PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: August 24, 2020
REVISED: November 14, 2020
ACCEPTED: November 29, 2020
PUBLISHED: January 14, 2021

Soft modes in A/ = 2 SYK model

Cheng Peng®’ and Stefan Stanojevic’

@ Kavli Institute for Theoretical Sciences (KITS) and
CAS Center for Excellence in Topological Quantum Computation,
University of Chinese Academy of Sciences, Beijing 100190, China

bCenter for Quantum Mathematics and Physics (QMAP), Department of Physics,
University of California, Davis, CA 95616 U.S.A.

¢Department of Physics, Brown University,
Providence RI 02912, U.S.A.

E-mail: cpeng@ucdavis.edu, stefan_stanojevic@brown.edu

ABSTRACT: We study various properties of the soft modes in the N’ = 2 supersymmetric
SYK model.

KEYWORDS: 1/N Expansion, AdS-CFT Correspondence, Field Theories in Lower Dimen-
sions, Extended Supersymmetry

ARX1v EPRINT: 2006.13961

OPEN AccCESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP01(2021)082


mailto:cpeng@ucdavis.edu
mailto:stefan_stanojevic@brown.edu
https://arxiv.org/abs/2006.13961
https://doi.org/10.1007/JHEP01(2021)082

Contents

1 Introduction 1
2 Review of the N/ = 2 supersymmetric SYK model 2
3 Green’s functions 4
3.1 The N = 1 model 4
3.2 The N = 2 model 5

4 The regularized 4-point functions 6
4.1 The non-diagonal channel 6
4.1.1 The conformal Limit 8

4.1.2 Stepping out of the conformal limit 9

4.2 The diagonal channel 12

5 Chaos exponents 14
6 Effective action 16
6.1 Super-Schwarzian action from correlation functions 21
6.2 Super-Schwarzian action from supersymmetrization 23

7 The ground state contributions to the Green’s function 25
7.1 Energy-energy correlator 26
7.2 A crude approximation 26
7.3 A better approximation 27

8 Schwarzian correlators 30
9 Conclusions 35
A Details of the integrals to get the effective action 36

1 Introduction

The Sachdev-Ye-Kitaev model [1-9] motivates the recent advances in holographic under-
standing of (quantum) gravity [10-16]. The SYK model admits supersymmetric general-
izations [17]. In this paper we focus on the N' = 2 supersymmetric SYK model. Some
details of the correlation functions are computed in [18]. The partition function of this
model is discussed in detail in [19, 20]. Similar to its purely fermionic counterpart [21, 22],
the supersymmetry model can also be studied in the doubly scaled large-g limit [23]. Some



properties of the spectrum of the model are discussed in [24]. A bulk interpretation of the
supersymmetric Schwarzian model is discussed in [25]. Supersymmetry turns out to be
crucial in the construction of higher dimensional covariant analogue of the disordered SYK
model [26-30].

In this work we continue the study of the correlation functions in the N' = 2 SYK
model [18], focusing on the low energy modes. Detailed discussion about these soft modes
can be found in e.g. [6, 20, 31-34] After a brief review of the N' = 2 SYK model, we
start with an analysis of the large-¢q limit. In particular, we work out the large-¢ prop-
agators in section 3, the corrections to the eigenvalues of the “nondiagonal” kernels are
found in section 4.1, and the corrections to the “diagonal” kernels in 4.2. We evaluate
Lyapunov exponents in section 5. We further discuss the effective action of the soft modes
corresponding to the spontaneous and explicit breaking of the super-reparametrization in
section 6. We discuss the contribution of the exact ground states to the correlation function
in section 7 and show that their contribution is negligible at slightly higher temperature
so the full correlator at finite temperature could be obtained from the conformal part of
the zero temperature correlation function by a reparametrization Finally we consider the
correlators of the Schwarzian operators in section 8.

2 Review of the N/ = 2 supersymmetric SYK model

The Lagrangian of the N'= 2 SYK model reads [17, 18]

L = ;0-1p; — bib; + i(q_l)/2cij1 Gat Uiy + 4 1)/20131 Gt Uity - s

(2.1)
where the Gaussian distribution of random coupling satisfies
- (¢g—1DWJ
(Ciy..10Cy.ig) = TNl (2.2)

The model is proposed in [17].} Four point correlation functions in the N’ = 2 SYK
model are computed explicitly in [18]. The connected piece of the four-point function, at
the leading order of %, only receives contributions from the set of the ladder diagrams that
can be iteratively generated by the action of a set of ladder kernels. In the N' = 2 SYK
model, there are several kinds of relevant kernels.

1. The correlation function (1;(71)b;(72)1;(73)b;(74)) receives contributions from a set
of ladder diagrams with a bosonic line and a fermionic line on the ladder rails. They
can be constructed by repeated actions of the “diagonal” kernel

-2
K= J(g— 1)G¥(114)G" (723) (G¥ (734)) 7). (2.3)
In the conformal limit, the eigenvalues of this kernel are k3¢ and k&9 [18].

(10) i (12)05 (73)05(7a)), (Wi (7)) (72)bj (73)b5(74)), (bi(11)bi (72)105(73) 5 (74))

2. The < 1)
1)bi(72)b;(73)b;(14)) correlation functions receive contributions from ladder

and (b;(T

LOther earlier discussions about introducing supersymmetry to this model can be found in e.g. [35, 36].
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Figure 1. Action of the non-diagonal kernels K, K2, K2!. In the plots the solid lines represent
fermionic propagators and the dashed lines represent bosonic propagators.

diagrams with 2 bosonic lines or 2 fermionic lines on both rails. They can be con-
structed by repeated actions of the matrix of “non-diagonal” kernels, as shown in
figure 1. The different components of this matrix are

K= JHGw(T14)G$(Tz3)GE(TS4)(G¢(734))q_3 (2.4)
K'? JEg — ;iiGw(n4)G’Z(ng)(Gw(734))q_ (2.5)
K = 7 ) ) (67 () (26)

In the conformal limit, they have the eigenvalues k3:'1(h), k3*2(h), k521 (h) that cor-
respond to symmetric eigenfunctions, and the eigenvalues k& (h), k%12(h), k%21 (h)
that correspond to antisymmetric eigenfunctions. The matrix of these eigenvalues can
be diagonalized to yield k3% (h), k%% (h). See [18, 37] for more computational details.

Notice that the 4-point functions receiving contributions from the diagonal kernels do not
mix with those receiving contributions from the non-diagonal kernels. Therefore in the
following, we call the 4-point functions constructed by these kernels the “diagonal” and
“non-diagonal” channels respectively.

The different eigenvalues obey the following relationship [18]:

1 1
kod(R) = ko~ (h + 2) — ot (h - 2) (2.7)
s,d s+ 1 a,— 1
k) = ket (=5 ) = ke (et 5) (2.8)

which is a manifestation of supersymmetry among the operators propagating in the differ-
ent channels.

The spectrum of physical operators that run in this set of 4-point function are deter-
mined by the condition that at least one of the eigenvalues equals to one. The dimensions
of the operators in the different channels are determined by the h that satisfy

k/sE(h) =1 . (2.9)



For example the lightest multiplets are found to satisfy the equations

kg’dG) _R(2) = (1) = 1 (2.10)
kﬁd@) =k () =k (2) =1, (2.11)

where we find two multiplets each consisting of 1 spin-1, 2 spin—% and 1 spin-2 operators.

The sum of ladder diagrams can be evaluated as a geometric sum of the diagonalized
kernels, which is schematically of the form ﬁ acting on the zero-rung basis. One can
further decompose it into a sum over a complete set of orthonormal eigenfunction basis that
diagonalize the kernels with h = %—i—i s, which constitutes the principle series, as well as h €
Z., which constitutes the discrete set. However, one need to check if any of the eigenvalues
corresponding to these eigenfunctions is one; when this happens the above geometric sum
diverges. This in general is not a problem since the solution to the eigenvalue equation (2.9)
are mostly irrational. However, the aforementioned supermultiplets consisting h = 1,3/2, 2
operators do appear in the set of orthonormal eigenfunctions and the eigenvalues of the
kernels acting on them give 1. So they lead to genuine divergences of 4-point functions in
the conformal limit [17, 18], like the fermionic model [6].

This is simply a signature that such operators actually corresponds to zero modes in the
space of solutions to the Schwinger-Dyson equation in the conformal limit: their presence
is due to the spontaneous breaking of the supersymmetric reparametrization symmetry of
the conformal limit of the Schwinger-Dyson equation. To regularize this divergence, one
has to also introduce a small explicit breaking of the conformal symmetry, which amounts
to correct the eigenvalues of equation (2.10) by stepping outside of the conformal limit.
The simplest approach to do so is to consider the large-q limit where we can solve the

model without relying on the conformal symmetry.

3 Green’s functions

We start by finding the exact propagators of the supersymmetric SYK model in the large-
q limit.

3.1 The N = 1 model

We consider the following ansatz for fermionic and bosonic large-q propagators.

