], this
is the same definition of normal-ordering of an interacting 2d CFT [97]. We will denote
this bilocal operator as: ,

. (BB .

L0105 = : <(F1 —F2)2) : (C.9)
For this case of h = —1/2 (2.8), one has a simple adjustment of the bilocal operator that
sets to zero all contact term contributions, by setting:

T T ‘r2

(ﬁ sin WT) esc(1-3) - 0105 = (5 sin WT) e 8CB, (C.10)
T p T p

One checks explicitly that indeed stripping off this factor of 3, one finds solely the (™)

contributions to the series expansion. We will call this the normal-ordered bilocal operator.

Explicitly

g . m > 22 X (o)t ~1\ _2n-1
Fogin— 8CB — L S A— N n=t C.11
(Fn57) % = X e (77 ©11)
This means one has a simple procedure for computing an arbitrary n-point correlator of
Schwarzian derivatives, by considering the normal-ordered h = —1/2 bilocal as a gener-
ating function. The generalization of the correlator to arbitrary h € R, including the

supersymmetric ' = 1 case, is readily made:

FIF h w2 [ k/2C ”
<'(<F11§2 ) > 7 [ (sm/fm)) ’ &8

2C

59The constant term is found by integrating this equation thrice and relating it to derivatives w.r.t. C of
the partition function Z. The first line should be summed over all 3 cyclic permutations of the indices.
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where one has du(k) = dkksinh(27k) for the bosonic theory, and du(k) = dk2 cosh(27k)
for the N/ =1 case. This has a small 7 expansion of the same structure as (C.11).

D Special functions

The b-deformed Gamma-function is defined by

Iy (x‘b’ b_l)
r =17 D.1
V)= Qb Ty (B1)
where 'y (z|€1, €2) is the Barnes double gamma function. We collect several useful formulae.
The b-deformed gamma function I'y(z) has the shift properties:

\/%bbxfl/Q \/%bfx/bJrl/Q

Ly(z +b) = T'(bx) Ly (), Lo +1/b) = I'(x/b)

Ty(z). (D.2)
One defines the double sine function Sy(z) as

Sp(z) = Ly(@)

“hQ-a -

which has the properties:

Sp(Q —x) =1/Sp(x), Sp(x +b) = 2sinwbxr Sp(z), Sp (3: + (1)) = 2sin %ZL‘ Sp(x), (D.4)

and the small b-limits:

Sy(bx) — (272120 (), S, (;b + bx) Ly e-1/2, (D.5)
The supersymmetric extensions are defined as:
Sns(z) = S, (;) Sy (“; + g) . Sr(@) =S, (; + g) Sy (;” + ;b> (D.6)
Ins(z) =T (;) T, <‘; n Cj) . Tr(z) =T} (; + g) T, (”; n 21b> , (D.7)
and have the properties:
Sns(Q —z) = 1/Sns(z), Sr(Q — z) = 1/5kr(2), (D.8)
Ss(x +b) = 2cos (”;””) Sn(z), S (x + 2) — 2cos (7;;”) Su(z),  (D.9)
Sgr(z + b) = 2sin (w;n:) Sns(z), Sr (x - i) = 2sin (T) Sns(z),
and
Ins(z +0) = I%FR(I)’ Ins(z +1/b) = mFR(fB),
Prr+0) = Y20 P h@, e = Y2 e o)

L(bz/2) I'(z/2b)
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E Details on N = 1 super-Schwarzian boundary correlators

This appendix contains some technical details on the N' = 1 boundary two-point functions
on the disk.

E.1 Bilocal correlators

The elementary h = 1/2 superspace bilocal operator is
D160, D>0),
T —Th— 0164
This can be expanded in the §’s and gives two bosons (~ 1 and ~ 6;62) and two fermions
(~ 61 and ~ 62). When considering a two-point correlator, the fermionic pieces vanish by
fermion number conservation. Explicitly, the bottom component (~ 1), denoted B, is

(E.1)

B= ﬂ [1 + 7712773} [1 + 772775} + &nif}fz, (E-2)

and the top component (~ 6162), denoted T, is

fi—fo (4™ 7172*577 f’ * 771772 er?h
f1f2 ]' 1 fQ fl f2
1 — 2
+(f1 )2 +2771 n2.fy \/ f1+ 771772 +771772 f2+77771 f1]

For higher h, the classical bilocal operator is of the form:

D10, Dy \*"
On(T1,72,01,02) = (T/_IT}_QG?Q/) :
1~ Ty — V105

The supersymmetric correlators were given in equations (5.12) and (5.13). Let us mention

(E.4)

some properties.

e In the semi-classical large C regime, one finds the limits

1 GT(r) = 2h 1

(g sin %7)%’ (g sin %T)Qhﬂ.

This is obtained by using similar tricks as in [29]. For GB(7), the second term in (5.12)
dominates, whereas in G7 (7) the first term in (5.13) dominates, which is why we call

the second term the bottom piece and the first term the top piece in the main text.

