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1 Introduction

In the large N dynamics of models of SYK type [1-14]! (including tensor models [35-54]),
a central role is played by the emergent Schwarzian mode which is dual to the gravita-
tional mode in the dual theory.? While the origin of this mode can be traced to (time)
reparametrization symmetry of the critical theory, its dynamics and its couplings to the
matter degrees of freedom emerges in the near-critical region.

Generally, the low energy dynamics of the soft modes arising from the spontaneous
breaking of an approximate symmetry in a quantum field theory is an important problem
which appears in many areas of physics. In quantum field theories with a set of global sym-
metries in many physical situations, one is interested in fluctuations around a classical so-
lution which break some of these symmetries (e.g. a soliton solution [70, 71]). Then a naive
perturbation theory around this solution will be infrared divergent because of a zero mode
associated with the broken symmetry. The way to deal with this is well known: one needs to
introduce collective coordinates whose dynamics provides the essential low energy physics.

In many cases, however, the symmetry is approximate, and there is a parameter A
such that only when A = 0 the action has the symmetry. This would cause the saddle
point to shift and the zero mode will be lifted to an eigenvalue of order A. In an expansion
around this shifted saddle, there is no need for a collective coordinate and the answer for
e.g. the connected correlation function would be then proportional to A~! which is large
for small A, hence “enhanced”. Nevertheless, we would like to have an understanding of
this enhanced contribution in terms of an effective low energy description.

In the present case, the bi-local collective picture offers a framework to study in detail
the emergent zero mode dynamics coupled to bi-local matter. In particular, in [9] a frame-
work was given for both evaluating the leading Schwarzian action, and also developing a
systematic perturbation expansion near criticality. It relied on understanding the mech-
anism for (spontaneously) broken conformal symmetry in these nonlinear theories: which
was introduced in [8] through an off-shell (source) mechanism. A related scheme was also
used in [13].

In addition to the Schwarzian action, there is the action of fluctuations with conformal
dimension h = 2 (which should not be confused with the infinite tower corresponding
to operators with conformal dimensions h, > 2) which we call (h = 2) “matter” and
interaction between this fluctuation field and the Schwarzian mode. The interpretation of
these fluctuations in the gravity dual is not clear at this moment. The importance of a full
understanding of the emergence of the Schwarzian mode (and even more of its interaction
with matter) lies in the fact that this relates to the dual description of the gravitational
mode in Jackiw-Teitelboim gravity in two dimensions [72-77], and its various possible
interactions with matter.® In this paper we discuss further and complete the scheme of [8, 9]
developing fully the Schwarzian-matter coupled description. The key idea is to replace

'For reviews of the SYK model see [15-17]. Some extensions of the SYK models are discussed for
example in [18-34].

2Further investigation of this mode in several directions include [55-69).

3Several possibilities for the dual gravity theory for the SYK model are investigated for example
in [78-91].



the explicit symmetry breaking term in the SYK action by a regularized O(1/.J) source
term. A systematic diagrammatic picture is then established, which will allow evaluation
of perturbative effects. The singular nature of interactions following from [8] makes the
explicit evaluations of contributions nontrivial. One of the improvements provided by the
present work will be a clear, systematic procedure for their evaluation (where each diagram
will reduce to well defined matrix elements of perturbation theory). Specifically, we prove
that once the regularized source is chosen such that one gets the correct large IV saddle, this
diagrammatic procedure yields the correct 1/J expansion of the exact two point correlation
function. These results receive a verification as follows.

In the ¢ — oo limit, the SYK model can be solved with large N for any finite J. In this
limit, the bi-local theory reduces to Liouville theory.* The situation here is a bit different
from the finite ¢ model where an explicit symmetry breaking term in the action for finite J
is present. This breaking term plays an essential role in the large ¢ limit. Nevertheless, as is
well known, the resulting Liouville theory has an emergent conformal symmetry. The large-
N saddle point breaks this symmetry. However, the finite J theory comes with a boundary
condition - and the expansion around the saddle point which obeys this boundary condition
does not lead to a zero mode since a candidate zero mode does not obey this boundary
condition. Therefore a calculation for correlators of fluctuations around this saddle is well
defined. This calculation was performed in [7] at finite temperature 7" and expanded in an
expansion in powers of T'/.J. We perform this calculation at zero temperature in a different
way and reproduce the zero temperature limit of the result of [7]. Instead of expanding
around this saddle point one could have expanded around the saddle point appropriate
to the large J (or long distance) limit. Now one gets a zero mode and the formalism
developed above can be applied. We then compare an expansion of the exact result with
this collective coordinate calculation and show a perfect agreement as expected.

Outline. In section 2, we review the bilocal formalism leading to the coupled
Schwarzian/(bi-local) matter system and a corresponding diagrammatic scheme. For cor-
relation functions we describe techniques for evaluation of contributing Feynman diagrams
using various Schwarzian identities. We apply this to the O(1) correction to the enhanced
propagator and show agreement with a perturbative expansion around the exact saddle
point solution of the theory. In section 3 we consider the explicit example of large ¢ SYK/
Liouville theory and perform explicit computations implementing the general method. We
conclude with some open questions in section 4.

2 Schwarzian dynamics in SYK

2.1 The method

In this subsection, we will give a brief review of our formalism [8, 9]which was introduced to
exhibit the Schwarzian mode and generate a perturbative expansion around the conformal

Tt is discussed in [7] that the Dyson-Schwinger equations reduce to those which follow from a Liouville
action, while the Liouville action was previously derived from the g = oo effective action in [55]. Correlators
in the large ¢ limit are discussed in [7, 11, 92-94].



point. The Sachdev-Ye-Kitaev model [2—4] is a quantum mechanical many body system
with all-to-all interactions on fermionic NN sites (/N > 1), represented by the Hamiltonian

| N
H = a ; ljijkl Xi X5 Xk X1 5 (2.1)
1,],K, 0=

where x; are Majorana fermions, which satisfy {x;, x;} = di;. The coupling constant J;j
are random with a Gaussian distribution,

P(Jijk) o< exp [— ikt (2.2)
The original model is given by this four-point interaction, with a simple generalization to
analogous ¢-point interacting model [2-4, 7]. In this paper, we follow the more general ¢
model, unless otherwise specified.

After the disorder averaging of the random couplings (which corresponds to annealed
averaging at large ), the effective action is written as

1 N n J2 n N X q

Sq = _i/dTZZXgarX? - quq_l/dTldﬁ Z (ZX?(TI)Xi(W)) ) (2.3)
i=1a=1 a,b=1 \i=1

where a,b denote the replica indices. Here 7 is treated as an Euclidean time. We do

not expect a spin glass state in this model [5] and we can restrict to replica diagonal
subspace [8]. Therefore, introducing a (replica diagonal) bi-local collective field:

T
U(r,m2) = ~ > xi(m)xi(m2) . (2.4)
i=1
the model is described by a path-integral
Z = [ [ D¥(r1,72) u(T) e Searl¥], (2.5)

71,72
with an appropriate O(N?) measure  and the collective action:

J

2
Scol[¥] = ];f/dT [87\11(7, T/)] + %Trloglll — 2év/d71d72 [\11(7'1,7'2)}(], (2.6)

T'=7
where the trace log term comes from a Jacobian factor due to the change of path-integral
variable, and the trace is taken over the bi-local time. This action being of order N gives
a systematic 1/N expansion, while the measure p found as in [95] begins to contribute at
one loop level (in 1/N).

At zero temperature, one can redefine the time 7 to get rid of the energy scale J. This
also shows that in the IR the theory is strongly coupled and the first term linear in the
bi-local field can be dropped. At finite temperature 1" this redefinition rescales the thermal
circle to have dimensionless size J/T', which then becomes the coupling. In this paper we
will deal with the zero temperature limit.



In the IR with the strong coupling J|7| > 1, the collective action reduces to the critical
action N PN .
Sc[¥] = 5 Trlog¥ — =7 /dTldTg {\I/(Tl, 7'2)] , (2.7)
which exhibits an emergent conformal reparametrization symmetry 7 — f(7) with

1

U(r1,72) = V(r,m2) = ‘f’(ﬁ)f/(m)‘q U(f(r1), f(72)). (2.8)

The first term in (2.6) explicitly breaks this symmetry. The saddle point solution of the
action (2.7) gives the critical classical solution,

©)(r ) — p580(T12) O v )] () i
m) =es e V) (e S rr) @9

where 7;; = 7; — 7; and b is given by

b= (; _ ;) ml;(;/” (2.10)

In general, for a bi-local primary field ¢,(71,72) with the conformal dimension h, the
transformation is given by

On(11,72) = bn (11, m2) = (1) f (m)"bn(f(71), f(12)) - (2.11)

For an infinitesimal transformation f(7) =7 + &(7), we get the variation of the field

. 1 .
(11, m2) = /dTﬁ(T)dh,r(ﬁ,7’2)¢h(71,7'2) + §/d7'd7',5(7')5(7,) dIE,ZT),T’QZ)h(TlaTZ) + e

(2.12)
where
dnr(r1,m) = B8 (= 7) + /(72 = 7)) + 8(71 = 7)0r, + 0(rs = 7)0r, (2.13)
and
) (11, m) = 2128 (1) — )8 (12 — 7')
+h(h— 1) (8 (r — 1) (1 —7) + 8 (72— )8 (22— )
+2h(8'(r1 = 7) + 8 (72 = 7)) (3(r1 = 7)0r, + 8(rs — 7))
+8(m1 = 7)8(m1 — 702 + 8(7a — T)3(7a — 7O,
+26(m1 — 7)8(12 — 7')0r, Oy (2.14)

The critical saddle point spontaneously breaks the conformal reparametrization symmetry,
leading to the appearance of zero modes in the strict IR critical theory. This problem
was addressed in [8] in analogy with the quantization of extended systems with symmetry
modes [70]. The above symmetry mode representing time reparametrization can be elevated
to a dynamical variable introduced according to [71] through the Faddeev-Popov method



which we summarize below. We insert into the partition function (2.5), the functional
identity:

of

where X is the zero mode eigenfunction and §( [ xo-¥y) projects out the zero mode. After

/HDf(T) H&(jXO-\IJf))M‘ =1, (2.15)

an inverse change of the integration variable, it results in a combined representation
7= / [12f@) T] DU(r1,72) @(®)5( [ x0 - ®) e tl¥s1), (2.16)
T T1,7T2

where [i includes the Faddeev-Popov determinant and the original measure p. Here

Seor W] = S.[W] + g [ 02,7 (2.17)

T=T1""

where we have used the invariance of the critical action.