Gy(1) = %sgn(r) (1 + Lllgw(T) + - ) (3.1)
Gh(r) = —8(7) + 21ng(7) b (3.2)

where gy (—7) = gy (7) and gy(—7) = g»(7). Notice that this is slightly different from (2.34)
of the [17], but we will nevertheless show that it reproduces their result. The propagators
in the frequency domain read

Golw) = =7 + o810 Gulw) (33)
Gule) = =1+ 5-ib(e) (3.4



where o refers to convolutions in frequency space and gy is the Fourier transform of the
gy, functions. They can be inverted and then plugged into the Schwinger-Dyson equations
of the propagators. To the first order in 1/g, this leads to

w2
Gy(w)™ = —iw + Q—qsgn 0 gy(w) = —iw — Xy (w) (3.5)
Gult) ™! = =1 = 5oible) = ~1 = Zy(o) (3.6)

Solving the equations gives the expressions for the self energies, which can further be
transformed back to the time domain to get

Sy (7) = ;qaz (sen(Mgw(m),  So(r) = —an(r) - (3.7)

On the other hand, the self energies can also be computed as

Sy(m) = (¢ = DIG(TNGY ()2, Sy(r) = J(GV ()" . (3.8)
Plugging in the large-q ansatz for propagators (3.2), we get

J
24-1

-1J T T
Zy(r) = T = grmpsmn()gn (e By () = et (3.9)

In the large-q limit, we keep J = ¢.J/2972 fixed, similar to large-q analysis of other analo-
gous models [6, 17]. Rewriting the previous set of equations in terms of 7, and comparing
with equation (3.7), we get

T*sgn(r)ew () = 92 (sgn(m)gyp(r)), T = gy(7) . (3.10)

They agree with (2.35) of [17] (up to factors of sgn(7) on both sides of the g, equation,
the effect of this factor is not observed in this computation that is constrained in [0, 3).)
After rescaling gy, by a factor of 2, the gy, equation is identical to (2.16) of [6], and it has

e?90(7) = cos? (7;)) sec? (m} (; - @)) (3.11)

pT = cos(7:1))/2) ' (3.12)

a solution [6]

Next we consider a similar computation for the N' = 2 model.

3.2 The N = 2 model

In the A/ = 2 model, we assume the following large - ¢ propagators,

Gy(T) = %sgn(T) (1 + ;gw(T) +-- ) ;o Gylr) = %sgn(r) (1 + ;gw(T) + - ) (3.13)

Go(r) = —6(7) + —gy(7) + - -+ | Gy(r) = —5(r) +

% —g5(17)+ -, (3.14)



where Go(7) = (TO(7)O(0)). Inverting them and plugging them into the Schwinger-Dyson
equation leads to the following expressions for the self energies

Du(r) = 5o04(r), §(1) = 555(7). (3.15)
5, (7) = iyaz(sgn(T)g¢(T)), $5(r) = i}@g(sgn(T)gd}(T)) . (3.16)

On the other hand, self energies in the N' = 2 model are defined as
S(r) = J(GY(r)" S(r) = J(GY ()" (3.17)

20(1) = (¢ — DJGE(r)(GY ()12, £(r) = (¢ — D)IG () (G¥(r) 2. (3.18)

After substituting the expressions of propagators and comparing with the other expressions
of the self energies (3.17) and (3.18), we get the following set of equations,

go(r) = Te T, 82 (sgn(r)gy (7)) = Tsgn(r)gp(r)e’ " (3.19)

gy(1) = Te% . 92 (sgn(r)gy(r)) = Tsen(r)gy(r)es ™) (3.20)
Eliminating g5(7) and g3(7) from the equations, we get

9% (sgn (1) gy (7)) = jQSgn(T)egw(T)%(T) = 0?2 (sen(m)gy (1)) - (3.21)

We thus find that our ansatz (3.13) and (3.14) lead to identical g4(7) and g;(7) up to a
linear function in 7. Finiteness of the Green’s functions at large time forbids such linear
terms and hence we conclude that gy (1) = g;(7), gs(7) = g5(7). We then conclude that
they are both solved by equation (3.11) which we recast here

¢290(7) = cos? (7;@) sec? (m} (; - @)) (3.22)

pT = cos(trq;/Q) ' (3:29)

Notice that the v — 1 limit is equivalent to the 57 — oo limit.

4 The regularized 4-point functions

Next we consider the diverging contribution to the 4-point function, which is regularized
by slightly stepping away from the conformal limit. We discuss the “non-diagonal” and
“diagonal” kernels respectively.

4.1 The non-diagonal channel

Kernels of equation (2.4) act on a two-component vector of “eigenfunctions”

KWy = kppaby , K40y = kiothy , K24y = kotha, (4.1)



whose repeated action can be conveniently encoded into repeated multiplication by the
following matrix

<<wlmﬂ|¢1> <w1\K12|w2>> (kn kw) (4.2)

(2| K2 [h1) 0 ka1 0
where k% are the numbers in (4.1). We can first diagonalize this matrix of k% and then

the computation of the geometric series of the matrix can be trivialized.
Concretely, the eigenequations read

sgn(714) sgn(7a3)
2

ki (1, m2) = JQQ/dedM

-3
X (—5(734) + 1ng(734)> Me%(m)% (73,74) (4.3)

2 20-3
S S S q-2
k121/11 (Tl,TQ) = qJ/dngm gn(27'14) gn(2723) gn(223_42) egw(7—34)¢2(7'377'4) (4.4)
S q-2
lel/Jg(Tl,TQ) = qJ/dngT4(5(T14>5(7'23)gn(27;3_42)egw(734)1/11(T3,7'4) . (45)

Those equations can be recast into differential form after applying 0, 0, to both sides,

0 0
T2y (19, 71) = ki1 =11 (11, 72) (4.6)
011 072
o0 0
jng(T21)egw(7’21)¢2(7‘2,7‘1) = k128787¢1(7‘1,7‘2) (47)
T YT2
Tsgn(ra1)e? ey (13, 71) = kortha (71, 7) - (4.8)

Eliminating the 11 (71, 72) in the equations, we obtain

o 0 s
jQSgn(Tlg)egw(le)@/Jg(Tl,7'2) = kmkmaiﬁaiTQSgD(Tm)e g¢( 12)@/}2(7'1, 7'2) (4.9)

Following [6], we take the following Fourier ansatz

(71, 73) = S&%wg,n(@ L i—vr+(l—v)r (4.10)
'02
(1402 - et ) st 0. an
where
xT=T —To, yzﬁ—;Tz (4.12)

Notice that we did not assume any symmetry properties of 1; and 9 in deriving equa-
tion (4.9) and (4.10). The general solution of equation (4.10) is

Yo nn(®) = 1) (@) + el (2) (4.13)
h . . -
. T h—n h+n 1 T
00— (2 o (B2 L () o
~ ~\ h ~ ~ ~
() I I+h—n 14+h+n 3 2<x>)
wg,h,n(af) =cos 5 (sm 2) o Fy ( 5 , 5 5ic0s” ( 5 , (4.15)



where ¢, ¢o are arbitrary constants and 72 = n/v. In the above expressions, we have also
set 8 = 27 and identified ki9ko1 = ﬁ after which the eigenfunction with dimension A
solves the equation (4.11). The solution 11 , can be obtained by substituting this solution
into the third equation of equation (4.6). Then the first equation of equation (4.6) can be

solved as follows. Rewriting this equation in terms of ¥9(7), we get (after making use of
edu(T1m2) — egw(ﬁ,ﬁ)),

o 0
jZSgn(le)egw(Tm)’(/}z(Tl, 7'2) = ]{Jll77Sgn(7'21)eigw(712)1/}2(7'2, Tl) . (4.16)
87’1 87‘2

Next, we eliminate the r.h.s. of (4.6) with the help of (4.7) and rewrite the Lh.s. of (4.6)
with the help of (4.8), we get

ko1k12w2(T1, 72) = k11¢2(2,71) . (4.17)

It is then useful to decompose 19 into the symmetric and antisymmetric basis in 71 and

To: o1, T2) = 3 (11, Te) + ¥4 (11, 72), where ¢5 (11, 72) = ¥5(r2,71) and Y4 (11, m) =
—)4' (12, 71). Then we get

kroka1 (W3 (11, 72) + U8 (11, 72)) = k11 (¥5 (71, 72) — ¥3 (11, 72)) (4.18)

which can be rearranged into the form

(k11 — Erokor )5 (11, 72) = (k11 + kioka )5 (11, ) (4.19)

The nontrivial solutions of this equation are kioko1 + k11 = 0 = 1/125 (71, 72), which means
1o is antisymmetric and v symmetric; or kioksy — k13 =0 = 1%4(7'1, T2), which means 1,
is symmetric an 1, is antisymmetric.

4.1.1 The conformal Limit

The eigenvalues of the non-diagonal kernels in the conformal limit were found in [17, 18]

1 B 1 1, hyp(l 1.1
” .
P+ 91+ 45— )05 —5TE -h—151)
Nyl _h_ 1 1, h 1 1 1.1
. .
PA+lG+5 -5 TG +5 - PG —h—F3
In the limit of ¢ — oo, they become
1 1 1 1
a,+ — __ a,— e s, + = — 5 = — 422
Now we try to reproduce these results from our large ¢ analysis. Diagonalizing the matrix
k11 k12
4.23
(km ! (4.23)

with ki1, k12, ko1 defined by (4.1) leads to

- ki1 £ /K3 + dkioka
it = U (4.24)

2




Next recall that our large ¢ analysis leads to kj; = —ki2ko1 and kf; = ki2ko1, where kf;
corresponds to the case of even ¢ (x) and k{; corresponds to the case of odd 1 (z). So we
expect the following identification

ot = \/(k%1)2 +4kiokar  kygkor £ /(ki2k21)? + 4ki2kar (4.25)
2 B 2 ‘
T VED? + Akiokor  —kyokoy £ \/Torghon)? T Throkar (4.26)
2 B 2 ' '
In the conformal limit v = 1, (4.10) tells us that the conformal weight h of 15 is given by
kioko1 = ﬁ Substituting this into (4.25) leads to
ek L (1—2h )2_{_1 1 } (4.27)
- 2h(h—1) 2h(h—1)) R h—1 '
. 1 1—2n \* (1 1
ks,:l: _ + = - — 4.28
wa-m*\(@maos) ~ ) (429

which matches the results from (4.22). Note that there are only two eigenvalues in the strict
g — oo limit leading to operators with non-negative dimension: k(h) =1: k»~(2) =1 and
k**(1) = 1. According to [18], they live in the same supermultiplet. Furthermore, their
conformal dimension lives on the integration contour of the 4-point function, so they lead
to actual divergence of the 4-point functions. To regulate such divergences, we go slightly
away from the conformal limit. This is discussed in the next section.

