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Abstract

We study probe scalar correlation functions in a Solodukhin wormhole corresponding to the
non-rotating BTZ black hole, as a toy model for microstate geometries thereof. Using real-
time holography, we obtain the retarded scalar correlator in the wormhole geometry and
quantitatively compare it to the result of the hybrid WKB method for the same correlator.
We also calculate an off-diagonal correlator ~ (HLLH') involving two different (heavy)
wormhole states.
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1 Introduction

The quantum nature of the black hole microstructure has remained elusive, most notably
due to the information paradox [I} 2 [8] [4]. The fuzzball proposal in string theory [5, 2] 6]
7, 8] aims to resolve this paradox by replacing the black hole and its horizon entirely by
quantum, stringy, horizon-scale microstructure. The examples of such microstructure that
can be studied in supergravity are called microstate geometries, and are smooth, horizonless
solutions of supergravity. Perhaps the best studied examples of such microstate geometries
are the superstrata geometries [9, [10, 111, 12] 13] [14] 15, &, 16], which are microstates of
the BMPV black hole [17] in five dimensions (which uplifts to a six-dimensional black
string). The BMPV black hole admits a near-horizon BTZ x S* decoupling limit metric;
the superstrata geometries effectively replace this by a metric that interpolates between
BTZ x 53 in the UV and a smooth, geometrical cap in the IR. The possible shapes of the
cap, determined by the fluxes in supergravity, represent the different microstates. Using
the AdS/CFT correspondence, one can study these microstates from the point of view
of the dual CFT [I8, [19]. The microstates in supergravity correspond to semi-classical,
coherent states in the CFT, created by acting with different heavy operators on the D1/D5
ground state]]

One can probe these microstate geometries with a light field (that does not backreact)
such as a scalar; a quantity of interest is thus the two-point function of such a light field in

'Heavy operators are ones with scaling dimension A ~ ¢ and light operators are one with scaling
dimension A ~ O(1), where ¢ is the central charge of the CFT.



a particular supergravity background. This corresponds in the dual CF'T to a four-point
correlation function ~ (HLLH) of two light operators L (for the light probe) and two
heavy operators H (for the background state), and can, in some cases, be studied using
CFT methods [20, 21|, 22, 23].

To calculate this correlation function in the supergravity solution, one has to solve the
wave equation for the light field propagating in the (heavy) background, and study the
asymptotic behavior of that solution to obtain the two-point function in this background
following the standard rules of the AdS/CFT dictionary. In practice, this can be technically
challenging as the wave equation is not always separable. Even when it is separable,
separating out the growing and decaying modes near the boundary unambiguously (which
is necessary to extract the correlator) seems to require an exact solution [24]. This issue was
addressed in [24] (and developed further for asymptotically flat geometries in [25]) using the
so-called hybrid WKB method. There, they used an exact solution near the UV boundary
(allowing the extraction of the correlator) which was matched to the approximate WKB
solution in the IR through an intermediate point. For the superstrata (in particular, the
(1,0,n) family), this calculation revealed that the scalar correlator reproduces the initial
black hole correlator fall off. Only after a large amount of time (proportional to the throat
length), do we see echoes due to the reflection of the scalar wave off the smooth cap at the
interior.

The appearance of echoes is a standard feature of many models that introduce structure
at the horizon scale, and are a focus for potential experimental explorations of black hole
microstates and other horizon-scale compact objects (often called ECOs) [26] 27, 28] 29].
Note, however, that at the moment there has been no conclusive evidence of echoes ap-
pearing in current observations [30, 31 B2], B33, B34, 35, 36, 37, B8, B39, 40, 41, 26]. It is
also unclear whether one would expect echoes to appear in a typical state; as argued in
our previous work [42], a typical superposition state of many coherent heavy states would
presumably lead to the exponential suppression of any echo structure in the correlator.
Echoes in supersymmetric microstate geometries have been analyzed in [43]; these results
suggest that as the microstructure becomes more compact (making the microstate more
typical), the echoes become more suppressed and washed out (as also argued in [44]). See
also [45], [46] for a discussion of how additional stringy tidal effects can excite heavy string
modes to delay and smear echoes significantly, even in a coherent, atypical microstate.

We have previously argued that a Solodukhin wormhole [47] (see also [48]) can be used
as a toy model of the more complicated superstrata microstate geometries, as it captures
some of its essential features [42]. Such a wormhole connects two asymptotically AdSs
regions through a wormhole throat (which sits at the would-be horizon scale) and behaves
roughly as a “cap” where the boundary conditions on the second AdSs; boundary reflect
back the information. Using this toy model, we obtained a correlator that is qualitatively
very similar to the (1,0,n) superstratum correlator of [24], containing an initial fall-off
identical to that of the black hole, and with echoes at times of order the wormhole throat
length.