The symmetry breaking term implies a modification of the critical, conformal theory,
which we would like to calculate perturbatively (in 1/J) in a long distance expansion.
However since the breaking term is singular and non-vanishing only at short distances, the
corrected solution cannot be obtained by treating it as an ordinary perturbation. To see
this more clearly, let the exact classical solution be

U, = O g L. (2.18)
Here ™) is the lowest order shift which should satisfy the linearized equation
/d73d74 KO (71, 73 75, 7a) U (75, 74) = 016(712) , (2.19)

where the kernel is given by

525:[¥ )]
OW (0) (71, 72) 0V (0 (73, T4)
= [Wol, (7)Y, (r2m) + (g 1)J%6(113)6(24) W?(;)Q(ﬁ,m),

KO (71, 79573, 74) = (2.20)

where the inverse [\I’(O)]*—l is defined in the sense of the star product (i.e. matrix product):

[dr'A(m,7)[A], (7', 72) = 6(112) and explicitly given by

*

bqil sgn(ﬁg)

[‘11(0)]:1(7'1,7'2) = —J? o
|T12|™ 9

(2.21)

Since the kernel transforms under scaling with a dimension 1 — %, i.e. KO ~ |7|74+4/4  one
might expect () to have the form \I/(l)(Tl,TQ) o sgn(ﬁg)\ﬁg\*‘l/q which, however is in
disagreement with the desired ¢’-source of (2.19). Indeed, one sees that the exact §’-source
could only be matched at the non-perturbative level, where the 1/.J corrections are all
summed up.

Nevertheless, it was shown in [9] that a consistent 1/J perturbation theory around
the critical solution is possible. The key idea is to replace the explicit symmetry breaking



term in (2.6) by a regularized source term which is determined as follows. One considers
an off-shell extension (of ¥()):

sgn(712)

|7‘12|§+28 7

v (11, m) = By (2.22)

with a parameter s > 0, because the dimension of ¥™) needs to be less than the scaling
dimension of U(®). At the end of the calculation we will take the on-shell limit s — 1/2.
With this ansatz, we have

sgn(T112)

pewrel (2.23)

/dT3dT4’C(O)(Tl,72;73774)‘1’9)(73,74) = (¢ — 1)B1b" ?(s,q) ol
T12

The coefficient 7 is uniquely specified by the integral with v(1/2,q) = 0 [9], so that the
ansatz (2.22) reduces to the homogeneous (on-shell) equation in the limit s — 1/2. The
overall coefficient B; obviously does not follow from the above, but must be taken from
the numerical result found in [7]. In turn, this overall coefficient can be left arbitrary and
its value is only fixed after summing the expansion.

The r.h.s. in eq. (2.23) defines an off-shell regularized source term, which takes the
form

Qs(T1,m2) = /dT3dT4’C(O)(Tl,72;7'377'4)‘1’9)(73,7'4)

<s—;> QZDZ(T;)QSJFO((S—;)Q), (2.24)

and replaces the non-perturbative source in (2.17) through

K

/ (U], = = lim [ dndr Up(m1,72) Qs(T1,72) .- (2.25)

53

We stress that on-shell (with the limit s — 1/2) so that \Ifgl/)z

highly nontrivial feature (of this breaking procedure) that it leads to systematic nonzero

(71, T2) this vanishes. It is a

effects. In particular, separating the critical classical solution from the bi-local field: ¥ =
TO) 4 we get
Seal . ] = SIf] + lim [T;-Q + Se[w], (2.26)
]

where S[f] is the action of the collective coordinate

S[f] = lim [ v Q.. (2.27)

This can be evaluated by using the Qs given above. Taking s — 1/2 at the end of the
calculation one gets the Schwarzian action [8, 9.

_ aN ) 3 ()
W=7/ l Fo 2 (f’(T)) ] ’ (2.28)




where « is a dimensionless coefficient [9]. The limit s — 1/2 is non-trivial because the evalu-
ation of the integral (2.27) leads to a simple pole at s = 1/2. This cancels the overall s—1/2
in Qs to yield a finite result. In this sense we can view the source () as an off-shell extension.

The above strategy can alternatively be described as follows. Suppose we knew the
correction to the saddle point solution by e.g. solving the equation of motion following
from the SYK action exactly and then performing a long distance expansion. Then we can
define a source Qs using (2.24), and replace the symmetry breaking term in the SYK action
by the source term [ dridre Qs(11,72)¥ (71, 72). In the rest of this section we will show that
once this is done, a well defined perturbation expansion around the critical solution can
be developed. The non-trivial aspect of this scheme is that a specification of this off-shell
source is all that is needed to obtain a full near-conformal perturbation expansion. We will
show for the example of sub-leading corrections for the two point correlation function that
the method produces results which agree with a 1/J expansion of the exact answer.

2.2 Vertices

From (2.16) and (2.26), near the critical theory, we have the partition function

) - (S111+ lim, g [U5-Qa+Sc[¥])

Z:/Df/D\I/u(f,\Il)(S(fu~\I/f , (2.29)

where S[f] is given by the Schwarzian action (2.28). This leads to the interaction between
the Schwarzian mode and the bi-local matter W.

First taking an infinitesimal transformation f(7) = 7+&(7), we expand the Schwarzian
action (2.28) to obtain

Sk = 57 [ar[e? + @2 + 0] (2.30)

which gives the Schwarzian propagator

J 3 J 1
-7 —w)) = L 2.31
(elm)e(m) = g lnal®,  (ewle(-w)) =~ (231)
and the cubic vertex
VO (11, 19,73) = %[8{’8283 + (permutations)} . (2.32)

Because of the projector §( [w- W) which projects out the zero mode, the matter bi-local
propagator is given by the non-zero mode propagator D, (2.51).

Finally the interaction between the Schwarzian mode and the bi-local matter is given
by the interaction term [ ¥ - Q,. Taking an infinitesimal transformation f(7) =7 + &(7)
with (2.12), we have the interaction term

hH} dridm QS(T12)|:1 + /de(T)(ZT(Tl,Tg)

s—=3

+ ;/deT’E(T){;‘(TI) d? 4+ ... (71, 72) - (2.33)

7!
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Figure 1. Diagrammatic expressions for the Feynman rules.

where we have used a shorthand notation d, = di1 _. This leads to the e(7)¥ (71, 79) vertex:

\T

=

Qs(m12)dr (11, 72) (2.34)
the e(7)e(7")¥ (71, 72) vertex:
1 A
5 Qs(m2)d 2 (r. ), (2.35)

and so on. The diagrammatic expressions of these Feynman rules are shown in figure 1.

2.3 Critical SYK eigenvalue problem
Now we focus on the eigenvalue problem of the critical theory. We have the conformal
symmetry: 7 — f(7) in the critical theory (i.e. strict large J):

35 [T )]

of(7)

where S[¥O) + J=1gM) 4 ...] = S [TO] + ... This leads to a zero mode in the strict
large J limit:

=0, (2.36)

Xo(T1,72) = /dT@WX(()?z(ﬁaW)a Xon(r1,m2) = (NV) 72 TS0 L

(2.37)
with )\g?l = 0. The normalization factor N(go) for the second equation is fixed by the
orthonormality condition of the eigenfunction x(*) (2.41). This zero mode leads to the
enhanced contribution of the Green’s function G~ which will be discussed in section 2.4
as well as in appendix A. Also for the notation we will use below for the perturbation
theory, readers are referred to appendix A.



For general modes, the second term in (2.20) is already diagonal, but contains an extra

factor \I/‘(]O)z. Because of this extra factor, the eigenvalue problem of this kernel must be like

/d73d74 ’C(O)(Tl, To; T3, T4) X,(SZ,(T;;, Ty) = )\n% \1121(52(7'1, T2) X%?Z)(Tl, T9) . (2.38)

The extra factor appearing in the r.h.s. can be compensated by defining new eigenfunctions
by x(© = \1;20*)‘1/ > ¢ and a new kernel [6-8] by

~ 1—

1—
K(m1,m2;7m3,74) = ¥ 0)

(71, 72) K71, 72; 73, Ta) ¥

N
N

(73,74), (2.39)

so that the new kernel and eigenfunctions obey the standard eigenvalue problem

/dngT4 KO (71, T2; 73, T4) )2,5320(7'3, Ty) = )\S?ZJ )2;072,(71, T9) . (2.40)

We note that the eigenvalue does not change under this new definition. Since the new
eigenfunctions ¥(9) obey the standard eigenvalue problem, we impose the orthonormality

)

[ dndn R )R (1,72) = 60— )3 — ). (241)
and the completeness

Z X%?L(Tl,TQ)X%O,L(TS,M) = 6(713)6(724) - (2.42)

For the eigenvalue problem (2.38), we denote that X,(EZ, = X,(SZ] and )\S?Zu = )\((10)(11) by
using the fact that the complete eigenfunctions are spanned by the conformal dimension
h containing the continuous modes (h = 1/2 4+ ir, 0 < r < oo0) and the discrete modes
(h=2n,n=0,1,2,---) with w (—00 < w < o0) [6, 7]. The eigenvalue is known to be
independent of w and we can parametrize it as

MO(h) = (¢—1)J2(1 = Gla: ), (2.43)

which excludes the trivially diagonalized second term in (2.20). Therefore, the non-trivial
eigenvalue problem becomes

/dT:adM [W(O)]:1(71773)[‘11(0)]:1(72774)X&(T&M)
= — (g 1)25(g; h) Wiy, (11, 72) xjp (71, 72) (2.44)

where the explicit form of the inverse is given in (2.21).
Next we note that the eigenvalue problem of the following form was solved in [7]:

1 /dT i sgn(713)sgn(724)

(0) ~(0)
o = Rclq; s s 2.4
ao(q) h,w(7_377—4) ke(q; h) Xh,w(ﬁ T2) (2.45)

>

T 2 5 1
|T13] 2 | T4 2 |T34|" 4

where the eigenfunctions are independent of ¢ with

OZ()(Q) = ( !