4.1.2 Stepping out of the conformal limit

Next we consider the contribution to the 4-point function from the h = 2 supermulti-
plet, which correspond to the super-reparametrization modes. In the large-q limit we can
explicitly regulate their contributions by stepping away from the conformal limit.

We first analyse the symmetry property of the eigenfunctions in our problem. We first
consider the eigenfunction 12 whose two external legs, which are to be fused to the kernels,
are both bosonic and are periodic

Yo(m1 + 21, 72) = Yo(T1,T2) , Y2(T1, T2+ 27) = Yo(71,T2) - (4.29)

Notice that here and in the following of this section we set § = 27 for simplicity. The swap
statistics further leads to

V3 (11, 72) = V3 (12,71) V311, m2) = — Y3 (12, 11) (4.30)

where the two different symmetries under the swapping of the two fields are both possible
because the two fields at the two positions are conjugate to each other, instead of being
the same. As a result, we get

1/15(27'(‘-{13,3/4—71’) :¢25(x7y)7 ?[)54(271'—1',:[/-1—71') = —ﬂ)?(.’li,y), (431)



We then check the property of our solution under (z,y) — (27 — x,y + 7). Using the fact
that the transformation x — 27—z translates to # = ve+(1—v)m — —vz+(14v)7T = 27—7,
the symmetry property of the solution (4.14) around x = 7 is manifest

per —2) =P (@), P er—2) = P (@) . (4.32)

It is then clear that the symmetric and antisymmetric pieces of the solution read

van(z) =5 () + wf?(x) (4.33)
DI NE R e ME R (EY
bif@)=c Y Siz(%wéﬁ,n(m) te Y Si;%@bf}{m(as) : (4.35)

n=27+1
n=27+1 n=27

where we have written out the explicit h dependence in the eigenfunctions for the conve-
nience of the later discussion. It is not surprising that such a rewriting is possible since
in the non-diagonal channels, the fields on the ladder-rungs are all bosonic and hence one
should be able to rewrite eigenfunctions in the set of basis of the bosonic eigenfunctions.
However, a crucial difference from the results in [6] is that in our expressions the n can be
both even and odd for either of the expressions. This doubling precisely correspond to the
fact that there are two h = 2 multiplets, one corresponds to the super-reparametrization
mode and the other one is expected to be a normal operator. Comparing with the results
in [6], we find 3 () is precisely the solution considered there for the SYK model based on
Majorana fermions and it is clear that it correspond to the super-reparametrization mode.
The ¢5‘(x) corresponds to the other spin-2 super-multiplet.

We first try to understand better the nature of the second h = 2 multiplet by checking
whether it leads to a divergence in the 4-point function and hence correspond to zero
modes. The way we verify this is to consider the process of going to the conformal limit,
which is controlled by the limit v — 1. Explicitly, we first consider the divergence of the
eigenfunctions in the conformal limit v = 1, we get

—iny

sjl(wwél})m(:v) diverges at h =1,n=2Z and h =2,n=2Z+ 1U {0}, (4.36)
—iny
Slz(wwézzn(m) diverges at h=1,n=2Z+4+1U{0} and h =2,n =2ZU {£1} .

(4.37)

First recall that the n = 0, &1 modes at A = 2 and the n = 0 mode at h = 1 of the above
expansion correspond to the global si(2,R) symmetry of the solution. They are true zero
modes of the model that we want to remove. Therefore, in the following discussion, we will
not consider them since they are always removed from the theory.

Next notice that when we consider the v — 1 limit, the eigenfunctions are expected to
approach the eigenfunction in the conformal limit, in particular the mode near h = 2 are
expected to approach the h = 2 mode in the conformal limit that leads to the divergence

~10 -



of the 4-point functions. Notice that this divergence is the property of the associated
eigenvalues and the eigenfunctions themselves should be well defined and normalizable.
From the above analysis, in particular (4.35), (4.34), (4.36) and (4.37) we see precisely that
the 97 and ¥4 diverges in the limit v — 1. This means that in the conformal limit the
would-be eigenfunctions associated to the antisymmetric spin-2 operator and the symmetric
spin-1 operator all diverge. Since we only consider normalizable eigenfunctions of the kernel
when computing the 4-point functions, we then conclude that the operators associated to
the would-be { and 13" eigenfunctions in the conformal limit actually decouple from the
theory in the conformal limit, and they do not enter the correlation functions. This is
compatible with the fact that these two operators are in the same h = 1 multiplet. There
decoupling means there is only one spin-2 operator in the conformal limit of the theory,
which is simply the stress tensor.

Given this we consider only the other two components, namely 5 and !, that
correspond to the stress tensor and a spin-1 operator in the same multiplet in the conformal
limit. Although these eigenfunctions do not diverge in the strict conformal limit v — 1,
they do lead to divergence of the correlation function due to the divergence of the geometric
sum of the kernel. We thus seek to go away from the conformal limit so that the dimension
is away from the conformal answer h = 2,1. Hence the kernel no longer evaluates to 1
and the divergence is regulated. The process of going away from the conformal limit can
be conveniently parametrized by the values of v that are different from 1. As v increases
from 1, the dimension h of the real eigenfunctions get corrected so that the eigenfunctions
remains normalizable as the theory is driven away from the conformal limit. To determine
such corrections to the dimension h, we can simply require the eigenfunctions ¢35 and @Df
to be regular at any v around 1.

The condition for this to happen is similar to [6], namely one of the first two arguments
of the eigenfunction should vanish. This means the dimension should have the following
dependence on v

]__

e m)=l4+h-n=1+n—01 (4.38)
1—

U hy(w)=24R-n=2+n—0", (4.39)

v

that renders both 15 and v{' to be finite at v # 1. Here we have used hj(v) to represent
the dimension of the spin-1 operator corresponding to the 1/1{‘ eigenfunction and ha(v) to
represent the operator correspond to the 1/125 eigenfunction away from the conformal limit.
Given this correction, it is simple to determine what are the eigenvalues of the non-diagonal
kernel away from the conformal limit at any value v

1 1

hi(v)  1+n(l—wv)/v

_ 1 _ 1
Cha(v)—1  14n(l-—v)/v’

kST =

(4.40)

k™

(4.41)

Since these eigenvalues of the kernels are now away from 1, the corresponding geometric
series converges and the 4-point function is thus well defined and sensible. Furthermore,

- 11 -
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Figure 2. Action of the diagonal Kernels KL(il), K{f). In the figure the real lines represent fermionic
propagators and the dashed lines represent bosonic propagators.

note that the seeming mismatch of the S, A label on the eigenfunction v and that on the
eigenvalue k%% is not a typo, this is simply because the eigenfunctions we considered
here are the second component in the vector that has the opposite symmetry property as
the (first component of the) multiplet.

4.2 The diagonal channel

The diagonal kernels act on a two-component vector of eigenfunctions as
Ky =k, KD w1 = ke, (4.42)

where the 1; depend on two times: in (71, 72) the line attached to 7y is bosonic and the
line attached to 75 is fermionic, in ty(71, 72) the line attached to 7 is fermionic and the
line attached to 7 is bosonic, as illustrated in figure 2.

Their repeated actions can again be represented by repeated multiplication of
the matrix

(1)
0wl (o k) | s
(ol K g [41) 0 k2 0
The kernels K L(il), K 6(12) are
K = J(q — 1)G* (113)G*(724) (G¥ (734)) (4.44)
K = J(q = DG (rs)G¥ (raa) (G (70)) T . (4.45)

Working to the leading order in 1/q and plugging in the expression (3.13), (3.14), (3.15)
and (3.16), the eigen-equation for Kc(ll) is thus

J(g—1

—2(11)/dedT4SgH(T13)5(Tz4)Sgn(734)€gw(734)1#2(7'37T4) = ki1 (71, 72) (4.46)

Applying 0;, to both sides and integrating over 73 and 74, we get
*ngD(Tlg)egw(Tm)d}l (7—17 7’2) = k?la7-1¢2 (Tl, 7'2) . (447)
Repeating the previous calculation for KC(IQ) yields

Tsgn(T12)e9¢M2apy (11, 19) = kaBryth1 (11, T2) - (4.48)
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Substituting (4.47) into (4.48), we obtain

0 0
jzsgn(Tgl)egw(Wl)wg(n,7'2) = —klkgi (sgn(Tgl)eg’/’(Tm)1/12(7'1,7'2)> . (4.49)
87‘2 871

Assuming the ansatz

e~y

Yo(T1,T2) = f%{n(:ﬂ) , T=vx+ (1 —v)mr, (4.50)
sin2 (z/2)
where n is now half-integer since the eigenfunction is fermionic, the above equation has a

solution

1

U (@) = e (1) (—14 ) FTE (o) TR

N 1n 1 1n 1 ..
1 nfv [ iz v ' 2 F < e - —. 2 . za:)
X<Cl( ) (6) 241 k’U+2+]€’U+2’€
. 1 n 1 13 n .
. o (142 24 24 2.2 e 4.51
+262621<+k, Shg i e )> (4.51)

where k? = kiks is the square of the eigenvalues of the matrix (4.43). The h = % mode,
which is in the same supermultiplet that contains the spin-1 and spin-2 modes correspond-
ing to ¢! and 3, is an eigenfunction of this kernel matrix (4.43) with eigenvalue k = 1
and therefore could potentially lead to divergence. As in the previous nondiagonal case,
we first require that this eigenfunction remains finite in the v — 1, k — 1, £ — 0 limit for
any |n| > %.2 This condition removes half of the solution by setting

c1=0, Vn>%, and ca=0, Vn<—%. (4.52)
The remaining half modes are true eigenvalues that leads to a divergence of the 4-point
functions (¢'b*pIb7). To regulate such divergences, we slightly move away from the con-
formal limit, namely we consider v # 1. As the previous non-diagonal case, we determine
the eigenvalues k of the matrix (4.43) at v # 1 by requiring the eigenfunctions to be finite
around z = 0. This can only be true when either of the first two arguments is a non-positive
integer or half integer. For example, when n > 0 the term proportional to ¢z contributes
and we require

n 1 1
T 4.
+2+k‘ ng, (4.53)

where ng is a non-positive integer or half integer. This determines

—2
np = S 21 (4.54)
2
and the solution of the equation (4.53) is
1 1
k= ————— —. 4.
a1/ "7 (4:55)

2Here the k — 1 limit is equivalent to h = %
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Similarly, for negative modes, we require

n 1 1 3+ 2n
e T 4.56
v + 2 + k 2 ( )
which leads to
1 1
k= —o————— \ - 4.57
L+n(l—1/v)’ "3 (457)

Combining the two cases we get the expression of the eigenvalues of the diagonal ker-
nel (4.43) away from the conformal limit

B 1
1= nj(I=1/v)

k (4.58)
The shift of the eigenvalue is proportional to |n|, which is similar to the results in the
nondiagonal kernels.