In this paper, we investigate such scalar correlators in the Solodukhin wormhole toy
models in more detail. In particular, we use the Skenderis-van Rees formalism of real-time
holography [49, 50] to calculate this correlator exactly. This allows us to compare the exact
answer to the hybrid WKB answer, which is the first time such an explicit comparison is
made. It also allows us to calculate all possible two-point correlators (Feynman, Wightman,
retarded, advanced), as opposed to only the retarded one, as one calculates using the hybrid
WKB method.

Note also that [24] 25 42] (mainly) consider microstates of a supersymmetric black hole,
which has an extremal BTZ throat. In this paper, we use the non-rotating (non-extremal)



BTZ black hole and its corresponding Solodukhin wormhole as the starting point for our
calculations. As such, one can view our toy model as a playground to explore basic features
of correlators of non-extremal microstate geometries.

The real-time holography formalism has the additional benefit that it in principle allows
us to compute correlators in a background that describes off-diagonal correlators in the
CFT such as (HLLH'), where the initial and final heavy states are dz’ﬁer@nt.ﬂ These no
longer correspond to a scalar correlator in a single geometry, but rather (using the real-
time formalism) can be seen to correspond to a transition between different (Fuclidean)
geometries. Such correlators are the first step towards understanding the correlators in
a mixed-state given by a density matrix constructed from several heavy states H; — one
would hope that the black hole correlator will be arbitrarily well approximated by such a
density matrix correlator using sufficiently many microstate geometry heavy states [24]. We
model this transition in the Solodukhin wormhole toy model and compute this off-diagonal
correlator for an infinitesimal change in heavy state. To our knowledge, this is the first ever
such calculation that explores off-diagonal correlators, albeit in a toy model for microstate
geometries. Our results suggest that the sharp echoes (of diagonal correlators) will get
smoothed out in off-diagonal correlators.

This paper is organized as follows: In section [2] we introduce the BTZ black hole,
its corresponding Solodukhin wormhole modification, as well as discuss the scalar wave
equations in these backgrounds. In section |3] we calculate the scalar correlator using the
real-time holography formalism to successively more complicated geometries: the BTZ
black hole, its Solodukhin wormhole, and the (infinitesimal) transition between two such
wormholes. In section 4 we apply hybrid WKB to obtain the (approximate) retarded
correlator of the wormhole, and compare it to the exact result obtained in section
In section [0, we explicitly calculate the appropriate contour integrals on the momentum-
space correlators obtained in section [3| to obtain the position-space correlators of BTZ,
the wormhole and the transitioning wormhole. The appendices [A] and [B] contain a brief
overview of the necessary details of the Schwinger-Keldysh real-time correlator formalism
in quantum field theory and Skenderis-van Rees real-time holography.

2 BTZ, Wormhole and Wave Equation

The rest of this paper will use the non-rotating BTZ black hole metric and its corresponding
Solodukhin-type wormhole [47]. In this section, we will review the BTZ black hole and
introduce the wormhole geometry as well as a few of its basic properties. We will also
discuss the wave equation of a minimally coupled scalar in these geometries. Note that
most of this introductory and review material was also presented in [42], which also included
the expressions for the extremal BTZ black hole and corresponding Solodukhin wormhole.

2Note that such a scenario can only be of physical relevance if the timescale of observation is much larger
that timescale of such a transition, and moreover that the probability of transition between neighboring
heavy states is sufficiently high. We will be considering the case where the transition happens between
infinitesimally close states.



2.1 The Non-Rotating BTZ Black Hole
The non-rotating BTZ black hole [51) 52] has metric:

2
ds? = —X(r)dt* + ;17’ + r2dy? r € [ry,00),
2 2(7;) t € (—00,00), (2.1)
r*—r -
X(T>:Y(T>:T+7 (2 Q0+27T7

where R is the AdS radius. These coordinates cover the patch outside the horizon (r > 7).
The asymptotic mass of the black hole, in units where 8G3 = 1, reads

2
M = 2 (2.2)
while the temperature and the entropy of the black hole are given by
T+
= m N S = 47T7’+ . (23)

In the holographically dual CFTs, the black hole corresponds to a thermal state with the
same temperature.

Figure 1: The non-rotating BTZ black hole: Lorentzian signature (left) and Euclidean
signature (right). The Euclidean black hole has periodic time 7 ~ 7 + 3, where 5 =1/T.