2.46
T 1) (2.46)

~10 -



and the eigenvalue

|| Do
~— | —

I'(
I'(

ke(g;h) = —(¢—1) (2.47)

NI | Do

— D1 = DT (; + 5 +
+OrrG -1 -Hra-

Q=R =
+

We note that this eigenvalue has a symmetry

() = (248)

Therefore, from (2.45) transforming ¢ — ¢/(¢ — 1), we obtain

a0l )

1 Sgn( 713 )sgn {724 ~(0 ~
[ drir | |22(| )|“(| ), Tha(m3,72) = Tu(mm) . (249)
T13 91T24 1734|119

q—2 _ (0)

This is related to our eigenvalue problem (2.44) by x(©) = W 0 X Therefore comparing

these expressions, we find

N Oéo(q%l) 1 _ 1
HED) = T ool kol ) elai ) (2:50)

After determining the eigenfunctions [6-8], one can obtain the non-zero mode bi-local
propagator D.. This propagator contains three types of contributions:

[e.e]
D.=D +D"+ > Dpy. (2.51)
m=1
The h = 2 contributions has a simple-pole and a double-pole contributions. Detailed

evaluation of these are given in section 3.4 and appendix D. The non-vanishing simple-pole
contribution is given by

1
|z2'[2 [ dw ) 3T
D(t,zt,2) = Ng(3) /_Ooge ¢ t)?J_%(]wzﬂ)J%(\wyf), (2.52)

while the gauge-dependent contribution (which will be canceled at the end) containing the
simple and double-pole contributions is given by

|22/ 2 dw
N7(3) /) 2m

D'(t,zt,2) =

9

~I1(3
o (gay 2 ((5))> (7uo2l) (o2
2

3
V=3

where we used the change of variables in (3.14). The other contributions are given by
simple-poles located at h = p,, +1/2 > 2 [8].

3 dw N TP
Dolt 2t 2y = — L2 [0 ey Ty ). (253
m( Z’ 72) Ng/(pm) 27_‘_ Sln(me) pm(|wz |) pm(|w|z ) ( )

- 11 -



2.4 Enhanced contribution: G(—1)

In this and next subsections, we consider the bi-local two-point function:
<\IJ(7_177—2)\IJ(7_377—4)> ) (254)

where the expectation value is evaluated by the path integral (2.5). After the Faddeev-
Popov procedure and changing the integration variable as we discussed in section 1, this

two-point function becomes
<\I]f(7—17 TQ)\I/f (7_37 7—4)> ) (255)

where now the expectation value is evaluated by the gauged path integral (2.16). We
expand the bi-local field around the critical saddle-point solution ¥ = ¥ 4+ ¥, so that
the two-point function is now

<\I/f(7‘1,7‘2)\11f(7‘3, 7‘4)> = <(‘I/§co) +@f)(71,7‘2)(\11500) + @f)(73,7‘4)> ) (2.56)

Taking an infinitesimal transformation f(7) = 7+¢(7) with (2.12), we find the order O(J)
contribution

dﬂdL’/( 0

1
GV (7, 1973, 74) = 5 9 N, MNSTB,)? X(()?l(Tl,TQ) <e(w)e(w')>x(()?l, (13,74), (2.57)

where we used the zero mode expression (2.37). Né’ou)} is the normalization of the Fourier
transform of the zero mode. With the explicit form of the Schwarzian propagator this
leading contribution is of order O(J) .

Following the standard perturbation theory, (which is described in detail in ap-
pendix A), the exact Green’s function can be written as

Xn “Xn -1 -1
Gex) = >, 28— = U2 G ¥ . (2.58)

cl

In the following, we will be interested in the contribution coming from the zero mode of
(0)

the lowest order kernel, n = 0. Since Ay’ = 0, we have
(0), (0)
- Xo X
G-b = 20 o (2.59)
Ao
0)_ (1 1_(0 2) (0)_ (0 0)_(0
VRS (G2 7o A

Here we suppressed all 7 (and w) dependence since they don’t play any crucial role here.
The expression of the perturbative kernels are obtained as (see appendix A)

KO(r1,m;75,74) = SP (7125 734) (2.61)

IC(l)(Tl,TQ;Tg,m) = /d7'5d7'6 S£3)(7172;7'374;7'5’6) \If(l)(Tg)ﬁ), (2.62)

1
K® (71, 19573, 74) = §/d7'5d7'6d7'7d7'8 S (71957343 75.6; 71.8) O (756) U (775)

+ /d7'5d7'6 SO (1105 73,45 75.6) T (756) , (2.63)
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where we used the short-hand notation for S defined in (A.17). The first and second
order eigenvalue and eigenfunction corrections are given by

N = /X(O) -/C(”-x(o), (2.64)

) = - ZX’“ / SR URPYC (2.65)
kA0 A

AP = Z kW / O @\ (2.66)
k70 A

where for the first order shift of the zero-mode eigenfunction Xél) we used (A.22). In the
rest of this subsection, we relate the diagrammatic expression of G(~1) in (2.57) to the
eigenvalue perturbation expression (2.59).

Now we note that the Schwarzian action is given by

Ssaulf] = — lim [ dridrs Qu(m1,m2) O (11, 7) (2.67)
s—1/2
Expanding f(7) = 7 + ¢(7) we know that in the s — 1/2 limit, the first nonzero term in
an expansion in €(7) is the term which is quadratic in ¢(7) and given by

dw

= e(w)e(—w)d ) ,w®. (2.68)

Sch /dTldTQ Qs(11,72)
For the zero mode (2.37) with )\(0) = 0, the eigenvalue problem is written as

525 [w}] 00 (75, 74)

5\11500) (71, 72)6\P§co) (13,74) f(7)

0= /d73d7'4 (2.69)

Taking one more variation respect to f(7'), we obtain

Ut i (75,7
5\1:(0)(71,72)5\1;<o>(73,74)5\1:<0>(75,Tﬁ) 0TSy T4/ AW AT

- (Né u)JN(O /d7-3d7—4 IC( )(7-177-277_377-4)6205?01/\11(0)(7-3,7’4), (270)

/dngT4d7‘5d7’6

where after the variation we set f(e) = @ and then Fourier transformed 7 to w (and 7’ to
w'). Multiplying (1) (7, 75) and integrating, the first term becomes (1) (2.62). Therefore,

now we find

1 _1

y / KO k® A0, — — (NOND,)Th / Q.- (i%,w0). (2.71)
Then, the first order zero-mode eigenvalue correction )\[()2 (2.64) is written as

AW
%5((;}—!—&/) = — /dTldTg QS(Tl,Tg)( (Z)W\I’(O))(Tlﬂ'g). (2.72)
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b o= O @=Q--0
Figure 2. Diagrammatic expressions for the O(JY) contributions of the Green’s function.

Now this equation immediately shows that

J
iy 0wt w) = S (eW)e@). (2.73)
>‘0,w
Therefore, )\(()1) is the quadratic kernel of the Schwarzian action.
Hence, using this relationship, we relate the diagrammatic expression (2.57) to the

perturbation expression (2.59) as

(0) (0)

d ;W ? —W 9
a= 1)(7—1,7'2,73,74 = J/ w X0w(T1 7—2)561()) (73 74). (2.74)
>‘Ow

2.5 Diagrams for G(®)

Next we consider the subleading O(J°) contribution G(®). Besides the non-zero mode con-
tribution D, the contributions to G(°) given by four diagrams (in figure 2) that arise from
interactions between the Schwarzian mode and the bilocal field, and also the Schwarzian
redefinition of the field itself:

GO = by +by+by+by+D.. (2.75)

The corresponding Feynman diagrams are shown in figure 2 and they are given by®

dw 0 dw’ A
b = </27T5(w)x(()72)(7'1,7'2)/%s(w’)d

dw .
< G- e(w )Xow T1,T2 /dT5d7'6Qs 7'56/ "d

7(,_,/(7'3,7'4)/d7'5d7'6Dc(7'377'4§7'577'6)Qs(7'56)>a

1
q

ba

(75,76)Dc(73,74575776)>,

1,
q’
deoy dwe
2r 27

1 dwq
b3 = ~ < €(Wa)X6?o)JE (11,72)

2 o E(wb)e(wc)/d75d76d77d78 Qs<T56)

bW

A dw
dil 0(75776)2)0(7'577'6;7'777'8)Qs(7'78)/Q;E(Wd)X(()?z;d(7'377'4)>a (2.76)

®In this subsection, we always omit the normalization factor Né,ou)} introduced through (2.37) in order
to simplify the notation. This factor does not play any crucial role here and the final expressions are
independent of this factor.
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dw, dw A
by = </ o E(Wa)X(()E)z,a(Tl,TQ)/d7'5d7'6Qs(7'56)/Q;)E(Wb)d;,wb(7—5776)>

><</C;wc 6(wc)x 0.0e (13,74 /d7'7d7'8Q5 78 /—6 wq) J
T

where we defined J;W as the Fourier transform of Jh,T defined in eq. (2.13). For b; and bo,

wd(7-7a7—8)>Dc(7_5>7-6;7—7a7_8)a

1
q

there are also (712 <> 734) contributions we did not write explicitly above. We note that
the integration by parts of this operator is given by a shadow transform:

/dndTg A(Tl,TQ)CZh,T(Tl,TQ)B(Tl,TQ) = — /dTld’TQ B(Tl,Tg)czl,h’T(Tl,Tg)A(Tl,Tg).
(2.77)
From the definition of the operator (2.13), the action of this operator onto a product can
also be written as

thAJFhB,T(Tl,Tg)(A(Tl, TQ)B(Tl,TQ)> = B(m, TQ)CzhA,T(Tl,TQ)A(Tl, T2)
+ A(11, 72)dp 7 (71, 72) B(11,72) - (2.78)
Now we evaluate the diagrams. For by, using (2.24) and (2.73), we find
dw dw'’

b= or 21 X(()O‘?’(Tl’7_2)< (w)e(w’)>d%7w,(7-3’7-4)\y( )(7377'4)
(0)
dw XO w(leTQ) A
=7/ o T(dé YD) (). (2.79)

)

For b, first using (2.60) and (2.73) we have

(0)

dw X w 71,72) dw’ Xk —w
by = J/ 0 o E —k /dT5d76Qs(T56)(
T
k#0 k /

1 wX 1&2;)(75,76)-

(2.80)
Now following the same manipulation as in (2.69)—(2.71), but now for non-zero mode, we

1
j/xé?i-lc(”-x,ﬁ?i, + /Qs : (d1 i) = A /\If SV (@28

For the r.h.s. , we can move d onto V(1) by the shadow transform (2.77). Using this relation,
by is now written as

by = — o )\(1) (dg,—w‘lf( ))(73,74)
dw X w 7-177—2 X —w! (T377—4)
- [t / : Tl [ k0o, sy

where for the first term, we used the completeness of ¥(?) (2.42). The first term cancels with
b1, while the second term combines into the first order shift of the eigenfunctions (2.65).
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Therefore, we find