With all the ingredients above, we can compute the regularized contribution from the
soft-modes to the 4-point function, which is just geometric sums of the kernels on the
eigenfunctions of the h = 2 multiplets where the eigenvalues are shifted as in (4.40), (4.41)
and (4.58). The details of this computation is in exact parallel with the computation in [38]
so we do not repeat here.

5 Chaos exponents

We can compute the chaotic behaviour of the supersymmetric model in the large-q limit as
well. Since we expect that the largest exponent is again due to the spin-2 reparametrization
mode, we only focus on the non-diagonal channels.

We compute the chaotic exponent by diagonalizing the set of retarded kernels follow-
ing [3, 4, 6, 18]. The retarded kernels are defined to be

Ky = JEZ - g:G%(TM)Gﬁ(T%)G?T(TM)(Gﬁ(TM))q3 (5.1)
K = JEZ - ;iiGﬁ(rl4)Gﬁ(723)(Gﬁ(734))q2 (5.2)
Kf = JEZ - giGlz’-z(ﬁzx)G'}z(m)(Gﬁ(TM))q2 ) (5:3)

where the retarded propagators G and the Wightman propagators G- are obtained from
the Euclidean propagators by analytically continuation.

To the leading order of the large-q limit, the retarded propagators are given by G%(t) =
0(t) and Gy(t) = —0(t) which satisfy the SUSY relation Gy(t) = —0;Gy(t). We also need
to compute the large-q expression of the left-right blob in the ladder kernel, for this we
need to analytically continue large powers of fermionic propagators

sgn(r)?"

=)~ G ()2 = BT

e (7) (5.4)
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Because in the supersymmetric model the ¢ is odd, the continuation to real time clearly
depends on from where we do the continuation. For example, in the 7 > 0 region, the
continuation of G¥(7)17% = ;L;e% (1) leads to

1 gy _ L ocos(mv/2) 1 g0 (55)
242 24=2 cosh(mvt) — 2472

In the 7 < 0 region, G¥(1)772 = — Ly €9 (1) we get

1 Lou(B/2+it) _ 1 cos(mv/2) 1 () (5.6)
292 242 cosh(mut) 292

On the other hand, the continuation to the left-right form of the product G¥(7)973G%(7) =

2q1_2 %gb(T)e%(T) does not depend on the sign of 7 due to the even power ¢ — 3: the

continuation simply gives

11
203 ¢4

1 1 _cos(mv/2)?

29y (B/2+it) _ — )
Je 24=2 ¢ cosh(mvt)?

(5.7)

To compute the Lyapunov exponent in the large - ¢ limit, we diagonalize the retarded
kernels with the above large-q expressions and an exponentially growing ansatz. The
eigenequations are similar to the Euclidean computation (4.1)

Kb = ki, Ko =kivyy,  Kiir = ki, (5.8)

where (1)1 ,12) is a two-component vector of eigenfunctions.
In terms of the large-q expressions, they become

J? /dt3dt49(t14)9(t23)€2§¢(t34)¢1(t37t4) = k111 (t1, t2) (5.9)
J/dtgdt49(t14)9(t23)8gn(t34)65¢(t34)1/)2(t3,t4) = k‘u?/)l(tl, tz) (5.10)
j/dtgdt45(t14)5(t23)sgn(t34)eg’f’(t34)1/)1(tg,t4) = k21’¢2(7§1,t2) . (511)

Applying 04,0y, on both sides of the first two equations, and integrating over the delta
functions, we get

. o 0
2 29¢(t21) —
Je P1(ta, t1) knfatl 7at2wl(t1,t2) (5.12)
Gop (t21) _ 9 0
Jsgn(tar)e Po(ta, t1) = k12 P1(t1, t2) (5.13)
Oty Oty
Tsen(tar)ed 20ehy (tg, t1) = karta(t1, t2) - (5.14)

Plugging the expression for 9 from the third equation into the second one, we obtain

_ 0 0 _p
j2sgn(t12)egw(t12)¢2(t1,t2) = kl?km@itl@itzsgn(tm)e gw(tm)q/)Q(tl,tz) . (515)
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Assuming an ansatz of the form o(t1,t2) = %u(tl — t2), the above equation

simplifies to a form
)\% d? w202 1
(4 a da:2> ue) = B?k12ka1 coshQ(ﬂva:/ﬁ)u(x)’

(5.16)
where x = t; — to. In terms of & = 7vz/3, this equation becomes

(AW & )a(@) L1 @), (5.17)

A2 d3? " kigkay cosh? (7)

The physical value of the Lyapunov exponent A, renders at least one of the eigenvalues to
be 1. Given the expression of the matrix of the eigenvalues of the retarded kernels

ki ki
5.18
(,@1 , (518)

at least one eigenvalue equal to 1 means the eigenvalue equation
plp = kiy) — kibksi =0, (5.19)

has a solution at p = 1. This means kff + kfkf = 1. Similar to the analysis in sec-
tion (4.1), we must have either kff = kf kL corresponding to ¢; being antisymmetric
and 1o symmetric, or ki = —kft ki corresponding to v; being symmetric and 1 anti-
symmetric. According to the analysis in section 4.1.2, only the multiplet with a symmetry
property of the first case is present in the spectrum. This leads to kibkll = ki = %

At this value the equation (5.17) is recognized as the Schrodinger equation describing a

particle moving in a V(%) = —2/ cosh?(Z) potential, and the energy is parametrized by
2 32
E= _4)\7?25@ 5. There is one bound state in this potential with energy ' = —1. This means
the Lyapunov exponent is given by
2
AL = %v, (5.20)

which saturates the chaos bound [39].

6 Effective action

Up to now we have regularized the contribution to the 4-point functions from the stress
tensor multiplet. The regularized result controlled by the v — 1 limit that, as indicated
in (3.23), controls the leading 3.J piece of the 4-point functions. As in the original fermionic
SYK model, choosing one solution of the reparametrization invariant infrared Schwinger-
Dyson equation breaks the super-reparametrization symmetry spontaneously and our reg-
ularization further breaks the super-reparametrization symmetry explicitly. Therefore we
expect the would-be Goldstone modes to have finite action. We can write down such an ef-
fective action by requiring that it reproduces the leading 8J piece of the 4-point functions.
In this section, we derive this effective action explicitly.
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We start by performing the disorder average of the random coupling of the action (2.1)
and obtain a bilocal action

M

S = —logdet(0; — wa) + log det ( by (Or — iwj)_l oo —6(1) — f)l-)b)
—logdet(dr — ,,5) + log det (£,5(0r — £,,5) T S5 — 6(7) — Ty
+ / dridrs (,5(r1, 72)G 5 (11, 72) + S5 (71,72)C gy (71, 72)
+ B2, 72) G (71, 72) B (71, 72) Gy (71, 72) + Sy (11, 72) Gy (11, 72)
+ ibd—}(ﬁ, Tg)ébd‘)(Tl, To) — Jégb(Tl,Tg)élz¢(T1,Tg)q_
— Gy, 1) Gy (1, 7)1t = (g — 1)Gy (11, 72)C gy (11, 72) G g (1, 72) 72
= J(q = 1)Gyp(1,7) G (11, 72) Gy (m1,72)772) (6.1)

where we have inserted the following Lagrange multiplier constraints

/DGWDZ wexp( Nzw¢(rl,rz)<0ww(71,72) - %w (1)1 (o )) = (6.2)
/DGWDSW exp (—Niw(ﬁﬁz)<éw(ﬁﬁz) = %@D (T) )> = (6.3)
/ DGy, DY, exp (—Nigb(ﬁ,m)(égb(ﬁ,m) — %bl (11)bi(72) )) = (6.4)

/ DGy D, ; exp (_Nibg(ﬁ,Tg)(ébg(ﬁ,Tg) _ %b ()b (s )) _ (6.5)

[ PG DS, 05 (~NEg(mm) (Giglrim) = F (0w ) =1 (66)
/DGWDEW exp( Ny5(11,72) (be(n,m) — %b (T1)% )) = (6.7)
/DGzprEwbeXp( ¢b (11,72 (@;b(ﬁ,m) iw’ (T1)b" (72 )) = (6.8)
[ PG DL e (~NEy(m ) (Gualrim) - (b)) ) =1, (69)

Further notice that because the time dependence are different the above equations of the
quantity G5, and G5 are independent. A fermion number conserving solution to the set
of saddle point equations, which is simply the set of Schwinger-Dyson equations, of the G,
¥ fields from the above action consists of the following vanishing components

Giﬂﬁ = Gz/;b = de; = GwB =0, El;w = Eizb = Eln[; = EW; =0, (6.10)

as well as the other nonvanishing components that satisfy
(0r — sz) * Gy =0, (0r — E@w) * Gy =10, (6.11)
(=0 = %) * Gy, = 0, (=0 = 3) * Gy = 0, (6.12)
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where we have used the untilded G;j, 3;; to denote the solutions to the Schwinger-Dyson
equations, and we have also used the property G, (1) = —G,;(—7) and Gy, (1) = Gyp(—7).