GB(r) — (E.5)

Going to real time 7 — +it+e¢, quasi-normal modes can be readily read off from these
expressions by Fourier-transforming the 1/sinh real-time correlator, or by looking at
the poles of the Gamma-functions of (5.12) and (5.13):

2

Wy = —%i (n+h), bosonic, (E.6)
2 1

Wy = —%i <n +h+ 2) , superpartner, (E.7)

with the 1/2 shift corresponding to the shift in conformal weight of the superpartner.
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e Bilocal correlation functions satisfy the following recursion relations:

1 1
GE =571 | 3 (0= /27 GEr o+ G o (E)

hTon—1 (20
1 1 aﬂ(GE—l 2Z)

(E.9)

These are readily derived explicitly using (5.12) and (5.13), and checked in the large
C-regime (E.5).%° At zero temperature 3 — +oo, one has GE(r) = 1/7%", G (1) =
(2h) /721 which satisfy these relations as well. The bosonic bilocal correlator (1.5)
satisfies an analogous recursion relation relating A to h + 1 though it is not very
illuminating.

E.2 Degenerate two-point function

Compared to the bosonic theory in section 2, one only replaces the continuous irrep
wavefunctions of SL(2,R) by those of OSp(1]|2) [24]. Equivalently, we employ the
N =1 super-Liouville minisuperspace wavefunctions [20]. We define the supersymmetric
wavefunctions as:

V(@) = K1 (@) + Ki_gy(2),  w= e? > 0. (E.10)

The vertex functions for JT supergravity in (5.12) are then found by performing the

auxiliary integral:

(% +h ik — ko)) T(h £ (ks + k2)) + (hs = —k»))
I'(2h) '

oo o _ 4h 1(
| don @) e = 4t
0

(E.11)
Mirroring the bosonic case in section 2, to determine this expression for h € —N/2; we
combine the following normalization constraint [98]:

7T2

- cosh 27k,

/O ™ do, (), () 5(k1 — k), (E.12)

with the 1d fusion property of the modified Bessel function (2.4), leading to e.g. the relation:

+oo d +o0 V1 (2) = Vky () g,y 1 () = Py (2)
[ T = [ e )= e S (B
_ 2 5(/€1 —/{2—1—%) 5(k1 —kQ—%) B 5(k1 —k‘g)
~ cosh 27k, 2+ 2iksy 3 — 2iky (3 — 2iko) (3 + 2iks) )’

playing the same role as (2.5) above. In the last equality, the Dirac delta functions are
to be interpreted in k-integrals where one move the contour from the real axis to +i/2.

2n2C

5 and only the -derivative and the

59For the superpartner semi-classical limit, one uses OslnZ — —
last term contribute in the r.h.s. of (E.9).

— 67 —



Applying this relation consecutively, one arrives at the supersymmetric degenerate vertex
functions written in the main text in (5.14).

Let us give some examples. For h = —1/2, one has
) . ikT/2C —ikt/2C 1
G§1/2(T) —(C)/dkcosh27rke"8k”2 esc 61 - — ‘ 1 — |+ ; 1 - .
Z 5+2ik  —5+2ik (5 +2ik)(—35 +2ik)
(E.14)
For h = —1, one has
202 - ikT/C —ikT/C
G?l(T) = (2€) /dk: cosh 2rke P** |ez0 3 (.3 T —+-— 6. T -
Z (5+2ik)(5+2ik) (=5 +2ik)(—5 +2ik)
T eg% 67%
—2esC —
(3+2ik) (L +2ik) (=1 +2ik) (=3 +2ik) (% +2ik) (- +2ik)
2
— . E.15
(2 +2ik)(—3 +2ik) (E.15)
At zero temperature 8 — oo, one finds the simple results:
1 GB (1) = 4e5C — 4 = — O(r?) (E.16)
(20) "h="1/2 20 ’ ‘
1 5 8 - 32 . 7 3
WGh:il(T) = §€2C — §68C + 8 = (20)2 + O(T ) (El?)

E.3 Degenerate superpartner two-point function

The superpartner two-point function is obtained by multiplying (k1 — k2)? for the bottom
piece and (k1 + k2)? for the top piece:

. 1 » 2j 1
g (k1 ka) = ————(=)"* (im)? ’ Bt
mp (kL k2) cosh27rk‘1( ) (im) <m+j> (2ik2_j+%+m)2j ( )
, 2 -~ . 2j -1 1

G e M i . (E.19
mT( 1 2) COSh27Tk’1( ) ( 2 Zm) m—l—j—l/Q (2ik'2_j+m)2j+1 ( )

Since this makes the top piece dominate at large k, the top part cZnT is giving the contri-

2j—1
bution to the semiclassical limit —27 (g sin %T) .
As an example of this, the super-partner two-point function for 7 = 1 is readily
obtained as:

(20)° [ cosh2mke [—efc < A e e ) (F.20)
Z (3 +2ik) (3 + 2ik) (=3 + 2ik)(—3 + 2ik)
e (g i )]
(3 +2ik) (5 + 2ik)(—5 + 2ik) (=3 + 2ik) (3 + 2ik)(—5 + 2ik) ) |
with zero-temperature limit and small T-expansion:
@é)zGT_l(T) _ —ge% + geé = 250 +0(). (E.21)
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Figure 8. Boundary in A/ = 1 Liouville theory. Preserving half of supersymmetry requires left-
and right movers to be related as Tr(z) + nTr(Z) = 0. One also has a global boundary condition
Tr(z + 27) = FTF(2) labeling the boundary state as NS or R respectively.