(0) (1)
dw X0, (71, T2) X0, — 0 (T3, T4)
by + b = | — % ( )(1()) + (T12 > T34), (2.83)
27 )\va

where we implemented the explicit symmetrization of the external legs.
For b3, using (2.24) and (2.73), we find

5 (0) (0)
po = [ A 0BT o0 40 o], sy
2 27r Qﬂ /\élo)J )\é )/ c ' Ph—w,—w

Now we consider the equation of motion of ¥ (2.24) with the on-shell limit (s — 1/2):
Ik IC;O) . \Il;l) = 0, where we transformed ¥ — W,. Taking variations respect to f(7) and
f(7'), then multiplying another ¥ we find

/\If KO (Q’iﬁ v) = —3/xff?l€(1) (A1 8D) = (e 1)
2
= = [ k@) (2.85)

Therefore, we can write b3 as

dw dw' X(() 2;(7’1, T2)X

0,w
or 27 )\(()1) )\é)

by = —

J/xff)_w-lc(l) : (dly_w,\ll(l)) + /xé?)_w-lC(Q) x(()o),w (2.86)
For by, first using (2.59) and (2.73) we have
2 dw dw X(()(Z)(TlaTQ)X((]iv (7—377-4
by = J . /d75d76d7'7d7'8 Qs(756)Qs(778)
o 2m )‘(()3; )\é ),
dw” ;o (0) ; (0)
(dh,_ka’w,,> (75, 76) (dh,—w’Xk,_wu) (17,78) - (2.87)
k;éo Mo
Again using the relation (2.81), this is written as
b e X (T )Xo (7, 71) / a1
4 =
2w Moo Moy 2717 Moo
X lJA]ESZ)N /\I](l) . Czli%’iw (\I’((](;)Q X](C(,]BJ”) - X(()(,))—w . IC(I) . X]E:?Zu//
X lw —w, W= w"] : (2.88)
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For the first term, we use the shadow transform (2.77) to move d onto V(). After using
the completeness of () (2.42), we obtain

dw d’ XS (71, T2)X N (73, 72)

or 27 )\((JZJ)\él),

©) . (1)
/X (dl —or ¥ / 27 Z )\(0)

k "

by =

(2.89)

/Xk; (D) O)

The first term precisely cancels with b3, while the second term combines with the other

term in b3 to give the second order eigenvalue shift. Therefore, we finally obtain

dw AL X (71 T2 )X, Lo (73, 74)

2 )\(1) )\(1)

O,w 7'0,—w

by + by = — (290)

The first and second order eigenvalue and eigenfunction corrections which will be needed
below are given by (2.64)—(2.66).

We now found that the diagrammatic expressions denoted by b; - by shown in figure 2
are given by the matrix elements (2.83) and (2.90). These are in agreement with the
standard perturbative evaluations summarized in appendix A. In the next section, we will
explicitly evaluate these matrix elements in the large ¢ SYK model as an example.

The total O(J%) contribution to the correlation function is given by the following

GO = by +by+bg+by+D,, (2.91)

It is seen that the gauge-dependent propagator D” is totally canceled by b3+ by and part of
b1 + by. The result is therefore given by the non-vanishing simple-pole propagator D’ and
the remaining contribution from diagrams b; + b which as we have shown above involves
the first order correction to the zero mode eigenfunction. We evaluate this (and the other
matrix elements) in the large ¢ case in the following section. In this limit (with the higher
massive modes decoupling) the result reads:

(e 22y = CEE [ et [J_;ﬂwrfwg(rw\zﬂ (292)

1

o1 |
M( Ty TO:TO )Jg(’w\z)Jg(le)].

This result consists of two terms: the first one due to Schwarzian interaction with the
bi-local and the second representing the contribution of the h = 2 matter. For general ¢
one would have the further contribution of massive mode propagators. We also mention
that a similar evaluation in [13] gave a different result. We are not sure why the method
of [13] disagrees at O(J?), however we have compared our result in the large ¢ limit, where
a finite J evaluation is possible, and observed disagreement (this will be seen in the next
section). We also note that the contributions of diagrams bs + by represents the O(J°)
correction to the O(J) Schwarzian action (at the quadratic level). This again differes from
the correction found in [13] .
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3 Large q: Liouville theory

The scheme described in the previous section ensures that once we have an expression
for the first correction to the critical saddle point, ¥™) an unambiguous perturbation
theory (which is really a derivative expansion) can be developed by replacing the actual
symmetry breaking source term by a new source term which would give rise to this U().
This procedure is necessary since the symmetry breaking term is singular and nonzero
only at short distances, which implies that this cannot be used as a perturbation in a long
distance expansion. This means one has to make an ansatz for (1) given in (2.22).

In the large ¢ limit, the SYK model simplifies considerably and at the leading order
the action is that of Liouville theory on the bilocal space. At large N this model can be
now solved exactly at all scales, i.e. for any finite J. Even though the symmetry breaking
term of the SYK model needs to be included to obtain this large ¢ limit, the resulting
Liouville action acquires an emergent reparametrization symmetry. The large N saddle
point breaks this symmetry. However, this does not lead to a zero mode, and a calculation
of the exact bilocal function proceeds without any obstruction. In particular, in this exact
calculation there is no emergent Schwarzian dynamics.

Nevertheless, we would like to understand the long distance derivative expansion in
this limit, and extract the dynamics of the soft mode, since the Schwarzian action is the
most direct link to a dual description in terms of JT gravity. In this section we develop this
expansion using the scheme of the previous section. However, now we can simply use the
leading correction to the critical saddle point to determine the regularized source Q5. The
result of the previous section then ensures that the scheme using this source reproduces
the large J expansion of the exact answer for correlation functions.

3.1 Bilocal theory at large ¢q
Let us begin with the collective action for SYK model (2.6)

N 202 72N
+ ETrlog\Il B /d7'1d7'2 [U(r1,72)]",
(3.1)

Seol|¥] = —];[/dT {aT\I/(T, T/)}

T!'—=T

where we have defined

J? = L g2, (3.2)

pr— F
This J is kept fixed as ¢ — oo. At large ¢, we can do the following field redefinition

@(T;, 7'2):| '

U (T, T0) = 7sgn(7'12) [1 +

> (3.3)

Using (3.3) in (3.1), and performing a 1/q expansion we get a field independent O(1) term
and the next contribution is O(1/¢?), given by the Liouville action

N

/dTld’TQ |:81 (Sgn(Tlg)(I)(Tl, ’7'2))82 (Sgn(721)<1>(7'2, 7'1))

+ 472 eq’(ﬁ’”)} + 0(¢7®). (3.4)
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The details of the derivation of (3.4) is given in appendix B. Note that there is no O(1/q)
term in this expansion. The kinetic term of SYK - the first term of (3.1)- provides a 1/q
piece which cancels with a 1/¢ piece coming from the second term. The inclusion of the
symmetry breaking term is crucial.
Nevertheless the action Sp[®] has an emergent reparametrization symmetry for 7; —
f(7i),
(11, 72) = ©(f(11), f(72)) +log [f(m1) [ (2)] - (3.5)

At finite temperature and finite 7, we need to impose the physical requirement that the
expectation value of the bilocal field (¥(71,72)) should be equal to the free fermion two
point function %sgn(ng) in the short distance limit. This means we need to impose a
boundary condition

o(1,7) = 0. (3.6)
At zero temperature the expansion is really in J|7i2|: this means that we cannot really
access the point 71 = 7. However the zero temperature theory should be really thought of
as a limit of the finite temperature theory. Accordingly we should impose the condition (3.6)
even at zero temperature. In fact, as is well known, the Liouville action on an infinite plane
has a symmetry which has two copies of Virasoro, i.e. 71 and 7 can be reparametrized
by different functions. The restriction to the same function as in (3.5) comes from this
boundary condition (3.6).

The above derivation is in a 1/¢ expansion. The fact that the resulting action is a
standard two derivative action signifies that to leading order of this expansion there is
a simple pole of the two point correlation function of the bi-local field. This appears to
be in conflict with the well known fact that even for ¢ = oo there are an infinite number
of poles in the conformal limit, i.e. an infinite number of solutions of §(¢;h) = 1 where
g(q; h) is defined in (2.50). In fact at large ¢ the solutions to this equation are given by
h =2 and the tower [11]

22n% +n+1
q2n®+n—1
However the residues of these poles all vanish as ¢ — oo except for h = 2 [82]. The 1/q

hyp =2n+1+ +0(1/¢%), n=12... (3.7)

expansion of the function g(g; k) is given by

g(g; h) = h(th) [1 + ;(h(hZ—l) +3 (3.8)

et v (5= 1) 40 (5)]) +ou],

where ¢ (x) denotes the digamma function and ~ is the Euler-Mascheroni constant. Since
1(—n) for integer n has a pole, the coefficient of the 1/¢ term is singular for h = 2n + 1.
This is the signature of the infinite number of solutions of the spectral equation in a 1/¢
expansion. In the following, however, we will restrict our attention to values of h close
to 2. Therefore these other solutions will not be relevant for us. Note, however, on-shell
modes corresponding to these infinite tower of solutions do have non-trivial higher point
correlation functions [11].
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3.2 Quantum fluctuations at leading order
The equation of motion which follows from the action (3.4) is given by
8182 (Sgn(Tlg)(I)(Tl, 7'2)) = — 2j2 Sgn(le) 6’1)(7-1’72) . (39)

We should really view the zero temperature theory as a limit of the finite temperature the-
ory. At finite temperature, periodicity in both 71 and 7o, together with the boundary con-
dition (3.6) determines the solution uniquely [7] and its zero temperature limit is given by

Pa(r12) = —2log (T|ma| + 1), (3.10)

where 790 = 71 — 7. Let us now consider quantum fluctuations around the saddle point
solution (3.10) by defining

O(11,72) = Pa(T12) + \/??7(71,72), (3.11)

where 1 denotes the quantum fluctuations. The fluctuation must also obey the boundary

condition
n(r,7) = 0. (3.12)

Substituting (3.11) in (3.4), we get the quadratic action for quantum fluctuations as