2.2 The Non-Rotating Wormbhole

To modify the non-rotating BTZ metric (2.1]) into a wormhole in the style of Solodukhin
[47] (see also [48]), we simply alter by hand one of the metric components, giving:

dr?

ds® = —X(r)dt* + +r?de? r € (—oo,—ry]Ulry,00),
v(r) t
€ (—o0,00),
r’ =1} rP—r? 2 2 2 ~ -+ 2
X(T‘): Y(T): ) TAET—I—(]'_/\)v ® ¥ )

R2
(2.4)



For each value of the (small) dimensionless parameter A > 0, this gives us a wormhole
geometry. For r > r,, the smallness of A ensures that the metric looks almost like that of
the original black hole. However, the global structure of spacetime is drastically altered, as
there is no longer a horizon in the spacetime. Instead, we have essentially glued a second
copy of this asymptotic flat spacetime (with » < —r,) to the old horizon position, thus
creating a traversable wormhole.

In [42], we discussed the stress energy tensor of this geometry and show that it requires
the presence of exotic matter, localized roughly where the two throats meet. There, we
also compute the holographic stress energy tensor and show that it differs from the one of
the corresponding black hole at O(A\?).

Further, [42] calculated explicitly the tortoise coordinate of the extended, two-sided
geometry, showing that it has a finite range. This allows us to define the effective length
L) of the wormhole as [42]:

Ly=—1log—. (2.5)
+

For completeness, we present figure , also appearing in [42], that shows that causal struc-
ture of the space time in r and r, coordinates.

2.3 The Scalar Wave Equation

A minimally coupled scalar field ® on the BTZ metric background ({2.1]) or the wormhole
metric (2.4) has the general equation of motion:

V20 = m?®. (2.6)
We can solve this by a separation of variables:
(I)(t, r (P) — efithrikgo(I)r(T) ’ (27)

where the radial function @, (r) must satisfy the differential equation:

1 X Y w? kK2 m?
o7 -+ —=+ = |9 ———— - — ]9, =0. 2.
T+<r+2X+2Y> T+(XY r2Y Y) " (28)
We are interested in finding the scalar wave solutions to (2.8) in both the black hole and
wormhole metrics. Note that for the BTZ black hole, the solutions to ({2.8]) are explicitly
known (see (3.4).

To find the solutions to (2.8 for the wormhole, note that we can introduce appropriate
tortoise coordinates r, in both the black hole and wormhole geometries such that for

¢ = ®,./r/R, the equation becomes:
(07, = V(r.))g(r.) = 0. (2.9)

Further, using the relation between the respective black hole and wormhole tortoise coor-
dinates, one finds:

V() = 0(r) VP () + (= —r.) + O(N), (2.10)

so that the wormhole scalar potential is the same as the black hole potential on each side of

the wormhole, up to O(\?) corrections. This means that the solutions on each side of the
wormbhole can be taken to be the black hole ones, ¢V (r) = ¢BH(r) and pVH(—r) = ¢BH(r).
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Figure 2: Conformal diagrams of the Lorentzian non-rotating wormhole in terms of r (left)
and r, (right) coordinates. In the r coordinate we see that the wormhole is created by a
left and a right BTZ wedge glued together (the blue solid line) slightly outside of the BTZ
horizon. The r, coordinate, which ranges continuously in [—L,/2, Ly /2], makes the causal
structure more apparent: the glued surfaces r = +r, (on the left) both coincide with the
surface r, = 0 (on the right). The gluing is smooth and a radial light-ray (yellow) can
explore the entire wormhole by bouncing infinitely many times between the two boundaries.
The diagrams are the same as in [42].

This must then be supplemented with a continuity condition at the center of the wormhole
throat (at r, = 0), which gives

O,.(1ry) = Dp(—1y), 0y P, (1) = 0,P,.(—14) (2.11)

where we have defined the “gluing point” radius:
/\2
=1, (1 + g) +O(\Y). (2.12)

For more details on this matching, see [42].

3 Correlators via Real Time Holography

In this section, we will use the Skenderis-van Rees formalism of real-time holography [50, 49]
to calculate various two-point correlation functions (Feynman, Wightman, and retarded)

6



for a minimally coupled scalar field in various geometries of interest: the (non-rotating)
BTZ black hole, the (non-rotating) Solodukhin wormhole, and a time-dependent geometry
that transitions between two Solodukhin wormholes with different \.

A brief overview as well as the relevant formulas of real-time holography and its pre-
liminary Schwinger-Keldysh formalism are assembled in appendices [A] and [B]

3.1 Correlators of the BTZ Black Hole

Here, we use the real-time formalism to obtain the two-point functions of a minimally
coupled scalar field in a non-rotating BTZ background. This was first done in the context
of real-time holography in [50] and later expanded and generalized in [53] 54, B5]; earlier
works include [56, 57]. The calculation can also be generalized to consider minimally
coupled gauge fields in this background [58].