F Details on N = 1 super-Liouville model with boundaries

F.1 Lagrangian approach

In order to motivate the transformation formulas to the fixed length basis mentioned in
section 7, and to develop intuition, we provide here a discussion of the classical Lagrangian
of N' = 1 Liouville theory, its boundary terms and the transition to fixed length amplitudes.
This story is well-known in the literature [66, 68, 99], but it is not that simple to relate the
different works, which we try to remedy here.

We study A/ = 1 Liouville theory on a manifold with a circular boundary. We set
the coordinates as z = = + iy, with the boundary at y = 0, and © ~ x 4 27 periodically
identified.

To preserve half of the supersymmetry, one has the superconformal boundary condi-
tions on the UHP: T'(z) = T(2) and Tr(z) +nTr(2) = 0 which allows a sign-factor n = +1
and hence gives two types of branes. Next to this, the fermionic fields can be either periodic
(R) or antiperiodic (NS) upon circling the boundary: Tr(z + 27) = +Tr(2) (see figure 8).
For most of the discussion in this work, we will work with fixed fermionic boundary con-
dition. When making contact with higher topology and with matrix model techniques to
compute minimal superstring amplitudes, one has to sum over different spin structures,
but this will not be important for our purposes and is deferred to future work.

Defining a scalar superfield ® in terms of the scalar fields ¢ and F' and the two
Majorana-Weyl fermions 1 and 9 as

® = ¢+ iy + iy + 6OF, (F.1)

the supersymmetric Liouville model, on a manifold with a boundary that preserves half of
the supersymmetry (labeled by 1), is given in terms of the superspace Lagrangian

L= 4i [D@ch 1 2woebﬂ ., D=08+00,D=20;+00, (F.2)

™
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as
S+ 80 = / d22d20L + in 7{ dzl(0 =0 = 0) (F.3)
— i / 42z (a¢5¢ T PO + PO — F2 — 2ube" F + 2z‘u0b26b%¢3)
— %da: (;UWZ + nuoeb‘b) . (F.4)
We follow the notations and conventions of [66] in this subsection. Enforcing the boundary

variation to vanish, we can distinguish two boundary conditions.
e One can find a classical ZZ-brane solution with the Dirichlet boundary conditions
b=—ng| o Bl = oo (F.5)
o Imposing Neumann (free) boundary conditions is done by imposing
) = mﬁ’yzo . Oy + 2nuebe”® = 0. (F.6)
These are FZZT branes, with boundary cosmological constant nug fixed by super-
symmetry.
These cases can be neatly summarized in superspace as
D;®|,_, =0, Dirichlet, D; = D +nD, (F.7)
D, ®[,_, =0, Neumann, D, =D —nD. (F.8)

We can still preserve supersymmetry by also adding the following boundary term in
terms of the fermionic boundary superfield I' [66, 100-102]:

1
Seazr = 5 74 dwdd; (TDIT 4+ 2ipugbles®) . T=n 4 iy f,

= % fd.%‘ (’78:15’7 — f2 - 2uBf€b/2¢ _ ,UBb'Y(¢ + 777721)61)/2(25) ‘ (FQ)

The fields v and f are boundary degrees of freedom that need to be quantized or integrated
out to obtain the theory in its original variables, see also [100-102]. The addition of
this term SgyzzT is necessary to find regular classical solutions with generalized Neumann
boundary conditions.

Including the term SgzzT, the Neumann boundary condition (F.8) is adjusted into the
superspace expression:

Dp® + 2upThes® =0, (F.10)

2=%,0=n0 o

which resembles the bosonic Liouville FZZT boundary condition. In components:
. - b
i(Y — 1) + 2upbyez?

By¢ + 2npobe®® — 2upbfer? — 2upby (v + mp)es?

=0 (F.11)

~0. (F.12)
y=0
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The boundary equations of motion derived from (F.9) for ' = v + 0 f, are
f = npes?, (F.13)
1 b
Oay = G pBb(Y + mp)ez?. (F.14)

Plugging these back into the boundary conditions (F.11), (F.12), we get:

0 - b2 - b _
i (0= m) + i (W +m)e™ —ig (Y —n)deg| =0, (F.15)
y=0
By + 2b(npo — ph)e™ + iy ’y:o =0. (F.16)

The first equation shows that if g = 0 we return to Neumann boundary conditions for the
fermions ¢ — mﬁ‘ 0= 0, whereas when up — oo, we get Dirichlet boundary conditions
y:

Y+ mﬂyzo =0.
Beyond classical field theory, we integrate out the boundary fields v and f. The path
integral over f yields:

1 b b
SrzzT = o fdx (’Y@:’Y — upby (¥ + mp)ez? + pf : e2? 12) : (F.17)

The final term is a contact contribution within correlation functions that can be neglected.
It will be important however when transforming to the fixed length basis.