1
Syl = — 8q2/dﬁd72 (71, 72) [3162 + 277 6%(712)] (71, 7o) . (3.13)
Using the bilocal map
T + T2 T — T2
= = 14
p=nin Lo (3.14)
we can write, using (3.10)
1 0o oo 8j2
Ay = — dt/ d t —0? 22 t,z). 1
SOl = gg [t [ dentt2) |<0F +02 — G2 | i) (3.15)

The operator which appears in the square bracket is the expression for Koy which is
defined in (A.2).
In the following it will be convenient to define

1
Z = —. 3.16
z+ 57 ( )
It is convenient to define a conformally covariant operator Ky, (similar to (2.39))
~ 2
K =z [af 492 22] :) (3.17)
and redefine the field .
it,2) = ”(ij) : (3.18)
The eigenvalue problem we need to solve is
K xi(t2) = A, 2). (3.19)
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These eigenfunctions are given by

iwt 35—
W (t2) = ==L (|w]2), (3.20)
2 v,w
where
Z(lw|2) = Ju(Jw]2) + &) Ty (jw]2) (3.21)
_ T(-g-m)r(i+5+0)
fw(l/) - 1 v w 3 v w ! (322)
P(5+5—a7) 0 (8 -5+ 227)
and the eigenvalue /\,(,ex) is given by
Alex) = {1/2 - Z] : (3.23)

The eigenfunctions satisfy the following orthonormality condition which follows from
self-adjointness of the operator K, in the interval [0,00) with the boundary condition

Xﬁxw (t,0)=0
/ dt/ dz X(ex  2)X, o '

Here ]\Af,,,w appears in the orthonormality relation

\_/

(t,2) =0(v —v)d(w+ ). (3.24)

© dz 4 A . .
/O % 2 (919) 2 (12) = Noyo 51— 2) (3.25)

We do not have an analytic expression for N, ,, but we can determine it perturbatively in
w/J to get for the discrete modes

- 1 |w|
N, = — +0 ) 3.26
w (2J> (3.26)
For the continuous modes, we will not need to know the w/J corrections since there is no
enhancement. So, we use
. 2sin v |w]
N, = —— — . 2
, ST 4o (2 j) (3.27)

We now perform a mode expansion of the fluctuation field in terms of these exact eigen-
functions as follows®

n(t,z) = 2/ dw/dv @wa(ex)(t 2)
= / dw/du q)ywxyef))( t,z).

5The operator Kex is the zero temperature version of the operator considered in [7], where the finite

(3.28)

temperature exact eigenfunctions were determined. So our exact eigenfunctions should arise as the zero
temperature limit of those eigenfunctions. We discuss details of how to take this zero temperature limit
and the derivation of various properties of the exact eigenfunctions in appendix C.
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The boundary condition (3.12), i.e. n(t, z = 0) = 0 determines the allowed values v. These
are of the form

V:’iT—FO(;), r € Real
5 " A\ 2 (3.29)
=2 — — — =0,1,2,...
v n+2+a1<j>+a2<j>+ n , 1,2,
In the following we will not need the correction to the continuous series. The coefficients
a1 and ag for the n = 0 case are given by 1/m and zero respectively (see appendix C for
details). Using (3.25)—(3.28) in (3.15), we get

AR W / dw / dv &, N9, . (3.30)

(ex)

Note that the eigenvalue A~ arises from the large ¢ limit of the eigenvalue of the finite ¢
bilocal kernel (see (2.47), (2.50)), with h = v+ 1/2

Gv,00) = (v2 - 1) : (3.31)

From (3.30), we can read off the momentum space bilocal correlator

- - 8
(B Py ) A(ZX) 5(v1 — v2)8(wn + w2) . (3.32)
151

Since the solution (3.10) breaks the symmetry (3.5), one might expect that there is a zero
mode given by its variation 6®.. This would be of the form

Noy(t, z) ~ 21/2/dw e“le(w) l:COS (g?) 3 (Jw|Z) + sin <|2‘7|)J 3 (|lw|z )} (3.33)
As expected this solves the equation of motion which follows from (3.15), but does not
satisfy the boundary condition (3.12) at any finite J. Indeed, (3.29) shows that there is no
eigenfunction with ¥ = 3/2. Since there is no zero mode, a calculation of the bilocal two
point function proceeds in a straightforward fashion.

Using (3.28) and (3.32), we can write down the exact bilocal two point correlator in
position space as

(ex) 5
<77(t’ Z)U(t',zl)> = 8(] / dw/d iz) w( ) )

/ dﬂ w(t— t)/dV Z* 52 (|wl|2")
_ v,o0)—1

(3.34)

I
i
L
no
—
IS}
Ny
~—
N

3.3 Perturbative expansion

In this subsection, we calculate the various ingredients needed to obtain a perturbative
expansion of the bi-local propagator, which are the matrix elements given by (2.64)—(2.66)
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for Liouville theory. The full (or “exact”) kernel K, can be expanded in powers of (|w|7 1)
as follows. This is the analog of the expansion (A.7).

~ ~ 1 ~
K ZK(O)—l——K()—i—f/C() 3.35
L 7 7 (3.35)
where
KO = 22(—0% + 9?) + 220, — 2, (3.36)
KW = 2(-82 +0%) + 9., (3.37)
_ a2 2
K® = % . (3.38)

The kernel £© now has a zero mode,

A~ o, (3.39)
Tt 2) = [ ez by (Jw2) (3.40)
’ 2 2

The eigenvalue and eigenfunction for this mode will be corrected by the perturbations. The
corresponding exact eigenvalue is Ao, which has the expansion

1 1\?2
Mow = Ay + ?Aé” + <j> AP 4 (3.41)

analogous to (A.10). The corrections to the eigenvalues can be read off from (3.29)
and (3.23),

AD = 3l (3.42)

s

Similarly, for the first order correction to the eigenfunction, we get

~(1) _ ‘w’ —5 Jiwt (1 1 3 )
Now(ts2) = \/ 2jz Se @] 0, — 2]w\z+3 + 8 Ju(lw]z)

and
2
w
AW == 3.44
0 ﬂ_g ( )
While we have written these down using the expansion of the known exact eigenvalue
and eigenfunction, one can of course calculate these directly in perturbation theory. The
first order correction follows easily from (3.37) and (3.40) in (2.64). For the first order
correction to the eigenfunction, we were unable to perform the sum analytically in (2.66).
The expression (3.43) can be used to verify that standard perturbation theory indeed leads
to the correct second order correction to the eigenvalue. The details of this calculation have
been included in appendix F. These calculations are in agreement with the results of [7].
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3.4 Evaluation of bilocal two point function

We now have all the necessary ingredients to evaluate the bilocal two point function (3.34)
perturbatively in (jw|J *1) using the formalism of section 2 and appendix A. First, we note
that the values of v to be integrated over are given by (3.29). The imaginary and discrete
values give rise to a continuous and discrete contribution respectively. The discrete sum
receives an enhancement from the zero mode so it needs to be treated separately. We
separate it from the non zero modes in order to write

t, 2, 2)) = GOV, 2, 2) + GO, ¢, ), (3.45)

where G-V and G(©) are given by equations (2.59) and (2.60) respectively. The pertur-
bative corrections to the zero mode eigenvalue and eigenfunction can be substituted in
these expressions to write down the bilocal propagator explicitly. Using (3.42) and (3.40)
n (2.59), we get the enhanced propagator

o (t, z)xé )w(t , 2

1
Ay (3.46)

eiw(t—t/)J%(\w|z)Jg(’W|Z/) :

GVt 1, Y) = 8¢ J/ dw

= 4q2j(zz’)%/ dw

—o0 |w]

Next, let us consider the O(1) contribution G(°). It receives a contribution from D., which
for the Liouville case is given by

(0) (0) (0)* (0)
Dc(tz;t’,z’) _ 8(]2/ dw Z Xun,w(t Z)Xl/n,w( ) < +/d Xv,w (t Z)X,,w( , Y| .

- n=1 )\1(191) >\1(/0)
(3.47)
The details of evaluation of D, is given in appendix D. The result is
o[- (jwlz”)Js (Jw]z7)
De(t, z;t',2') = 4¢%(22)) % / dw e t=t) [ 5 2 (3.48)

-2 (5 + 5) Ml el) ] .

We identify the first term in (3.48) with the non-vanishing simple pole term D’ and the

second term with the gauge-dependent term D" in (2.51) respectively. The remaining terms
in (2.60) can also be evaluated using (3.39)—(3.43) to get
0 1 1 0 2 0
2 % [ XO X () | xob (20 (22 A X () (F:2)
8¢ dw 0 + ®) 0 (3.49)
Ao Ao (Ao )2

et fasen [ (1)L (o 0rs o ) et

From (3.48) and (3.49), we see that the gauge-dependent term D" precisely cancels. This

—0o0

—

v=3%

is an explicit illustration of the claim made in section 2 that the final answer for the bilocal
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propagator receives contribution only from the simple pole in D, (which corresponds to
h = 2 matter) and from part of the b; + bs diagrams. Collecting all the terms, we get the
bilocal propagator for Liouville theory up to O(1) to be

(it 2t ) = 2622)% [ du ) stquzwg (wle!)+ J_g (wl”)Jy (wl=)

1 1 /
Tl <a Oty T )J?’(’w\ )Jg(!w\Z)]- (3.50)

3.5 Comparison with zero temperature limit of four-point function

We now show that the zero temperature limit of the finite temperature four point function
calculated in [7] agrees with (3.50). The SYK four point function at finite temperature up
to O(1) is given by’

Fla,y;a',y) = [ﬁj —2 [—1 + (y - g) By + (. — )0, + (2 — 77)34 ]

/
- oo
Let us defi
eb s denme 27t 4z 2mn (3.52)
y = — Tr = —, W = — .
g g g
In the zero temperature limit the h = 2 eigenfunctions become Bessel functions
iy T
fulx) = Stm 2 —ncos%
an
2 (3.53)

_ Pw [rwz
—%,/ 5 Ja(wz)

Using (3.53) in (3.51) and replacing the sum over the discrete Fourier index n by a contin-
uous integral over w, we get

F(t,z;t',2") %/ dw e~ t)ﬁj’JS(M )Jg(|w|zl)
1 1 1 /
+ = o] (a + 0 + o +2> J;(IwIZ)Jg(IW\Z)]
- %/ dw sinw(t —t') Jg(wz),]%(wz'). (3.54)

—(t—t’)2+z2+z’2

Now, we use the following integrals expressed in terms of the quantity £ = 5

0, for €] > 1

[T d T (wl2) Ty ()
[T awe 3 (wl2) T3 (]2 {H(—f), for [¢] < 1

"Note that the explicit calculation of the O(1) contribution in [7] is obtained by writing the propagator
ﬁ 2z 82 + 4sin® 8% + i which is the finite
2

temperature version of the Bessel operator we consider. They7 of course, lead to the same result since at

SIn2

in terms of eigenfunctions of —92 + rather than —

finite temperature the periodicity conditions ensure a unique Green’s function.
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and

0, for [¢] > 1
gP1(€), for ¢ <1

The details of the derivation of these integrals are given in appendix E. Using these integrals,
we see from (3.50) and (3.54),

(22)3 / dw sinw(t —1') Js(wz)Js (w') =
0

(n(t,2)n(t',2')) = 44° F(t, 21, 7). (3.55)
The proportionality factor of 4¢> arises as a consequence of the field redefinition in (3.3).