The would-be Goldstone modes correspond to the spontaneously broken super-
reparametrization symmetry of the Schwinger-Dyson equations, whose action can be real-
ized as infinitesimal deformation of the solution. Notice that here we consider the solution
of the full Schwinger-Dyson equation so the super-reparametrization symmetry is also ex-
plicitly broken. This is the reason that we will get a finite effective action at the end.
Notice that if this symmetry were not explicitly broken, the Goldstone mode should map
solutions of the Schwinger-Dyson equations to the solution of the equations. But since
in our case this symmetry is explicitly broken from the beginning, we do not require the
deformed solution to solve the same set of equations.

Given this, the effective action for such explicit and spontaneous breaking can be
qbtained by substi:cuting the perturbed solution GW; = Gy t+ Yyy ébg = G + Gps
Y = D T Oyps 2pp = 20y into the action and read out the terms of the perturbation
to quadratic order. For example, the kinetic terms come from the functional derivatives

and read
1 1
3 logdet(0r — X, — 0y5) = §tr log(9r — X5 — oyp) (6.13)
1 —1 —1
= Ztr ((87— — ZWZ) Ty (87— — EWZ) UWZ)) (6.14)
1
=1 / dr dro d73 dma GW} (T12) UW;(TQ;J,) GW) (734) T (T41) -
(6.15)

Similarly, we have

1

The quadratic effective action becomes
S = — i /dTl dra drs dry 0,5(T12) Gy (T13) Gy (T24) 04 (T34)
— i /drl dra drs dry 05, (T12) Gy (T13) Gy (T24) 0, (T34)
+ i /dﬁ dry dr3 dry 04 (T12) Gy (T13) Gy (T24) 035(T34)
+ i / dr dro drs dry o3, (T12) G (T13) Gy (T24) 075 (T34)
+ i / dry dry drs dry 04y (T12) G (T13) Gy (T24) 05 (T34)
+ i / dr dry drs dry abi)(ﬁg)Gl;b(ng)G&w (T24)U¢5(7'34)

+ /dﬁde (SJWUW T 95405y T 9060 T 660 T 9oy Tby + IbisT0ip

3 2 3 -2
_J< )G i 9 w—‘]< )G Gl 9y — (0= DTG 9y

(= DICE 205, — (0= DIGE 95— (0~ DICT 2g,50,5) - (617)
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Next we integrate out the o;; fields to get an effective action of the g;; fields
1 - -1
X0 _ (X0 _
Seff:g*<0 Y) *g+g*<0 }—/) *g+gz¢*z*g¢b+gbq/}*z*gw5
— [ anan (77 ) Guer B+ (1) GG PR, + (- 1IG 2gm00;
1472 9 bb 7 i) 91/11/1 9 bb ™ gww q i Gp9urp
-2 -2 -2
—(q— 1)JG;}WJ 59y T (¢ — 1)JG1qM) 959 T (g — 1)JG;1M—) gb¢g¢b> , (6.18)

where “x” represents convolution and g = (., 945)s 9 = (9 9pp)- The X, Y, Z actions
are respectively

(X % f)(r1,72) = / A7 d74G 5 (113)G gy (1) (73, 71) (6.19)
(Y # f) (71, 72) = / drs dry Gy (113) Gy (T24) f (73, 74) (6.20)
(Z * f)(Tl,TQ) = /dTg dT4G1ZJw(TQ4)G5b(7'13)f(T3,T4) . (6.21)

We can then rewrite equation (6.18) as

o o (X0, Lo (X0 o
=g*| oy gt+axly ¢ g
_ uv (U V) _
+9b1/;*Z*gbw+9b¢*Z*gwb_/d71d72<9<V 0>g+g<‘—/ O)g
+(a = DJIGY Pg5u95 + (a - 1)JG1¢ng¢g¢b> : (6.22)

where U = JWG;,GZ}_?), V= J%IGZ}J, and we have absorbed all the integrals in
to the convolution notation “x”. A further change of variables to

g = vv g, = (¢—2)/2 - (q—2)/2
o (V 0)9 G =\ la = DIGE g, Gp = \Jla = 1DIGY g, (628)

puts the action into the form
S =g* (K1 —T)%g+ Ty * (f(d_l —I) = gz, + conjugate, (6.24)

where I is the identity matrix for convolution, i.e. §(71 —73)d (72 — 74), and the symmetrized
versions of non-diagonal and diagonal kernels are respectively

. UV /(X0 Uv . (@-2)/2 5 (a—2)/2
= X =J(g—1 .
F O EDEY) . R vegezeg e
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which precisely agree with the symmetrized version of (2.3) and (2.4) in the sense that the

factor of /(¥ ‘6) should be understood as taking “half” of the left-right blob in the ladder
rung, which can be checked as

_ UV (X 0\ [UV\ /(X0 Uuv
P EEDEIENE) e

which contains one more ladder rung than K that is represented by

Xo0\[/UV
(S0 o)

Since the symmetric kernels are conjugate to the kernels (2.4)

_ uv
K =RKR', R= (V 0) , (6.28)
the eigenvector i of the symmetric kernels is related to the eigenvector h of the original
kernels as
h = Rh, (6.29)
where
Kxh=kh, Kxh=kh. (6.30)

Therefore when the ¢ in (6.24) is the (broken) reparametrization of the conformal prop-
agators, the § is an eigenvector of the symmetric kernels with a shifted eigenvalue away
from the conformal eigenvalue 1.

In fact, it is easy to check that the variation of the conformal 2-point functions is an
eigenfunction of the non-diagonal kernels with eigenvalue one. To show this, we start by
varying Schwinger-Dyson equations in the conformal limit,

5EG¢ * 21/, + Gw * (552111 =0 (6.31)
6eGpx 2y + Gpx 0.2, =0, (6.32)

where f x g = [dtaf(t1,t2)g(ta,t3). We then rewrite the equations using the conformal
Schwinger-Dyson equations to

—(56G¢ + Gw * 562¢ * Gw =0 (633)
—0.Gp +Gpx 0.5y xGp =0 (6.34)

The variations of the self energies are

83y = J(q = 1)(Gy) 120Gy (6.35)
83y = (q = 1)J(Gy) 726Gy + (q — 1)(q — 2)JGo(Gy)* 265Gy . (6.36)
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They can be further written in terms of the kernels of equation (2.4)

— 5€Gw + K1156Gw + K126:.Gy =0 (6.37)
— 0.Gp + K215€Gw =0. (6.38)

K K2\ [0.Gy 5.Gy
= 6.39
<K21 0 ) <5€Gb> <56Gb ’ ( )

which is a simple generalization of the result of the original SYK model [6]. Further notice

In a matrix form this reads

that the statement is true for any variation around the conformal solution.

6.1 Super-Schwarzian action from correlation functions

The above derivation is valid in general. In this section we would like to get the 5J enhanced
contribution in the effective action, where the deformation g and g are the reparametriza-
tion of the conformal solutions and the kernels also take up the leading correction beyond
the value in the conformal limit.

The time reparametrizations of the conformal propagators, g = (6.Gy, 0¢Gp), can
be worked out according to the transformation rule of the two point function of primary

operators
6€Gc = (AE’(Ql) + A€/(01) + 6(91)891 + 6(02)692) GC . (640)
Assuming 3 = 27 and plugging €(f) = 3, e,e~™ into the conformal propagators,
b by
GTZJ(T) = w 2A,, Gb(T) - —QA’ (641)
B qin(ET ¥ B8 . inr b
(; s1n(7)) (; sm(ﬁ))
we get
1 /1\ /e oz Y iy
9y = 06, Gy = Z& (2) by, sin <2> e fn(x) (6.42)
1 71\ 1+1/a —(1+1/9) '
G5 = 0e,Glgy = 1 - () by sin <$> e M (2) (6.43)
q 2 2
9y = 0, Gy = 0, 95y = 96,Gpy, = 0, (6.44)

where f,(z) = ncos (%) —sin (%) cot (§) and in the above expressions, we have used the
fact that the value of 9 and Ioy vanish in the conformal limit. On the other hand, the
shift of the eigenvalues away from the conformal limit are, to the order of 1/(8J), given
by equation (4.40), equation (4.41). Putting all these factors together, the onshell action

of the time reparametrizations modes is

Seie = G(RK 'R —T)Rg = g* (RE™' — R)g = g+ R*g (k™" — 1) (6.45)
=2 / dr1dr2(0e, Gy 6, Gb) (g ‘g) (6c Gy de , Gp) (k™ = 1) (6.46)

_ _ 2
_ g tv=l (2m) WQbepn2(n2 —1ene_n, (6.47)

@ v p?
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We now proceed to compute the effective action of the spontaneously and explicitly

broken U(1) gauge symmetry. The local U(1) transformations a = a,e™ acts on the

propagators as
5,G. = (eiala(91)+ia2a(92) _ 1) G., (6.48)

where «; are the U(1) charge of the fields in the 2-point function. In particular the funda-
mental fields have the following charges

a@=—2,  a@ =1, a®)=""2  am=2"1. (649

Their absolute values are twice the conformal dimensions, which is consistent with the fact
that the supermultiplets we considered are all short. We then find

2 .
0a, Gy = ——€" sin(nz/2)Gy, (6.50)

64, Gp = 2— 2 giny sin(nx/2)Gy . (6.51)