The boundary (Grassmann) fermion ~y(x) can be canonically quantized by the Clifford
algebra {7v,7} = 1, leading to a description in terms of a 2-dimensional Pauli matrix
v = %0. This doubles the dimension of the boundary state Hilbert space. This is the
usual description used in the super-Liouville literature, where v = 1. Within the path
integral, the boundary fermion field can have periodic (Ramond) boundary conditions:
v(z+2m) = y(z) or antiperiodic (Neveu-Schwarz) boundary conditions: v(z+27) = —y(z).
Since the Lagrangian needs to be single-valued, the last term of (F.9) shows that this
boundary condition has to match with that of the field ¥ and hence with the label NS or
R of the boundary state under consideration.

The boundary fermion field v needs to be path-integrated out in the Liouville ampli-
tude, much like the boson f. This can either be done by its equation of motion

1 _
Oy = §,UBb(¢ +b)es?, (F.18)
solvable as . 1
- b
v(z) = / dw’QuBb(dJ +m)ez? + 7, (F.19)

where the zero-mode <y has been extracted; or by finding the Green’s function of
9.G(z|2') = §(z — 2') as G(z]z’) = Jsign(z — 2’), upon first removing the zero-mode 7o
again. Using this expression (F.18) together with the boundary conditions (F.11), we find

VOpy = —igW, — by (¢ + mb)e? = i, (F.20)
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This results in the total boundary action

1 )
S+ Seazr = o j{ da (1% = m0)e™ — pbyo( + mp)es? ) (F.21)

Within a canonical framework, the fermionic zero-mode satisfies ¢ = 1.6 This reduces
the description to the boundary action of [68, 99] used in the (super)conformal bootstrap
method used to determine the correlation functions.

Taking a derivative of this action with respect to up, brings down a factor of

M = o byo § de(p+ mh)ed, (F.22)

which we call the global marking operator M;. We will verify this explicitly in section 8.3
further on. Notice that no contribution ~ ppe®® is written as such a term comes from
the auxiliary field f which has a contact-term propagator (f(x)f(z’)) ~ 6(z — 2’). The
resulting marking operator would have a second piece which contributes only contact terms
to quantum correlation functions and is usually neglected by suitable choice of external
operator dimensions.

Next to this, we will need a second local marking operator that combines bosonic and
fermionic contributions as

My (o) = (520(0(0) + 76(2) +3 ) 296 (F.23)
This second (local) marking operator Ms(x) will play the role of no insertion at all, i.e. the
h = 0 limit of the boundary two-point function, much like the bosonic marking operators
of [35].

Within the path integral, ~y is a Grassmann number. Performing the ~g-integral
by bringing down a factor of youp x 5= §(¥ + n&)e%‘ﬁ, and then putting it back in the
exponent by inserting a dummy ~p-integral again, gives the suggestive way of writing the
path integrand as

—5- $do (WB—n#o)eb¢—vo(w+n¢)e%¢)

LBe (F.24)
Transforming to the length basis is done by the integral transform
—i/ d,uBe‘LQBZ cey C=pu% —nug : —ico — +ico, (F.25)
C

along the hyperboloid C where u% — nuo : —ico — +ico. Inserting (F.24), we can evaluate
the pp-integral into the fixed-length amplitude:

L $de( —nuoebd— TVes®
<. . ,>€ = / [D¢] df)/o ) (E — ;‘%elﬂ)) e 2m fd ( nHo Yo(Y+nyp)e? )e—SL. (F26)
™

51This follows from {vy(z),v(x)} = 1, combined with the Hamiltonian evolution equation (F.18), which

together show that {y(z),v(z')} = 1 for any = and z’. Integrating twice along the entire boundary circle,
gives the result.
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For NS-branes, the zero-mode vy does not exist. Instead one finds the total boundary
action

1
S? + Srzzr = o fdw ((M2B - nﬂo)ebd’) , (F.27)

leading to the fixed length prescription
o d 2 N2B£ C 2 . .
i | duge!s® ..., = pH — Npo : —i00 — +i00, (F.28)
C

and correlator:

(), = / [Dg]...5 (e - % fe’"b) ¢~ 3= § de(—nmoe’) —Sr. (F.29)
For the NS-brane, one can mark the boundary by differentiating an amplitude w.r.t. u%,
bringing down § €*®, which is of the same structure as in the bosonic Liouville CFT.

If one consider only brane segments, connected through boundary operator insertions,
each brane segment has its own pp; and a different fermion zero-mode ~p; (which can be
absent). Transforming to the length basis is then done by individually transforming each
segment to the length basis, using either (F.25) or (F.28) depending on whether the fermion
zero-mode is present or not in the segment of interest.

F.2 Super-Liouville amplitudes with FZZT brane boundaries

In this appendix, we summarize the super-Liouville amplitudes we will need.

As always in a supersymmetric worldsheet theory, bulk and boundary vertex operators
fall in Ramond and Neveu-Schwarz types.

The N = 1 Liouville bulk one-point functions have been determined through the
conformal bootstrap in [68, 99] as:

(Va) o= (7 (bQ/2)) Ty (b( fj)) r (1—1—[1)(04—62/2)) coshr(20—Q)s, (F.30)

<@Zf>: (pmfy (bQ/Q)) %F (;4—1) (a—?)) r @4—(1) (04—622)) coshm(2a—Q)s, (F.31)
<@;’€> =0c c€ (mr’y (bQ/2)) %F (;-i—b <oz—§>> r (;—1—2 (a—?)) sinhm(2a—Q)s, (F.32)

S—

where the parameter s is related to the boundary cosmological constant pp by the relations

K= . (F.33)

cosh mbs, n =41, 20
HB =K
sinh 7bs, n=-1, cos "5~

We leave implicit the worldsheet coordinate dependence of this correlator. It will disappear
in any case in the end when we include the (super)ghost and matter contributions.