3.6 Expansion around the critical saddle point

In the J|m2| > 1 limit (3.10) becomes

We will call this the “critical saddle point”. This is in fact what follows from the large ¢ limit
of ¥ in (2.9) and plays its role. There is, however, an important difference. For finite g the
critical solution J|r12| is not a solution of the full theory because of the term which breaks
the reparametrization symmetry. In this case (3.56) is also a solution of the classical equa-
tions of motion. ®(), however, does not satisfy the boundary condition (3.6). In fact, in an
expansion around the critical limit, there is no reason to impose this boundary condition.
Keeping this point in mind we will call . the “exact” solution and develop a perturbative
expansion around the critical solution following the same steps as in the finite ¢ SYK model.

An expansion around this solution would in fact lead to a normalizable zero mode
given by (3.40) which needs to be treated properly in precisely the same way as the finite
¢ SYK model. In order to deal with this, we introduce a source term given by®

- ;;7 _ [ andn Qw2 ), (3.57)
where the source is again a regularized version of (2.24). In this case, the kernel IC£0) can
be read off from the first line of (3.15) as

KO, 2) = —92 + 0% — % . (3.58)
The source is then related to the O(1/J) correction to the classical solution by
QL(t,2) = KVoM(t,2). (3.59)
The O(1/J) correction to the classical solution is given by®
By — By = W (2) = —; (3.60)

8The fact that this source term goes as J ' is reminiscent of the conformal breaking term in finite ¢
SYK. It should be noted that if we add other source terms which are suppressed by higher powers of 7,
that would be inconsistent with the finite ¢ picture.

9We have stripped off the power of J in the expression for U in order to maintain consistency in
notation with section 2. Also, since the domain of integration of the z coordinate is always positive, we
drop the absolute sign.
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As expected, the source in (2.24) with this non-regularized ®()(z) vanishes. Following the
treatment in finite ¢ SYK, we therefore introduce a regulator s to define

@m@)z—hmj¥ (3.61)

s 25 °
s%% z

This results in a regularized version of the source QY given by

. 1 s+1
Q5 (11,7) =~ — lim (8 - ) T rE (3.62)

s—1 2

Since the exact classical solution is now known, the coefficient of the resulting Schwarzian
action for the soft mode can be now determined unambiguously. The Schwarzian action is
given by

lim [ dridry QY(r1, m)®)(r1, ), (3.63)

S%Ch[f] = _8q2j ssl

where @g corresponds to the transformed classical solution

f(m) f/(72)
|f(71) —f(72)|2

To determine the coefficient one could proceed by writing f(7) = 7 + &(7), evaluate (3.63)

f (r1,75) = log [ (3.64)

in an expansion in £(t), perform the limit s — 1/2 and resum to obtain the full expression.
Since we know that the answer should be proportional to the Schwarzian it is adequate
to expand to second order in €(¢). We have performed this calculation, but will omit the
details here.

Alternatively we can calculate the propagator of the Fourier transform of ¢(7), which
we call e(w) given in (2.73). For the Liouville theory this is given by

J

Trito4) = 2 () (3.65)

The main ingredient is contained in the set of conformal Ward identities which are described
for the arbitrary ¢ model in equations (2.69)—(2.71). These equations can be explicitly

verified in our case with the expressions for ICI(?) given in (3.58) and ICS) given by

1 2

Kk = —o. (3.66)

For our case )\61) is given in (3.42). To determine the normalization Né?u),, we need

Wt 5(1)500) (T)
Xzero,w(TlaTQ) = /dT e 5f(7'/) . (3.67)
flr)=
It is straightforward to see that

Xzerow(T1,T2) = —V2m iw%z%J%(lw\z) . (3.68)
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Comparing with (3.40), we get (from the definition)

©0) _ 472w
—3 -
To apply (2.73) we need to note that while the source term for finite ¢ was defined by (2.24)

(3.69)

while in the Liouville theory we defined the source term by (3.57). Thus in Liouville theory

we have ST 2 5 /) 12T
q mo(w + w q
(e(w)e(w)) = EENCINO = Noi (3.70)
0,w*"0,w

where we have used (3.69) and (3.42). This propagator can be easily seen to follow from
the Schwarzian action

Skalf) = 47 [ dr (7). (3.71)

The coefficient is in precise agreement with the large ¢ limit of the action given in [7]. The
calculation of the bilocal two point function now follows the diagrammatic technique of
section 2.

4 Conclusion

In this work, we concentrated on the development of a complete understanding of system-
atic near conformal perturbation expansion in SYK type models. It develops further the
initial work of [8, 9] where the soft mode with Schwarzian dynamics is extracted from the
bi-local field in a systematic fashion and arises as an emergent degree of freedom. This
mode interacts with the remaining “matter” degrees of freedom which include a compo-
nent dual to an operator with conformal dimension h ~ 2, in a manner which is completely
determined. The non-triviality of exhibiting this interacting representation lies in the fact
that, as we explain, the symmetry breaking effects responsible both for the Schwarzian and
Schwarzian-matter interactions comes from a very subtle off-shell regularization which pro-
duces non-zero effects when removed in the limiting procedure. This leaves a series of inter-
acting vertices that are determined explicitly. Representing these corrections in a diagram-
matic picture provides a complete and transparent scheme. This allows for a concrete per-
turbation calculation of corrections to leading (conformal) correlation functions and other
physical quantities. We do this for the bi-local two-point functions by considering the eval-
uation of the first correction (in a low energy expansion) to the leading (enhanced) answer.
Among our four diagrams for the first order correction, by characterizes the first order cor-
rection of the bi-local one-point function previously studied in [7, 9, 13] and b4 corresponds
to the contribution to the correlator from the non-local action obtained in [13]. Their non-
local action is given by stripping off the two external legs (i.e. [dwe x© ) from the definition
of the by diagram in (2.76), but the contribution from the non-local action gets cancelled
(when looking at the correlation function) in our Feynman perturbation expansion. On the
other hand, the diagrams b, and b3 are our novel results, which are needed to agree with
the large g result. The evaluation of these is facilitated by a series of conformal identities.

We applied this formalism to the large ¢ limit, where the model is reduced to the
Liouville theory which is exactly solvable. In this case, expansion around the correct
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saddle-point does not result in a zero mode and the correlators can be calculated exactly.
We can nevertheless expand around a saddle point appropriate for a long distance expansion
and apply the perturbation scheme described above. In addition, it is instructive to see
the workings of the method in this example of a prototype conformal field theory. We note
that it is of interest to consider the complex SYK model already, since issues related to
applicability of perturbation theory have been observed recently [96]. Indeed we believe
that the applicability of the scheme goes beyond the SYK model, applying generally to
perturbations in conformal field theory and more generally quantum field theory.

Returning to the case of SYK theories, the present systematic reformulation of the
model as a bi-local matter coupled Schwarzian theory might offer the needed insight into
the outstanding question of its gravity dual. The Liouville theory in particular provides the
simplest limiting case. In this limit the higher h modes decouple and we find an interacting
picture of the soft mode with bi-local h = 2 matter. We emphasize this fact since most
studies of the gravity dual focus on the dilaton gravity sector of the dual theory. In [74—
77], the enhanced part of the bi-local two point function has been reproduced in a dual
theory which contains bulk fields which can be thought to be dual to the SYK fermions. Our
preliminary results indicate that some parts of the subleading correction may be obtainable
by considering the effect of a coupling to the non-trivial dilaton background [97].

However, additional ingredients, related to the contribution of A = 2 bi-local matter,
are probably necessary to understand the low energy sector completely. We hope to return
to this problem in future studies.

Finally, in this paper we restricted our attention to the zero temperature theory. How-
ever the perturbation scheme we developed can be applied to non-zero temperatures by
replacing the saddle point solution and the kernel which appear in section 2 by their finite
temperature versions. The resulting set of Feynman rules can be used to calculate thermo-
dynamic quantities as well as correlators. In particular, higher order Feynman diagrams
would lead to a derivation to higher order (in 1/3.J ) corrections to the free energy. We
hope to return to this issue in the future. The exact thermodynamics at ¢ = oo has been
already been calculated in [7]: agreement of this exact result with our perturbative scheme
will confirm the validity of our scheme.
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A Perturbative expansions

In this appendix, we summarize several relations for the expansions (A.6)-(A.10) and
introduce some short-hand notations. Formally we suppose to have the exact action S and
the exact classical solution W.. Expanding the action around the exact solution, we have

S[Wy + N"V2) = S[w /77 Ko n+ (A1)
where

(525[\1101]
OWe (71, 72)0W (T3, 74)

Kex)(T1,72;73,72) = (A.2)

Then, introducing E(ex) from K(ex) using the analogous definition as in (2.39) where we
replace all ¥(g) by Wy, formally we can consider the exact Green’s function G(ey) which is
determined by the Green’s equation

dr3drs K ex) (71, 723 73, 74) G (o) (73, 743 75, T6) = 6(715)(726) (A.3)

In order to invert the kernel /E(ex) in this Green’s equation, we consider the eigenvalue
problem of the kernel KC(cy):

/dT3dT4’C(ex)(Tl,72773774)5(% D(rs,ma) = A ) (1, 72), (A.4)

(ex) (ex)

with the eigenfunctions Xn and the eigenvalues A, , where n,w are some quantum
numbers. We normalize the eigenfunctions by requiring

/ dridr ) (r1, )X 50, (11, 72) = Bpblw — o). (A.5)

Now we consider a perturbative expansion in 1/.J of the above eigenvalue problem. We
expand each of the quantities of interest as