To the leading order, the change in eigenvalues is again given by equation (4.40), equa-
tion (4.41), the effective action is then

UV
Seta = 2 / dr1d7s(50, Gy 60, Gy) (v 5
g—1v—1 2

q2

> (60, Gy 0a_, Gp) (k™1 — 1) (6.52)

—4

” qun AnQ_p . (6.53)

Next we consider the fermionic transformations, and for simplicity we consider the
chiral and anti chiral supersymmetry transformations simultaneously. The transformation
of the Green’s functions of the primary v and b fields gives the following fermionic variations

Io = (ﬁ(?l%w(m) = 71(71) Gy (T12) + ﬁ(Tz)%GW(m)) (6.54)
Ioyp = — (77(7(;1) Gy (112) +1(72) Gy (T12) + 77(71)871G¢¢(7'12)> . (6.55)

Then to the leading order, we get the following effective action

Sefte = Gy * (Kg' = 1) % iy (6.56)
=J(q— 1)/dTldTgG¢(Tl,Tg)q_ng(Tl,Tg)g&b(ﬁ,7'2) (k:;l -1) (6.57)
—2(4n* — 1)sgn(n)ir F\n\ ” Un n"n (6.58)

2 1
= 2(4n? — 1)(—n)ir il (6.59)

@ VB

where the first factor of 2 is because of an identical contribution from the conjugate channel.
Notice that in all the above derivations we have omitted some steps of the integrals, whose
details can be found in appendix A.
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Putting everything together, we arrive at a quadratic-order mode expansion of the
effective action

Seff = — (2W)22n2(n2—1) —4 Z 2
eff ﬂQ €n€_n « n ana—n
nez nez
2
- a% S 2(4(=in)? + 1) (=in)naii-n (6.60)
nezZ+1/2
2q—1v—1

where ag =7 v J bZ}. In the position space, this corresponds to the following action

v
quadratic in €, 7, a,

(257;)2 /dT ((6”)2 - (e')2) — 4@/(17’(8&)2 - 204/d7'(47777m +n7) . (6.61)

Notice that from our 4-point function computation we can only determine the quadratic

Seff = —«

order of the effective action. Interactions of these soft modes can be determined via higher
point correlation functions, which is out of the scope of the current paper.

The result reproduces the result in [17, 19].> Comparing the bosonic part of this
action with the Schwarzian effective action of the complex SYK model, see e.g. [40-43], the
N = 2 supersymmetry further fixes the relative coefficients between the contribution from
the reparametrization mode and the U(1) mode. This relative coefficient is also crucial in
connection to the microscopic entropy counting of the near extremal black holes, see e.g.
the discussion in [44].

There are other ways of deriving the supersymmetric Schwarzian action. In the fol-
lowing we discuss another approach and show that its results agree with the results from
the above computation.

6.2 Super-Schwarzian action from supersymmetrization

One can derive the supersymmetric Schwarzian effective action by supersymmetrizing the
bosonic Schwarzian effective action. In [17], the bosonic part of the ' = 2 super-Schwarzian
effective action is computed explicitly, here we provide a detailed derivation of the full
N = 2 effective action and match with our previous computation from the correlation
functions (in particular from the summation over the ladder kernels). Following [17], the
supersymmetric Schwarzian derivative action is

N=2 = /deZeS(T’,e’,é’;T,e,é) = /dfsb(f’,e’,é’;r, 0,0), (6.62)
where the fermionic integral measure is defined as
/d290§ =1, (6.63)

and
0. D' oD 0,0'0.60'
Do’ Do’ (DO")(D#")’

S(r',0,0;7,0,0) = (6.64)

3Notice that in our perturbative analysis we only detect the zero-winding, i.e. n = 0, sector, see e.g. [19]
for more general discussions.
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is the supersymmetric Schwarzian derivative with the superderivatives defined by
D =9y + 00, , D =05+ 00, . (6.65)

The (7/,6',0") are the super-reparametrized supercoordinates. The bosonic reparametriza-
tion transformation reads

B: = f(1), ' = eio(r) \/MQ, 0 = e\ /o, f(1)0 . (6.66)

The chiral fermionic piece of the super-reparametrization is

F: ' =74+0(r)n(r), 0 =0+n(t+0(m)0(1)), 0 =90, (6.67)
and the anti-chiral fermionic transformation is

F: ' =7+0(1)7(7), 0 =0, 0 =0+ (T — 9(7')9_(7')) . (6.68)

To get the super-Schwarzian action, we consider successive actions of F, F followed by B.
This gives the super-Schwarzian action

12— [ar [Seh(£(r), ) = 2(0ral(r)? — dn(r)o2q(r) + Sidra(r)n(r)o2i(r)

=2 (Seh(f(7),7) = 2(8-a(r))* - 2id%a(r)) n(r)Dri(7)] . (6.69)
where
3f(r 200 2
Sch(f(r),7) = g:;gT; _ g (g:%;) , (6.70)

and we have kept only terms that are quadratic in the fermionic transformation variables
1 and 7. We have also used integration by parts to simplify the result.

To compare with the above results derived from the correlation function (6.61), we
change variable to

f(7) = tan (TJFQE(T)) : (6.71)

Keeping terms upto quadratic order in the fields, we get
5 1
== / dr (¢/(7)? = €'(r)? = 4d(7)? = 8n(r)n®) (r) = (M) (1) + 1) (6.72)
Comparing with the answer in (6.61), we find exact agreement with the N’ = 2 super-

Schwarzian derived from our ladder kernel expressions, up to an overall coefficient that is
not determined in this approach.
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7 The ground state contributions to the Green’s function

It is shown in [17, 19] that the N’ = 2 SUSY SYK model in 0+ 1d has exact ground states.
In this section we want to understand better the properties of these zero modes and in
particular their contributions to the Green’s function.

We consider the low energy spectral density of the model worked out in [19]

pn(E) = m {5(1@) n \/?11 (2@)] . an =2m2C(1— 402,  (T.1)

where n is the charge under the u(1) and I is the modified Bessel function of the first
kind. This is simply the Laplacian transform of the partition function in the Schwarzian
effective theory

B _BE _cos(mng) an
The full density matrices are
e e} o)
Peven(E) = Z pn(E), Podd(E) = Z (—=1)"pn(E), (7.3)

where the subscript “even” and “odd” label the oddity of N. Formally, we can carry out
the sum to get

po(E) = C70(E) + C3(E), o= even or odd . (7.4)

In particular, we get
7r m m
CP = —— CP4 = — cot () : 7.5
1 2q Sln(gq) ’ 1 Co ( )
Notice that in the large-q limit the coefficients are

lim C{¥*" =1, lim {949 =1 . (7.6)

q—0 q—0o0

While the full C§(F) function is complicated to get explicitly, we can carry out this sum-
mation numerically and the results are shown in figure 3(a) and figure 3(b).

In particular we observe
CSen(0) =272, C9940) =272 (2A 4 1), (7.7)

where A is the UV cutoff that should be taken to co.

We want to understand the effect of the exact ground states, represented by the J(E)
function, in the above density matrix.

We start with the Euclidean 2-point function

GHp(7) = (A(T)B(0)) = (T A(0)e "7 B(0)) (7.8)
=Tr | |m)(mle H et A(0)e #"B(0) (7.9)
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(a) The spectral density for even N. The red (b) The spectral density for odd N. The red
and blue curve are A = 20 and A = 60 respec- and blue curve are A = 20 and A = 60 respec-
tively. The plot is computed at ¢ = 3, C' = 1. tively. The plot is computed at ¢ = 3, C' = 1.

Figure 3. The spectral density of the A/ = 2 model.

=T [Z m) (m| (7= En=E A(0)]m) <an<0>)] (7.10)

1 _ _
~ e / 0B dE,p(Ep)p(Ey) (P B Fnfa, B,.) (7.11)
where A,,, and B,,, are matrix elements and A is the normalization factor
N = / dEyp(Er) - (7.12)

Further notice that the sign ~ is to emphasis that here we approximate the two sums by
two separate integrals over the density of states.
7.1 Energy-energy correlator

We can start to consider a special correlator that can be computed exactly. Consider the
energy-energy correlator

(H(r)H(0)) = / AEdEnp(Ep)p(Ey)elBn=B)T=EnBg25 (7.13)
= / dEmp(Em)?E2 e EmP (7.14)
= / dE;,Co(Ey)?E2 e Pmb (7.15)

So it only receives contribution from the continuous spectrum, this means some special
correlation functions does not receive contributions from the exact ground states of the
N = 2 model.

7.2 A crude approximation

We can consider more general correlation functions. To evaluate those, in this section we
would like to use a crude approximation inspired from the ETH hypothesis [45, 46]

Amn = @0mn,  Bum = bOmn - (7.16)
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Then the above propagator reduces to

GEL=ab / dE,p(Ep,)?e™Emb (7.17)
_ab / 0By (C35(En)? + 201 Col ) (Ey) + ColEp)?) e (7.18)
= ab [0125(0) +201C5(0) + / dEmcz(Em)Qe—Emﬁ] , (7.19)

where we have used
p(E) = C16(E) + C2(E), (7.20)

for N being either even or odd.

We can compare the relative size of the contributions from continuous spectrum and
the ground states. At very low temperature § — oo, the integral is localized at E,, = 0.
We observe that for odd N the contribution from the continuous spectrum is much larger
than the contribution from the grounds state

C5(0)?
012(5(0) + 20102(0)

~A—o0. (7.21)

Notice that in evaluating this expression, we have used the following limit expression

5($)=/\1£1;OA(@ <:17—|—21A> @(:L‘—21A>) , (7.22)
where A is the same cutoff we introduced in the computation (7.7), together with the
scaling (7.6) and (7.7). It is clear that as the temperature increases more and more high
energy modes contribute significantly so the contribution from the continuous spectrum is
more and more dominant. While for even NN this ratio at § — oo is always small due to
the gap in the spectrum, see e.g. figure 3(a).