We used the notation V, = e®® for the Neveu-Schwarz bulk operator insertion. The
Ramond puncture contains a spin field insertion:

O5¢ = 0%, (F.34)
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The NS (R) sector one-point function is only non-zero provided the fermions satisfy an-
tiperiodic (NS), respectively periodic (R) boundary conditions around the boundary circle,
directly relating the fermionic sector of the boundary to the type of bulk insertion.

The boundary two-point function for two vertex operators Vg in /' = 1 super-Liouville
CFT is of the form:

(Vo (2)Vi, (0y) = 2O P2 = Q) Clona )0 = P2) (F.35)

]

where the reflection coefficient d(|s1s2) is the dynamical information that will be discussed
below. It multiplies a §(0) factor corresponding to the infinite Liouville volume. Within the
full theory, we mod by the (super)conformal Killing group of the twice-punctured disk and
get a finite factor from this. This is discussed in the main text. Moreover, the worldsheet
coordinate dependence will be cancelled by similar factors coming from the matter- and
superghost boundary two-point functions. First, we focus solely on the super-Liouville
amplitudes themselves.

The NS-sector primary boundary vertex operators are denoted by

B?

egd’, AP =

N |

(¢ +mp)BP. (F.36)

The boundary two-point functions with FZZT-boundary parameters s,, and 8;7/ are denoted
as:

B? B, =d(Blsy, sy) AP AP =d(Blsy,s)y)  (F.37)

5. S .S "y "y
sns), sys) sns,, sns.,

Sn “n

and are characterized by a (super)Virasoro representation label s and the sign 1. To find
non-zero, one needs n and 71’ of equal sign.

The two R-sector vertex operators are constructed by applying the spin field o¢:
0% = °B”, €=+, (F.38)

and the R-sector two-point function is:
Sy
66 Eﬂ _ 7 /
Gsns,/,,/ Gsns:], - d(/B? 6|ST]7 377’) (F39)

871

One needs n and 7’ to be opposite sign to find non-zero: R-sector boundary operators
change the chirality of the boundary.
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With these definitions, Fukuda and Hosomichi found the following boundary two-point
functions [68]:%2

Q—28

(muy (bQ/2)b' ") 3 T'xs (26— Q)Tns(Q —28) !
Sns(B+is+is')Sns(B—is+1is')Sns(B+is—is')Sns(B—is—is')’

(i (bQ/2)b' ") %=

d(Bls+,s,) =

(F.40)

&'(]s+,5,) = 7 Iys (28— Q)xs(Q - 28)”!
T SR(B+is+is')Sr(B—is+is')Sr(B+is—is')Sr(B—is—is')’
Q-28

(rpy (bQ/2)6' ") "3 Ts(28—Q)Tns (Q—28) !
(B+is+is)Sns(B—is+is')Sns(B+is—is)Sr(B—is—is')’
Q-28

_ (ap(bQ/2)b ) T Tns (28— Q)Tns(Q—25) !
Sns(B+is+is')Sr(B—is+is')Sr(B+is—is')Sns(B—is—is')’

(Bl ) = 5

d'(Bls—,s")

and the Ramond boundary two-point function:

. (rpy(bQ/2)b' ") *5° TR (28 — Q)Tw(Q — 28) !
 Sns(B +is +des’)Sns(B — is + ies’)Sr(B + is — ies')Sr(B — is — ies’)’
(F.41)

J(ﬁa €|5+a 5,—)

where the special functions are defined in appendix D.

F.3 A comment on the Ramond partition function

We can get the Ramond brane partition functions also by applying a single bulk spin field
O%€ with # = 1 or a = b/2. Indeed, inserting this value in (8.25) and (8.26), we reproduce
the fixed length partition functions (8.10) and (8.17). This means this bulk operator is not
really doing anything besides marking the boundary: the amplitudes are marked since the
branch cut from the spin field hits the boundary somewhere. These results illustrate the
equivalence:

™

,€

0 ~ oes? — Mi(x) = (v + 771/;)(3%‘15. (F.42)

[Nl

This also shows that applying a single boundary marking operator Mj is effectively chang-
ing the fermionic boundary condition from NS to R.

The full situation is summarized in figure 9.

In the bosonic case, this same mnemonic applies to the bulk one-point function ~
cosh (20 — Q)s, where indeed setting o = b/2 in €2*? gives the s-dependence of the
marked partition function.

F.4 Consistency check on marking operators

As a check on the expressions (8.34) within /' = 1 Liouville supergravity, take the s; — s
limit of the second and fourth expressions:
sinh 751

/ _ et !
d (bls+s+) = b2k sinh whsy ' 4 (Bls—s-)

cosh Ts;
b
= . F.43
b2k cosh wbsy ( )

52Their definition of fermionic boundary condition is called ¢ which is related as ¢ = —7;. We have
absorbed some overall minus signs into the definitions of these amplitudes.
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NS R

Figure 9. Left diagrams: partition function Zng and bulk one-point functions (7). The blue dots
on the boundary represent the markings. Right diagrams: Zg and (0,). The NS partition function
is once-marked, whereas the NS bulk one-point function is twice marked. All R-sector cases have a
single marking due to the branch cut of the spin field.