1
_ g0 4 Lgm L L g@ 4o

Uy = 0 + J\If + JQ\IJ + , (A.6)
Kiog = KO + %/d ) 4 ﬁ,c( b (A.7)
Glog = JGCD + GO 4 ... (A.8)
NC RN O % 4., (A.9)

1

(ex) — A0 L 21 L 1 5@

A A AW+ ﬂ A@ (A.10)
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and similarly for the redefined kernel (2.39), and the bi-local propagator and eigenfunctions
corresponding to it. In this paper, the superscript in a round bracket denotes the order of
1/J expansion, while the subscript denotes quantum numbers.
The exact Green’s function can be then written as
~ (ex) ~(ex)
Xn X _ o %-1 £-1
o) = U3 Gen¥a - (A.11)
n )\7’1/

In the following, we will be interested in the contribution coming from the zero mode of

(0)

the lowest order kernel, n = 0. Since A\j’ = 0, we have
(0),,(0)
(-1 — Xo_Xo (A.12)
)\(1)
0) (1) (1), (0) (2), (0) (0) (0)
GO =20 (>1<)0 + 20 <)1<) = X(l) +De,  De=) 5 X Xn - (A1)
Ao Ao (Ao )2 n#0 n

Here we suppressed all 7 (and w) dependence since they don’t play any crucial role here.
The expression of the perturbative kernels are also found by expanding Kex (A.2)

KO (1, 70,73, 74) = 8P (112;73.4) (A.14)
K:(l)(Tl, 72573, 7‘4) = /dT5d7‘6 S((:g) (7‘1,2; 7’374; 7-5,6) \I/(l)(7'56) y (A.15)
1
K® (1,79, 73,74) = §/d7'5d7'6d7'7d7'8 S (11957343 75.6; 77.8) U (756) U (77)
+ /dTE)dTG S (71,2: 73,43 75,6) U (756) - (A.16)
where we used a short-hand notation
68 W)
Sg(n) S Ton_t1on) = ¢ . A.17
(M2 Tan=1,2n) SUO (71, 72) -+ WO (1951, T2p) ( )
We will also use the following simplified notation for the contractions:
SM[Ay; Ag; -+ Ay = /d71d7—2"'d7—2n—1d7—2n S (1195 5 Ton—1.20)
X Ai(71,72) - An(T2n—1,T2n) - (A.18)

Finally expanding the eigenvalue equation (A.4), we can fix the perturbative eigen-
functions and eigenvalues

/ OB SORTOR AL — / RO CORON (A.19)
0

~(1 1

=3 A( )\(0) /Xk RO o) (A.20)
k#n \n

1 L0 =1 -] L0 F@) <

)\512) = Z (0) (0) /ng)’c(l) 'X7(10) + /X%O) ,C(2) 'ngo)' (A'Ql)

k#n An’ — >‘k
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where we used the normalization condition [ 70 . ¥ = 0. We note that the zero-mode
(n = 0) first order eigenfunctions without tilde are obtained as

(0)
1 X ~(0) Z(1) (0 7\ y- 0
xé)zZAQ“O)/XI(C)JC(”'X((J)*(l2)‘1'(5‘1’(1)”(3)

k#0 Nk
X(O) (0) 1) .0
:_Z(LO) X e\ 0 (A.22)
A
k#0 Mg

where the second term in the first line comes by expanding (&%) = \I/il_ a/2 (%) and for
the second line we used

~ q
-4 1—

KW (71,7373, 74) :/d7'5d7'6S£3)(Tl,2;7'3,4§7'5,6)\I’EO) (112)¥ g

XIS

(734) ¥ (1)(756) (A.23)

_4g

B Details of derivation of Liouville from bilocal

In this appendix, we give a detail derivation of the action (3.4) from (3.1).
For the logarithm term, we use the following fact that

1
Sgn(27-12) = 9(7‘12) —%, |:S§n:|* (7—12) = a15(7—12)7 (Bl)

where the inverse [8] ! is defined in the sense of the star product (i.e. matrix product)
[dr' A(m1,7)[A];1 (7', 72) = 6(712). By using this, one can rewrite the term as

Triog¥ = Tr {log (Sgn> + log (1+‘9<Sgnx®)ﬂ
2 2
_ sgn) o~ 1 /-1\" n
- ﬁlog( 5 ) nzln<2q) Tr[@(sgnx@)}*, (B.2)

where the last term is defined for example for n = 2 as

Tr[@(sgn X (I))LQ( = /dTldTQ 81 (Sgn(Tlg)q)(Tl,Tz))ag (Sgn(Tgl)q)(TQ,T1)> . (B3)

For the interaction term we have

[\I/(Tl,Tg)}q i [1 +

_ @(71,7'2) 7
= 20 _

q

(B.4)

We consider only ¢ = even integer case and the sign function disappeared here. We want
to rewrite the r.h.s. as the following form

q
[1 . <1>(T;,72)} _ im) {1 N cl(T;,TQ) n 62(;12,7'2) n (’)(q?’)} 7 (B.5)
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where function c¢; and co are to be determined. Taking logarithm of both-hand sides and
expanding the logarithm, one finds

D2 (1,719)  ®3(71, ) _3
log(Lhs. ) = ®(r1,12) — 5 + 342 + O(q°),
2
log(r.hs. ) = ®(ry,m2) + Cl(T;’ ) + 02(;12’ ™) _ Cl(;;;ﬁ) + 0(q7?). (B.6)

Comparing the both sides, the unfixed functions are determined as

1
ci(m,m2) = —iq’z(ﬁ,m),
1 1
CQ(Tl,Tg) = 5(1)3(7'1,7'2) + §¢4(T1,7'2). (B?)

Combining everything, the collective action is now written as

Scal®] = —— Z < >n r [0(sgn x ®)]"

®(r1,m2) [1 n c1(71,72) I 02(7'12’ ) _,_] ) (B.8)
q q

The O(¢q°) and O(q~!) order terms are identically vanish due to the free field equation
of motion. Therefore, the first non-trivial order is O(q~2). Lower order terms can be
explicitly written down as

D(71,72)

Scol[q)] = /dTldTgal (Sgn(Tlg)(I)(Tl,Tg))ag (sgn(rgl)@(m,ﬁ))

1642

48 3/d7'1d7'2d7'381 (Sgn(712)<1>(7'12))82(sgn(ng)q)(TQg))@g(sgn(Tgl)Q)(Tgl))

2(11,m2)e™ M 10 (g 7). (B.9)

C Details of exact eigenfunctions
In this appendix, we elaborate on various properties of the exact eigenfunctions (3.21).

C.1 Zero temperature limit

Consider the exact eigenfunctions at finite temperature at large ¢ [7] which can be written

as
ng"f,)(x) ~ <sin ;)1/2 {Pﬁ—yé <cos g) +ﬁ,elvin/0ddP” 1 (cos i)] (C.1)

where
Koven — _g—2v (%_%_%>F<%+%_%) rodd _ _o9—2v (%_%_%)F(%_‘_%_%)
Pi-g+5)r(i+d+s) PE-5+5)r(T+5+3)
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and

. on
n=—
v
2 1 (C.3)
v=1- 240 ()
BT ENE
2mn
w=—
B
Let us define 4
TZ
r=— C4
5 (C.4)
This allows us to write 1
w
T=— 2Jz+1 —i—(’)[} C.5
Taking the zero temperature limit is equivalent to taking n — oo. In this limit,
T
sin o =~ 3 (C.6)
and ~ (27 3
: +v . E ~ TV w z+
nlggo Pﬁ_% <cos 2> n="Jey, 27 ] (C.7)

On doing so, we can write the exact eigenfunction in the zero temperature but finite
coupling limit as

w 112 w w
W~ o g7 |h (ot gg ) ve) (e 57)] o ©9)
where
Eu(v) = nlgrolo n* ks,
1 v 1 v
o (n>2”r(4—75—2—277J>F(4+3—2+2nwj)
oo \2) T(L-24y -2 D (L 4345+ 52) (C.9)
1 3
_ Pi-s-ay) (4 s+
L3+ -57) (15 +3%)
Equation (C.9) can be proved as follows.
1 v 1 v
£) = — 1 QQVF@—%—?—ﬁ)F(fF%—fFﬁ) (C.10)
@ TR\ 2 I‘(l_ﬂ_A'_K_L)F(l_FE_FZ_FL) '
17272 7 1T 2T 2T g
Now, we can use the identity
Vp(l_,_ﬂ_z_i_L)
n it 27 m7)
nh—>Holo<2> F(l—i-ﬂ—i-z"i‘L) =1 (C.ll)
1T 2T 2T g
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Using (C.11) in (C.10), we have

1
N G I ),
gw(l/) - _nh~>n(;lo 5 1 n v w
T(i-5+%5-3%)
1
Ci-5-ay)  m\ 2T (1+5 -5 —»)
=—— h_}m 5 . (C.12)
v w n—oo v w
F(z+§*m) p=1f(z*§*m*p)
N(f-v_ w \p(34vy @
_ 4 2 2n T 4 2 2T
1 3
Pi+s-27)r(i-5+257)
as required. We can expand &, (v) in a power series in 5% to get
tan T2 + 1 w 2sinwy w?
= - — o= C.13
S (v) tan & — +2jsin7w—1+ <72> ( )
The leading order piece agrees with &, found in [6]. From (C.9), it is easy to see
1
V) = C.14
gw( ) gw(_y) ( )

An alternative way to see that the exact eigenfunction should be a linear combination of
Bessel functions is to notice that they are solutions to the following differential equation

2_1/4
w? + 92 — ”1/2 X&) (z) =0 (C.15)
(Z + ﬁ)

If we make a shift z — z — %, we can see that (C.15) turns into a Bessel equation.

C.2 Quantization condition

Let us impose the following boundary condition on the exact eigenfunctions
X5 (2)

Using equation (C.8), imposing the above boundary condition requires us to solve the

= 1
=0 (C.16)

following equation in order to get the quantized values of v

7, <2°:’7> Fe) T (;}) ~0 (C.17)

We can solve this equation numerically and do a polynomial fit of order two for the curve
given by figure 3 to get

3 2
v= §+a1%+a2 (;) (C.18)

where a; = 0.318048 and as = 0.0046914. This is in good agreement with the results
obtained in [7]. This can be seen as follows

3 (11})
VMS = = + "N

2
N v N3 (C.19)
:2+WJ+O<J>
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Figure 3. Plot of the absolute difference between the allowed values of v, where we have defined

0V = UMS —Vexact- We see that the difference is almost zero for small values of 5 e

which corresponds
to the conformal limit.