It is true that we are using a very crude approximation so the above statement might
be too extremal, but we will see in our later less crude approximation that this is a gen-
eral property.

7.3 A better approximation
We can consider the case where the matrix elements are assumed to be constant,

Apn = a, By = b, (7.23)

which is the opposite extreme of assuming them to be diagonal. Then the correlation
function reads

GE L (7) /\/2 / AE,dEyp(En)p(Ep)eFm—Ea)r=Bnfg B (7.24)
= /\W / dEeB=7) / dE,p(E,)e ™En (7.25)

b
- /C\%Z(ﬁ — 1) Z(r) . (7.26)
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To proceed, we can the use the explicit form of the partition functions

Zeven(ﬂ) _ /dEefﬁE'peven _ /dEe BE even(E) (727)
> COS(TH’L(]) M
2720 (1—4n24?)
= /dC cos(ﬂnq)e g (7.29)

_ / dy (95 (o,y*qu) — 0 (0,y71%)) (7.30)

and for the odd NN case

74 (3) = / dEe™PE pedd(E Z / dEe™PE podd(E) (7.31)
> 1 2n?c(1-4n?¢?)
272 2#20(1 4n242)

:/dcg Z e (7.33)

n=—oo

- / dy 93 (o,y—4q2) . (7.34)

To separate the ground states contribution from the continuous spectrum contribution we
compute separately the contributions to the partition functions from the ground state

15 = [ ape PP eyis(e) - oy (7.35)

e = [ dBePrCrs(E) = open (7.36)
The contributions from the continuous piece are

12%9(8) = 1°9(B) — C7* (7.37)
I (B) = I(B) — O™ . (7.38)

We can now compare the contributions from the conformal continuous spectrum with
the contributions from the ground states by numerically compute the two contributions to
the Green’s function. The answer is shown in figure 4 and figure 5. There we see explicitly
that as 8 decreases to relatively small value, the contribution from the continuous spectrum
becomes more and more dominant.

Here we discuss a few relations between our results with that in [23]. One conclusion
of [23] is that the contribution to the 2-point function from the ground state is never
negligible in the double scaling large-q limit. From our previous computation we see this
statement depends on the operators in the correlators; for example the ground state does
not contribute to the energy-energy correlators.
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Figure 4. Contribution to the Green’s function from the continuous spectrum. The computation
is done at § = 100w, C' = 1. The left panel is for the even N case; the right panel is for the odd
N case. The horizontal axis is the Euclidean time ranging from 0 to 1007. The vertical axis is
the contribution to the Green’s function from the continuous spectrum in percentage. This is the
temperature that is relevant to the discussion in [23]
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Figure 5. Percentage of the contribution to the Green’s function from the continuous spectrum.
The computation is done at § = w, C' = 1. The left panel is for the even N case; the right panel is
for the odd N case.

For a generic correlator, at very low temperature the high energy modes are not sig-
nificantly excited so it is expected that the ground state contribution is always significant.
This is the temperature range discussed in [23]: the double scaling limit result, although
correctly reproduce the energy spectrum, is valid in the range 1/A < 8 < 1/A%2. So in
the double scaling limit, namely A — 0, the inverse temperature (8 is constrained to be
infinite. As a result, the conclusion of [23] that in the low energy domain the ground state
contribution is always important is indeed consistent with our expectation.

On the other hand, as the temperature increases (but still in the range of the IR con-
formal window) one can check that the ground state contribution is less and less important.
Eventually it becomes negligible and one can show that the dominant contribution is from
the conformal spectrum. So in that wider temperature range the conformal answer remains
a good approximation of the exact solution. This is what we explained above and have
shown in figure 4 and 5.

So at very low temperature the ground state contribution is always not negligible, while
in a higher temperature range the conformal answer dominates and is a good approximation
to the exact solution. Therefore although the conformal answer at zero temperature indeed
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only captures a finite piece of the exact 2-point function, but it is still special and useful
in the sense that the finite temperature solutions can be obtained from it by a simple
reparametrization and the result does contribute dominantly at finite temperatures.

8 Schwarzian correlators

In this section we consider the correlators of the super-Schwarzian operator (6.64), (6.62)
in the supersymmetric model such as

(8°(11)Sb(73) ... 8%()) (8.1)

where we have used the short hand notation S°(1) = S° (7'1, 61,6.:;7,0, é).

One crucial difference between our following computation in the supersymmetric model
from the Schwarzian correlators in the pure fermionic model computation is that the N' = 2
model has a U(1) symmetry as well as fermionic (bilinear) components in the A" = 2 super-
conformal algebra and the partition function receives contributions form different winding
sectors. This can be seem from the explicit expression of the partition function (7.30)
and (7.34). For later convenience, we first recast them together with their derivatives here.
As obtained in [19], the partition function for any given winding number n is again one-loop
exact and can be written as

_ cos(mqn) 2m2C 9 9
Zn(B) = T agn? exp [ 3 (1 —4n*q ) . (8.2)
The full partition function is then
Z20 = 3 Zu(B), 2= (-1)"Zn(B). (8:3)

Analytic (integral) expressions of Z ¢¥°"/ °dd can be found in (7.30) and (7.34), we can
further get its derivative

{fg even _ aagni:oo ICO_S(;Z;‘;Z pdm(1—4n?q?) _ Wn:i.j:oo COS(7TTLq)e§7T(1—4n2q2) (8.4)
= 1e™ (193 (0, 6_165”‘12) — 9 (O, 6_16577“12)) , (8.5)
and
;’g odd _ gg niioo — in2q2 eIm(1—4n?q?) _ Wﬂioo edm(1—4n’q?) (8.6)
= me™ 5 (0, 6_45””12) , (8.7)
where
G- 27;0 . (8.8)

Further derivatives can be act on the theta functions.
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Another crucial difference is the property of the super-Schwarzian operator

9,D6  0.D6, 070106,
- ) B , (8.9)
D01 D01 (Del) (D91)

S (r1,01,01;7,0,0) =

which we now review. The super-Schwarzian satisfies
S (72,92,52;7,9,9‘) = (D) (De‘l) s (72,92,52;71,91,51) 1S (71,91,0‘1;7,9,5) . (8.10)

For simplicity, we rewrite the super-Schwarzian derivative operation in terms of the maps
f,f € RI2 - R

fi: (1,0,0) (71,9179_1> (8.11)
fo: (1,601,601) (72,92,§2) : (8.12)

For example S(71, 61, 0,;7,0, é) associated to the above transformation can be denoted by
S (f1). The above relation can be recast into the form

S(fy 0 f1) = (DO1) (DO1) S(>) o 1 + S(f) - (8.13)
As a consequence, we get
0=S(f" of1) = (DOr) (DO1) S(E7) o f1 + S(£1) (8.14)
= S(f)=— (Do) (Dbr) S(EY) ofy - (8.15)
In the coordinate basis, this gives the inversion formula
S(r1,61,01:7,0,0) = — (D) (Dél) S(r,0,0;71,01,0,) . (8.16)

The full partition function of the supersymmetric Schwarzian theory is [19]

D(Z)lpapnl'Dn N=2 :/ N2
7= / Osp(2]2) p(I )— dﬂ[fl]exp(l ) (8.17)

where

2w

27 _ _ _ _ _
I/\/zzzg/ dT/deQS <71791’91;7,979) =g drSt (71,91,91;7,9,9) . (8.18)
0 0

with S° (7'1, 01,6,;7,0, 5) purely bosonic as defined in (6.64), (6.62) and the (1,61,6;) is a

super-reparametrization of the super-coordinates. The super-reparametrization is required
to preserve the chirality of the two supersymmetries, this means the super-derivatives obey

Dy =0, Dyt =0, Dot =0'Dyd',  Dzr' =0Dyb, (8.19)

where we have spelt out the 0 and 6 in the super-derivative for clarification.
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Although we will not use the explicit parametrization of the super-reparametrization
transformation, for illustration purpose we provide one example [17]

7= f( )+ 0g(7) + ég( ) + 06h(T) (8.20)
7+ 00) (0 +n(r +09)) (8.21)
—,07'—99( +777‘—09) (8.22)
where
plr) = €O/ (1 (7 () + SO ®) + ()0’ (©) + 7O O (1))

(8.23)

pr) = PO £ (L4 S0 (0 + 570 (O + (00" ®) + 7O (1))
(8.24)
o(r) = p(r)p(r)n(r) (8.25)
9(r) = p(r)p(r)a(r) (8.26)
h(r) = p(r)n(r)r (p()()) = PR (o) (r)) (327

With all the preparation, we now proceed to compute the correlators of the super-
Schwarzian operator, following a general method discussed in [19]. Using the relation (8.10),

we can compute

ZN=2 = / dul[fy] exp (g / deQdGS(fg)) (8.28)
= /du[fg] exp <§/d7‘d0d0 (DelDélS (72,92,52;71,91,51) + S(fﬂ)) . (8.29)

Because the second term in the exponential does not depend on f, its integration over the
measure is trivially identity, we can thus rewrite the above into

/ dp[fs] exp <§ / drdodo (DelDéls (TQ, 0o, 09: 71, 01, 01))>
_ e—gdedeés(fl)ZN:2 (8.30)
— exp (g/dmedé (D6,D6,S (r,0.8:7..61. 9‘1))>ZN—2 . (831)
Next we change the integral measure according to

drdrddy, = Ber [ 270100 404 (8.32)
a(r,0,0)

where Ber stands for the Berezinian of the transformation Jacobian

897'1 3901 89§1 N (833)