This amplitude corresponds to two insertions of (F.22)%
M, = ]{d:cAb(x) = (ce™?) Ab(0), AY = g(¢ + ?7@5)6%‘1), (F.44)

where we have written the operator both in its gauge-invariant and in its gauxe-fixed form,
including the superghosts. Since insertions of M; correspond to marking the boundary by
taking derivatives w.r.t. up, this is to be compared to the twice-marked Ramond boundary
amplitudes, obtained by marking (8.4) and (8.12) once more:

sinh arccoshup sinh Ts
_ _ b2 _ b
Z(1B)n=1 = Oup Z (1B )y=41 = b2, /12, — K2 b2k sinhbs’ (F.45)
2
cosh arcsinhup cosh Ts
Z(pB)y=1 = Oup Z(pB)p=—1 = : = . (F.46)

b2, /)2 + 2, b2k cosh wbs’

which indeed agree.

G Ramond operators

In this section, we consider Ramond boundary operators. They cause a change in fermionic
sector between 17 = +1 to n = —1. Morever they cause also an effective change from NS to R
sector in terms of how the transform to the fixed length basis should be implemented, (7.13)
or (7.15), in the different segments. We first discuss the generic weight Ramond insertion
from the continuum approach. Then we discuss the special class of operator insertions
corresponding to the minimal superstring Ramond operators. Finally, we present a way of
getting them starting with super-Liouville CF'T between a pair of identity ZZ branes.

G.1 Continuum approach

We consider <2525 > on a boundary that changes fermionic boundary conditions be-

tween = +1. We combine the super-Liouville two-point functions from (F.41) as

D?, = d(B, +|s+s") +d(B, —|s1s"), (G.1)

53The o insertions in M; cancel pairwise due to 72 = 1.
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and take as the sdiscontinuity a combination of plus and minus signs:

@ i @ i T T i
sto5,8' o5 s—o95:8 T o5 s+958" — 95 $=o95:8 ~ a5

sDisc DY , = D” . +D° - D" . -D’ . .. (G2

This corresponds to picking the brane with label s to be in the R-sector, but the s’-brane
is in the NS-sector. Using this, one computes:

1
sDisc Df,s’ = {—161’ sin% (6 - 2()) cos 7;?} (G.3)
ws . ws [~ 1 , ~ 1 ,
xcoshjsth d 5+5,+|s_s+ +d /6’+5,—|S_SJr ,

where one sees that the s and s’ branes generate a different spectral factor, signaling
indeed that the Ramond vertex operators cause transitions between them. Note that the
discontinuity has minus signs for the s’-parameter, which signals a spin field insertion is
causing a transition from a R boundary brane segment (having a fermionic zero-mode) into
a NS segment (without a fermionic zero-mode), recalling the bosonic Liouville theory has
minus signs in the discontinuity.

Within Liouville supergravity, the Ramond boundary tachyon vertex operators are
defined as

26— b
B, = (ruy(6Q/2) B‘“’QF<2 (@—28)+ 1/2> (cem¢/?)
X [aeeg%ﬁzwx + (Superpartner)] , (G.4)

B, = (0@/2) "0 ( 3@ 28) +1/2) (ce7")

s
X [0€e§¢e(q_’BM)X + (superpartner)} , (G.5)
which include explicit Ramond-sector legpole factors. The insertion of a pair of these

Ramond operators leads, after an analogous computation as for the NS operators of sub-
section 8.4, to the answer:

<Be+/81»18;61u>,517€2 = /d51d52PR,n=+1(Sl)PNs,nzl(52)6_“3(81)416_“3(32)22 (G.6)
Sns(Bar +isy £is9)Sr(By — 151 £ is2) N Sr(Bar +is1 +is9)Sns(By — i1 £ isz)}
Sr(26Mm) Sr(28m) ’
where pijj,l(s) = sinh 27bs sinh 7s.

Within the super-JT limit, we can use
~ 1 1
d(B,e|s1,5 ) = T(h+icks +ik1)T <2+h—z’ekgiik1) . S(28m) =T <2h—|—2> (@)

In the JT limit, one changes between the super JT and the bosonic JT theory upon crossing
the bilocal line. It would be interesting to understand whether this result can be understood
directly in the JT theory, without going through its embedding in Liouville supergravity.