We have used equation (2.31) of [7], to get from the first to second line of (C.19).
Another important observation is the following. The quantized values for v one gets
by solving the exact quantization equation (C.17) is in very good agreement with those
obtained by solving the following equation
3 w
o) =0 = Vn:2n+§+ﬁ (C.20)
for small values of % It should be noted that the quantized values obtained by solv-
ing (C.20) hold true for any coupling. The discrepancy between the two methods arises

%) This can be understood by recalling the asymptotic form of the
Bessel function for small argument

To(2) ~ (;) F(11+V) (C.21)

only at order (

Using (C.21) in (C.17), requires one to solve the following equation
2v
w
fu(t) ~ (M) (C.22)
The following table 1 gives the difference in quantized values for v from the exact and

approximate methods as a function of % It provides numerical data in support of the
above claim (see also figure 3)

C.3 Perturbative determination of exact normalization

We derive (3.26) here. Let us consider v = 2n + 3 + ] where &, (v) vanishes. So, the

T
integral we need to perform is
x  dz 5 5 N
|7 Tl n(wl2) = Ky 601 - ) (C.23)
0o z+ 27

We want to determine the normalization in (C.23). In order to do so, we perform a 1/J
expansion of the integrand. This gives

o dz - g
/ g (wlB)(wlE) = I + I + I (C.24)
0 z 4+ ﬁ
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Figure 4. Plot of the absolute difference between the allowed values of v from two different
methods, where we have defined 6v = Vapprox — Vexact Where Vapprox refers to the values of v
obtained by solving (C.20). We see that the difference grows with 27

% ov
0.001 | 2.10064x10~10
0.051 | 2.16037x107°
0.101 | 1.40694x10~*
0.501 | 7.42506x1073

Table 1. Difference in quantized values for v from the exact and approximate methods as a function
of 3%

27"
where
® dz 1
I :/ O T (0]2) o (0] 2) = — (1 — va) (C.25)
0 z 211

I ([w]2) o, (0] 2)

b= 5 [ I ()T wl2) + 2L (0l () —

=0 (for v1 + 19 > 1)

} (C.26)

w\? r®dz|1 I , ’ 1
= () [ |5 U049 4 22, eIl + Dol ) (C20

z

_ Ju(wlz) ), (Jwlz) + 7, (Jw]2) Ju, (Jw]2) N Ju1(|W|Z)Ju2(\w|Z)]
z 22

-0 (for vy + vy > 2)

Based on the results of the integrals (C.25)—(C.27), we conclude that

o1 W] \?
Ny =5, +0 <M> (C.28)
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D Detail evaluation of non-zero mode bi-local propagator D,

In this appendix, we give details of the evaluation of D, given by (3.48). Since there is no
enhancement for this part, we do not need to keep track of the (Jw|J 1) corrections and
we can evaluate it in the conformal limit as usual. Let us consider the continuous integral
first in (3.47) which we denote by 1.

b= et [ ) [ 82 BB

with v = ir. The v integral can be written as

o . Z—z’r Zir !
[y (112)Zir (J]2')
0

2 sin ir glir) —1

_ 1/”0 gy YV Zev(wl2)dy(|wl) (D.2)
i Joico  2sinmv gv)—1

= (Tl + T2) .

We have extended the limits over the entire imaginary axis and defined v = ir in going
from the first to second line of (D.2) using (C.14). For z > 2’ we close the contour clockwise
in the right half plane, which gives

]‘ ic0 -V v !
T — / g v Tl (W) (D.3)
i Joico  2sinmy gv)—1
and ‘
e gl Rl
T2 = ;/—zoo dv 2sin v glv)—1 =) (D-4)

T} only has a simple pole at v = %,Where 3(3/2) = 1.1 We can evaluate the residue to get

3 I3 (wl2)Ja ([w]2)
2 70y

The T5 term is a little more complicated. It has simple poles at v = 2n + % where &, = 0.

T =

(D.5)

We can evaluate the residue there to get

_ 1 e v Ju(lwlz)du(jw]2’)
L=-lLi+ L /400 dv 2sin Ty glv)—1 §(=v) ’ (D-6)

=
where the second term is only the v = 3/2 contribution and

> J2n+§<‘w’2>‘]2n+§(’w‘z/)
I; = 4n + 3 Z 2
=2 ) T en+ 51

n=1

(D.7)

0The poles at ¥ = n with n being a positive integer will cancel with the same poles of T3, so we don’t
write down these contributions here.
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Let us consider the integrand in the second term of (D.6). It has singularities coming from

. . . 3
§(—v) as well as g(v) — 1. Let us expand the following quantity around v = §

€ 1 [1 (3) (é”( ), 7 (3))] o)

3
2
g(v) -1 (v— %)Zg, (3)¢ (2) 2 G 7 (3)

We have a double pole coming from the first term of (D.8) and a simple pole from the
second term. Using (D.8) in (D.6), and evaluating the residues, we get

e du e [3n T3 (0817 (012%)
I. = 4q2(22:,)§ /_Oo ;l—(: e’w(tt)[g; 2 7 (:;)2 — Iy (D.9)
© (oKD 2) ]
+ -0, +1— — Ju Jy :
7 (3)e() (For1- S - g ) P

The first term in (3.47) exactly cancels with I; in (D.9). Using §'(3) = 2,5"(3) =
1,¢ (%) = —% and ¢" (%) = 0 in (D.9), we get (3.48) We have dropped the w subscript

while writing £ here because we are working in the conformal limit.

E Integrals of products of Bessel functions

In this appendix, we consider the following integrals involving a product of two Bessel

functions:
/ dw e ) I (Jw]2™) T, (Jw]2)

_ 2/°° dw cos(w(t — 1)) Jay (W27) J, (w02<) . (E.1)
0

The plus sign case was already evaluated in appendix D of [6]. The result is

2/00 dw cos(w(t — 1) Ju(lwlz”) Ju(lw]z™) = ! /151)(5), (E.2)
0 ™ 22
with
2Q,-1/2(§) €>1)
(€)= Qu-1/2(§ +i€) + Qp_1/2(§ — i€) (-1<é<1) (E.3)
—2sin(mv)Q,_1/2(—¢), (€<-1)
where

2'2 + 2,2 o (t o t/)Z

/

3

977 (E.4)

This is related to the geodesic distance of AdSsy, which is given by d(t,z;t',2") = In(§ +
& —1).
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The minus sign integral is more involved. Let us start from eq. (D.11) of [6], which
reads!!

/OOO dx e J,(Bzx) J_,(yx) (E.5)

_57')/)” —9 -V _9
_ (-2 T sinen [ 9 1, 9
- ﬁaf(u—{—%)l“(l—y)/o dgb(SanS) ( OK2> 2F1 <2a171 v Oé2> )

with @ = /B2 +72 —2Bycos¢. In order to obtain the cosine integral (E.1), we need
to evaluate the analytical continuation by a = ae? with § = 0 — +7/2 as explained
in appendix D of [6]. One has to be careful about this analytical continuation since the
hypergeometric function 2 Fj(a, b; c; z) has a branch cut along the real z axis through 1 <
z < 00. Anyway, one should evaluate the ¢ integral before this analytical continuation.
For this integral it is convenient to rewrite the hypergeometric function in the integrand
using the hypergeometric function identity (for example see 9.131.2 of [98]) as

_( 2 )2F1 (1/+1,V+1'V+3'2527(5—COS¢)>
w

1 —2
(—v)oFy v+ 1,v+ 2;u+1;—a2>

|
5 -
N
)
NS
+ I
—
N———
=
7N
AN
+
DO o
N———
=

w+1l) = alv+3), a?
B Jl? (2311) : <V+§) H=) [2@@_%8@} o (20

where we assumed [237(/a?| < 1 and for the second equality, we expanded the hyperge-
ometric function in the power series with the rising Pochhammer symbol (z),. We also
defined

a?+ B2+

£ = T

(E.7)

which after the analytical continuation agrees with eq. (E.4). Therefore, now the ¢ integral

"'Note that there is a typo in eq. (D.11) of [6] missing the @ 2" factor in the integrand.
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can be performed as

| o (sin ) (€ — cos ) (E8)
’ cos(;i;f()?:(:)lt(%;uﬂ) 2F1 (V + 3820+ 1 ﬁ) ) (€>1)
2T+ 3) s e 25 (-2 = =55 — v =5 1)
— _|_(1+£)%+u+SF(1+%F(§i:ZT§§ﬂV)/cos(ﬂ'(VJrs))}2F1 (5 S W B 1%5)] 7
(-1<¢<1)
47(1 = ¢)° ﬁé’,’,ﬁf 2 F (V +3,-520+1; 1%5) : (£ <-1)

where s is a general real number. One can see that for any value of ¢ (and for any value of
s), the analytical continuation o = ae® with §# = 0 — +7/2 does not hit the branch cut
of the hypergeometric function. Therefore, we can perform a naive analytical continuation
for this ¢-integral part.

We note that for the cosine integral (E.1), the contribution from the first term in
eq. (E.6) vanishes due to the a~! factor in eq. (E.5) after the analytical continuation.
Therefore, for the cosine integral (E.1), the contribution solely comes from the second

term in eq. (E.6), which is written as

> X coslax X Xr) = 1 (2)
2 [ do cos(az) J,(62) T 0) = T 006, (E.9)
with
2c0s(mv) Q,,_1(€), (€ >1)
2 = { 7P, 1 (=), (-1<é< (E.10)
2 cos(mv) Q,,,%(_f)7 (< -1)

F Details of evaluation of the second order eigenvalue shift

In this appendix, we explain how to get (3.44) from (2.66), which we can rewrite as
A = / Y SR / W KPP (F.1)

The second term in (F.1) is given by

- = - 1
[ k@50 = = (F-2)
Using (3.43), the first term in (F.1) can be written as
JECRRR T (F.3)
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where

B 00 00 \/gefiwt = (1) \/geiwt , B
Il_Lmdt ; dz ( Ve Jg(]w|z))]€1 ( 2\[7 {J3(|w|z) J3(|w|z)}> -
1
10
and
Y T R i e KT (el | EDuO (1.
= [ at " [ | ”L;H@JS(' r>]/c1 Bes o
1
T2

KM to be used above is given by (3.37). Using (F.2)-(F.5) in (F.1), we get (3.44),up to a
factor of two, which arises because of (3.23).

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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