J = (a(Tla 91, él)
657'1 3@01 agél

8771 87(91 879_1
a(r,0,0) ) B
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Making use of the definition
D = 8y + 00, , D =095+ 60, , (8.34)

we rewrite the above Jacobian factor into

0,711 0-0, -6, O, 0.-601 0.0, ;1 0.0, 0,0,
J=|0gr1 Ogbh 090, | = | Dry DO, DO, | = |6.D6; DO, 0 | . (8.35)
8@7’1 8591 89*@1 DTl D91 Dél 91D§1 0 1_)0_1

For a supermatrix with the block form

A B
X = (c D) 7 (8.36)

the Berezinian exists if both A and D are invertible, in which case the Berezinian is
defined by

Ber(X) = det(A — BD'C)det(D ™) . (8.37)

With this we can evaluate the Berezinian as

O,m 001 0.6, dr11 0701 0-6,
Ber(J) =Ber | 0,00, D6; 0 | =(D6) ' (D6) ' Ber | 6, 1 0 (8.38)
91D§1 0 Dél 01 0 1
= (Del)_l<D9_1)_l (877'1 + 518791 + 9187—51) =1, (8.39)

where we have used (8.19)
{D,D} =20, (8.40)
to rewrite
0r11 + 010,01 + 010,06, = (D) (D0y) . (8.41)
We can thus rewrite (8.30) as
/ dp[fs) exp <g / dr1dyddy (D0, DG, S (72,92,92;71,91,01)»
_ e—gfdrd6d§S(f1)ZN:2 (8.42)

— exp (g / dridf,db (Delbe}s(ne,é; 71,91,51)))ZN:2 . (8.43)

Now we can choose a special function f; : {7,0,0} — {11,61,0:}

n=Taer),  O= (1400, Bi=(+oer)ia.  (844)
It is easy to find its inverse (f;) "
T=7—a(n), e1(1) = e(r — €(7)) (8.45)
1 1
O €(11) T2 = Or €(1) 25
0 — 1+1) 0, , 0:<1+ L > Z 8.46
< 1—87—161(7‘1) ! 1—6-,—161(7'1) ! ( )
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Then from above we get

/ dulfs) exp (g / drid01df: (D6 DO S (72,92,92;71,91,01)))
_ e—gfdrdedésm)ZN:Q (8.47)

2¢(3) (t)(e/(t)+1)—3e”(t)2)

2(</0+1)° ZN=2 . (8.48)

gfd'r(

We can further evaluate the factor D6, D6,

=~ 70@6//(7_) / 956”(7’) ;
drn_y,  Oneln)
™ T 1—0ne(m —e(my))’

=1+€(r)=1+ (8.50)

with which we can expand the two sides of the equation in terms of the small quantity e(7)
and its derivatives, namely

. - O0r €(11) ) - - >
f. 1 L :
/d;u[ 2] exXp (g/dTldeldel ( + 1— 67-16(7'1 — E(Tl)) S (7—2;027‘9277_1791701)

_ o (-3@)?) ne
(8.51)

Expanding (8.51) to the leading order, the above relation leads to

0= /dﬂ[fﬂ /dﬁd&ldélaﬁe(ﬁ)s (TQ,92,§2;71,91,§1> egfdTldeldéls(TQ,€27§2;T1,91,él) _

(8.52)
Requiring periodicity in the time circle and using integration by parts, this leads to
</ dr1d01dBre()0r, S (7202, 02:71,01,01 )) = 0 (8.53)
= (s° (7’2,02,9_2;7'1,91,§1)) = const , (8.54)
where
5" (72,02 02:71,01,01) = [ A0S (72,62, 02571,01.01) (8.55)
is the A/ = 2 physical Schwarzian operator and the constant can be obtained from
/d7'1<Sb (72,92,§2;71,01,§1)> = m%Z even/ odd, (8.56)

whose right-hand-side can be simply evaluated by plugging in the results of (8.5) or (8.7)
and (7.30) or (7.34). We spare the readers for the detailed expressions here since it’s not
very illuminating.

Expanding (8.51) to the quadratic order, We have

G(SP(T)SO(F)) + 2(S%(1))6 (1 — 7) = —3925(T — 7) + const | (8.57)
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where the constant term comes from the various integration by parts, and for simplicity
we have used the short hand notation Sb(T) = gt (7'1,91,61;7',9,9). Like the one point
function case, we can again determine the constants from

1
/ drd7 (S*(7)S"(7)) = a0 2 ™ (8.58)

by plugging in the results of (8.5) or (8.7) and (7.30) or (7.34). We spare the readers for
the detailed expressions here too.

Higher point correlation functions can be obtained iteratively.

As a consistency check, we can relate this result with the previous more general dis-
cussion in (7.15). To proceed, we recall the partition function

z°=%" / dEe PE(=1)lelnp (B = / dEePE (C25(E) + CY(E)) . (8.59)
where again |o| = 0,1 representing N being even or odd respectively. Given this, we
compute

2 i E
0277 = 10k / dEe P (C98(E) + CY(E)) . (8.60)

As shown in (7.6), the CY does not depend on C' or g, so the above expression simplifies to
2 r70 ﬁ2 —BE 92 o

However when we try to compare this result with the constant computed in (7.15), there
is a subtlety of normalization. In the approach to get (7.15) we need to include the
normalization factor N. However since (supersymmetric) JT is not UV complete, the
density p is only reliable at the low energy end. One explicit realization of this fact is
that the normalization factor diverges. This is a technical difficulty preventing a direct
comparison of the results in the two approaches.

9 Conclusions

In this paper we consider various properties of the contributions to the correlations func-
tions of the low energy soft modes, including the degenerate exact ground states, in the
N = 2 supersymmetric SYK model. We analyse the structure of the divergence of the 4-
point correlation functions due to the stress tensor multiplet in the infrared, and regularize
it by slightly going away from the conformal limit. We also computed the chaotic exponent
of this model away from the conformal fixed point in the large-g limit and show that this
channel gives the leading OTOC chaotic behaviour [47, 48]. In addition, we derive the ef-
fective action of the stress tensor multiplet that correctly reproduces the large-contribution
from the stress tensor multiplet to the 4-point function, and show that the resulting ef-
fective action precisely matches the previous result from the supersymmetrization of the
Schwarzian action. We further derive the correlators of the Schwarzian operators. We com-
ments on the contribution to the correlation functions from the ground states and show
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that it can be negligible for a large range of temperature, so that the zero temperature
conformal solution is still useful in computations, for example to generate the conformal
solutions at finite temperature. We also show explicitly that a second multiplet whose
top component is another spin-2 operator, which could be present in the spectrum from
previous analysis, does not actually appear in the spectrum in the conformal limit, and
hence quantitatively answers the question about the existence of such a multiplet. Many of
the discussions could also be applied to other SYK type systems, for example the coupled
SYK model and its generalizations [49-56].
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A Detalils of the integrals to get the effective action

In the derivation of the Schwarzian effective action, we need to compute the inner prod-
ucts of some bilocal functions. In this appendix we provide some useful formulas for this
computation.

First, the integral measure can be written as

B+ R
/ dridry = / d:c/ dy+/ dx/ dy, (A1)
3 0 3

where y = THTTQ and x = 7 — 7». For a special type of function
gloy) =T @),  a—bez, (A.2)

the above integral simplifies to

B .
/ d71d7-2elﬁ yfab / dw/ ZF “ byfab( )
0
4

z
2

B—3 om
/ do [ g O () (A.3)
o J3
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If a—b#0, we get
B or
/ dTldTQBZ%(a_b)yfa7b(l‘)
0
1 0 2T (0 z _j2m )z
= - / dr (6125 (a b)(ﬁ+2)_e 7,2 2)fab( )

Zf(a_b) -5
1 27 (a—b)(B—%) i% (a=b)§
I d ( B 2 " A4
+i2,87r(a—b)/0 x( - >fb() o
1 B ﬂl(a—b)(ﬁ—f) (a— b)5
— = [ ax (% 2/ — a
Z%ér(a_b)/o x(e e )f b( )
ﬁ .2 x s 270 z
b P (e rent) (A5)
Zﬁ(a—b)
= s o Ao (OO EODE) () 4 fuga)) - (A0
i%(a—"b) | |

Therefore as long as f,5(2) + fas(—2) # 0 the integral with a — b # 0 does not vanish.
For the other case a — b = 0, we get

[ dndnafuate) /d:c [ aytaater s [Cao [ appea) 4

0 B
— [ a8+ ) fuale) + [ da(B =) fuale) (A8)

d:(}(ﬂ - x)(fa,a(x) + fa,a(_x» : (A.Q)

If we further sum over the discrete set of a, b variable, for each pair of (a,b) with
a—b+#0, we get

/ dTldTge B yfab ZZ/ dTldTQ g )y+€ B )fab( ) (A~10)
a#b

a b<a

I
S—
sy

where we have assumed f, () = fpq(x). Using the above results, we get

Z/ dridmye 7@, b(2)

a#b
— Z Z 271— /B da (ei%(afb)(ﬁfg) _ ei%r(afb)% _ ei%r(bfa)(ﬁfg) 4 ei%r(bfa)%)
a b<a - 0
(fa,b(x) + fap(—1)) (A.11)

Because a — b € Z, we further get

Z/ dTldTge 3 yfab( )

a#b
=> > 2,, /ﬁ dx (ei%ﬁ(b—a)g _gFahg b ez’%ﬂ(b—a)g)
a b<a 0
(fa,b(x) + fap(—2)) (A.12)
N (A.13)
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Therefore the full summation localizes to the diagonal terms

6 - 5
3 /0 drdre T () = 3 /0 dr1d7s foa(z) (A.14)
a,b a

B
= Z/O dl’(ﬁ - m)(fa,a(x) + fa,a(_fE)) . (A.15)

The concrete computations in the main text all follow the steps here, except for possible
sign flips if necessary. The upshot of this computation is that we only need to compute the
contribution from the diagonal entries in the summation.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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