For h € —N/2 — 1, the Ramond sector bilocal (G.6) becomes degenerate. These
degenerate values of h need to be considered separately. Within the framework of the
minimal superstring, we consider them next.
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G.2 Minimal superstring Ramond operators

Minimal superstring Ramond operators are located at Sy; = 2bh = —bj where j € N+ % =
%, % .... In this case, we can evaluate explicitly:

5 cosh Fs1 + (—)7+/2isinh T sy

d(b+bj,+|s14,50-) = — ‘ G.8
( s 52-) = (sinh sy — (—=)I=m sinh wb(sy + imb)) (G8)
B cosh Tsq + (—)7+/2isinh Ts,
B %:_j (cosh wbsy + (—)7—™ cosh wb(sg + imb))’
~ ) cosh Zsy — (—)it1/2jginh T s
d(b+bj, —|s14,52-) = — — ( )jm b2 (G.9)
m——j (sinh wbsy + (—)7 =" sinh wb(s1 + imb))
which, after picking up the residues and the discontinuity, leads to
+o00 .
<Bl,gj+1l3172j+1>€1’£2 = /0 dsy cosh wbsy SDiSC[R}?:H(Sl)] e~ f1sinh? mhsy (G.10)
y XJ: (.7 + 1/2)!(_1)‘7(_)71—%67%2[2 cosh? 7b(s1+inb)
ne——j an:_j (cosh wb(s1 + inb) — (—)"~™ cosh wb(s1 + imb))
m#n
—3 too dso sinh 27bss Di NS —k205 cosh? Tbso
2 sinh 27bsg Disc[R, 2 _(s2)] e
0
y i (] + 1/2)!(_1)]'(_)71—%6—&261 sinh? 7b(s14inb)
tl N ?(smh 7h(sg + inb) — (=)™ sinh wb(sg 4 imb))’
in terms of the densities of states:
p§:+1(s) = cosh 7bs SDiSC[RnR:+1(S)] = cosh 7bs cosh %s, (G.11)
p?ﬁ_l (s) = sinh 27bs Disc[R?E_l (s)] = sinh 27bs sinh %s, (G.12)

which describes a transition from an R-sector to an NS-sector. We indeed recognize the
NS density of states from (8.29).

G.3 Spin fields from the ZZ-ZZ brane perspective

In this complementary section, we elaborate on a perspective that was developed in [20]
and [34] on Schwarzian amplitudes. In that work, the strategy was to consider the cylinder
amplitude between a pair of vacuum branes in solely the Liouville CFT. Within that
construction, a double-scaling limit where the central charge ¢ — +o00, the amplitude
reduces to the Schwarzian partition function.

The extension to Schwarzian bilocal operators is made by taking the same double-
scaling limit of the cylinder amplitude with a single Liouville primary vertex operator
inserted in the middle. One of the main benefits of this approach is that several generaliza-
tions are readily studied, exploiting the many investigations of Liouville and super-Liouville
CFT done during the past decades. Indeed, we computed the super-Schwarzian bilocal cor-
relators by inserting a super-Liouville primary vertex operator e®® between two Ramond
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7Zq 7Zx

Figure 10. Super-Liouville primary field insertion e®? between two vacuum R-sector branes. The
Schwarzian bilocal correlators are obtained in the double scaling limit where the circumference of
the cylinder T'— 0 while ¢ — +o0 keeping the product % = ( fixed as the Schwarzian coupling
constant.

2Zq

Figure 11. Left: insertion of spin operator between a ZZys and a ZZg brane. Right: insertion
of Verlinde loop (topological defect) allows one to view this as a single defect consisting of the
combination WOZE.

identity branes ZZy (figure 10). In this work, we have seen that there is also a boundary
spin field insertion in Liouville supergravity, and the resulting bilocal correlator (G.6) was
not obtained before in [20]. In this section we remedy this and study spin field insertions in
the super-Liouville CFT between vacuum branes and match these to expressions we found
in this work using the Liouville supergravity approach.

We compute the amplitude with the insertion of a super-Liouville spin field operator
between one ZZyng brane and one ZZgy brane (figure 11 left). Within the minisuperspace
limit, we expand the boundary states as

Z2xs) = [ dPUNs(P)IP.NS),  122x) = [ dPUR(P)IP.R), (G.13)
where the Ishibashi states are expanded in primary states and their descendants as:

|P,R)) = |®572+ip> + é/_ﬂiP) + (descendants), |P,NS)) = ‘VQ/2+,L‘P> + (descendants)

(G.14)
Within the double-scaling limit where the cylinder circumference 7' — 0, the (closed-
channel) Ishibashi states above are dominated by their primaries. For a single super-
Liouville vertex operator insertion between the two branes, we can then compute the am-
plitude as the three-point function on the sphere. In our case, the operator is in the Ramond
sector and can be written as O = ¢V, where V,, = ¢®® are the Liouville primaries and
o€ is the spin field. We then denote the sphere three-point functions of interest as:

Cy = (V,,05507F), Co = (Vo,0550%F), (G.15)
and the amplitude of interest becomes:

(ZZns| ©ZF |2ZR) = / dPdP U g(P)Ug(P) (él + ég). (G.16)
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The N = 1 DOZZ formula is given by [68, 103, 104]%4

C’l _ Ti\]s(O)TNS(2041)TR(2042)TR(2043)
Tr(ai+243 — Q) Tns(a142-3) Tr(a213-1)Tns(341-2)

oo T4 (0) Trs (201 ) Tr (202) T (203) |
Tns(aiy24+3 — Q) Tr(an12-3) Tns(o3-1) Tr(34+1-2)

(G.17)

(G.18)

In order to implement the double-scaling limit to JT gravity, we need to parametrize the
2d CFT parameters in the following way [20]: a1 = Q/2 + 2ibk;1, as = Q/2 + 2ibky and
ag = 2bh, where k1, ko and h are kept finite as b — 0. Using the limits:

1 1
Tr(4hb) — —
r(4h) T(2h+ 1)

(G.19)

Tns(Q + 2iPy) — Tr(Q +2iP) — T

T(2ik:) (1/2 — 2iky)’

we find the limiting DOZZ-formulas become:
o T(h —iky & iki)T(3 + b + iko £ iky)
! T(2iky)T(1)2 — 2ikg)T(2h + 1)

G s D(h +ike £ ik))T(3 + h — iko £ iky)
2 T(2ik)T(1/2 — 2ikg)T(2h + 3)

(G.20)

(G.21)

which matches with (G.7), with the correspondence of the boundary spin operator 0 F &
Cy and ©1F & (s, Taking the sum C1 + Cs is then identified with the sum in the quantity
d(B,—|s4,8") +d(B, +|s4,5").

Using the limits of the brane wavefunctions

1 1
Uys(P) ~ G.22
Ns(P) ~ SR PO T —iP ) T(—2ik)” (G.22)
1 1
TR(P) ~ G.23
R~ S s i pyT (/2= iPb)  T(1/2 = 2ik)’ (G.23)
the amplitude (G.16) is then
Lo[ree : —7k2 —(B—T)k2
2/ dkyidksaky sinh(27ky ) cosh(2mke)e™ " 1e 2
0
[(h — ikg £ ik1)T(3 + h + ike + ik
o | Btk 2R Fhtika£ik) 0l (G
r(2h+1)

with a change in spectral density from the NS density for k; to the R density for ks.
Notice the presence of the I' (2h + %) factor, signaling the presence of Ramond degenerate
boundary operators when h = —%, —% .... This expression matches the JT limit of the
Liouville supergravity expression we found in (G.6).

Setting h = 0 gives an insertion of a pure spin field, and this can be viewed as the

most basic operator required to change fermionic boundary conditions.

“Txs(w) =T (£) T (52), Tr(z) =T (2£2) T (%“)
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anti-periodic .., ™, periodic

/)
- - - @

Figure 12. Left: doubling the ZZ-ZZ cylinder into a chiral torus with branch cut (red dashed)
between the operator and its image. Fermions have anti-periodic (NS) boundary conditions around
the small circle between the ends of the bilocal, and periodic (R) boundary conditions elsewhere.
Middle: Verlinde loop (= Chern-Simons Wilson loop) linked with the bilocal Wilson line, and
soaking up the branch cut. Right: JT limit where the branch cut becomes the FZZT boundary
condition with n = —1, and the usual n = +1 elsewhere.

In [34] we framed this approach of computing JT correlators in a larger geometric
bulk picture, and it is insightful to generalize that discussion to include the spin operators
discussed here. The general picture described there is as follows. The Liouville cylinder is
first doubled into a chiral torus. The double-scaling limit then shrinks that torus into a
long narrow tube that degenerates into the boundary of the disk. The exterior region of
the cylinder is in the process projected onto its angular zero-mode and can be identified as
the interior of the 2d disk region. We checked this picture in [34] by mapping defects in
the JT disk bulk to Chern-Simons Wilson loops encircling the cylindrical tube to Verlinde
loops [105] contracted onto the Liouville cylindrical tube.

This story now gets additional ingredients as follows.

There is a branch cut between the spin field insertion and the NS-brane (figure 11 left).
The latter can also be found by applying a Verlinde loop operator W on the usual ZZg
brane, i.e. |ZZns) = W|ZZg). Since Verlinde loops can be viewed as topological defects in
CFT [106], one can view the entire construction as the application of a combined operator
on the CFT system, consisting of R spin field plus topological defect to soak up the jump
on the branch cut at the other end (figure 11 right). One can even move the defect up to
the vertex operator. The topological defect operator insertion D(k) itself is given by the
expression:

W IR = D(k) = ?%S _ \\IJNS(P)\; _ sinh(rP/b)sinh(7bP) ksinh(27rk)’ (G.25)

OR | TR (P)| cosh(mP/b) cosh(mbP) cosh(27k)
to be inserted in the amplitude in the momentum k sector. A summary of the situation is
given in figure 12. The periodicity / antiperiodicity of the fermions around the small circle
in the ZZ-7ZZ picture, maps into the local fermionic boundary conditions n = +1 / n = —1
respectively in the Liouville disk supergravity picture.

For higher-point functions, we can determine the intermediate set of operators from
the fusion rules (figure 13). E.g. for the left figure 13 we have Vp x V; — V5, whereas for
the middle figure we get ©p x Oy — Vg and the right figure has Vp x ©, — ©¢. Each
time we have a fusion in the NS sector Vg we have a ksinh 27k density and a branchcut,
whereas when we have an R fusion ©¢, we get cosh 27k and no branchcut.

This readily generalizes to out-of-time ordered correlators.
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2Zx

Figure 13. NS operators (green) and R operators (blue) inserted in the ZZ-ZZ brane system.

R-sector operators create or soak up a branch cut, where the NS operators do not adjust branch
cuts. Top: examples of four-point functions (two Liouville operators) with several spin operators
in Liouville language. Bottom: resulting JT bilocal disk diagram.
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