Schwinger-Keldysh contour To find the BTZ two-point correlation function of a min-
imally coupled scalar field, we start with a thermal Schwinger-Keldysh contour with
0, = 0, = 0. = /2 and identified endpoints [59, 50]. Then the forward (resp. backward)
running Lorentzian segments are interpreted as segments on the left (resp. right) bound-
ary: 1 = 7z and v, = yg; the Euclidean segments are connected to both L and R akin to
a Hartle-Hawking state [60), 61]. Thus, the ranges of the complex Keldysh time 6 =t — it
are as follows; see figure [3] (left):

Yo: O€[-T+ip/2,-T], vp o 0e[-T,T],

w: 0el[l,T—iB/2], yr: 0el|-T—1iB/2,T—i5/2].
To construct the bulk dual to this field theory contour, we take the upper half of the
thermal circle in Euclidean time, whose time ranges in 7 € [—3/2,0], and we glue it to
the line t = —T in the Lorentzian non-rotating BTZ (see figure . Similarly, we glue the
lower half of the thermal circle, whose time ranges in 7 € [0, 5/2], to the line ¢t = T'; note
that 7 = +/3/2 are identified. The resulting bulk contour is depicted in figure [3| (right).

The bulk gluings dictate the following matching conditions that the piecewise bulk fields
must obey:

(3.1)

P, (0 %\TI)=<I>( T, ¢, —r), 0:0,(0, ¢, |r|) = =i0,@L(=T, ¢, —7),

(T, p, —7) = P4(0, 0, 1)), —i0,Pr(T, p, —1) = 0-P4(0, ¢, |r]) , (3.2)
Dy (8/2, %\ ) = @r(T,¢,7), 0, <I>b(6/2 ®, |7’|) —u?t@R( ©,7),
Pr(=T,¢,1) = Cu(=B/2,0,|r]), —i0Pr(=T, 0, 1) = 0;Pa(—f /2790, Ir[).

Scalar wave solutions We can use separation of variables as in (2.7)) to solve the equa-~
tions of motion for the minimally coupled scalar on the different pieces of the Schwinger-
Keldysh contour:

®; = e ek 5 (W, k) flw, k,r),  Br=e e 5 (w, k) flw, k,T), (3.3)

with i = {L, R} for the Lorentzian segments and I = {a, b} for the Euclidean segments.
The radial function f(w, k,7) is a solution to the radial wave equation (2.8)) with the metric

functions given in (2.1)) with r_ = 0; the general solution is a linear combination of f*
with:
r2 +irpw/2
fHw, k,r) = N5 (1 — ﬁ)
i _ i o r?
X of (5 (£riw— k), §(ir+w + k) 1+iryw; 1 — T—;), (3.4)
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Figure 3: The thermal Schwinger-Keldysh contour in CFTy (left) and the mixed-signature
bulk spacetime, corresponding to it (right). On the boundary contour (left), the grey
dots signify gluing between an Euclidean and a Lorentzian segment and the red dots at
(=T,£f3/2) are identified and also glued. On the bulk contour (right) the fields are glued
at fixed time slices extending all the way into the bulk until the horizon at r = r, is
reached.

where we have introduced the rescaled quantities k = Rk/r, and @ = R*w/ r3. At the
horizon, these functions behave as:

ir+U

frw k) ~ (=) 2~ e (3.5)

where r, is the standard black hole tortoise coordinate, so that f* (resp. f7) is identified
with outgoing (resp. ingoing) modes.ﬂ We choose the normalization constants:
F(1+i(riw—k)L(1+i(riw—+k))

+ _
Nok = D(1+ir,o) ’ (3:6)

such that at the UV boundary r — oo, we have f* — 1; the asymptotic expansion is then:
*(w, k % oo k) [ 5w, )+ log =
f(w7 ,’I“):].‘I‘T—QO!(W, ) ,B(UJ, )+Og7“_2 +..., (37)
1 .
alw, k) = —1(7”—2@2 — k’2> ,
1 — 1 — 29r W
BEw, k) = ( 14+ = (£r @ —F) )+ 1+ s (Fr@+k) | £ ——5,
2 2 2 —k
+
where 1)(+) is the digamma function and we have given S* up to constants which do
not affect the poles of af*. These poles of f* can be obtained from the poles of the
normalization factors (or equivalently from the poles of a3*) and are located at
‘27’+

2
wamzk:i—i%n, Ruj_=—k+ifn,  ne{l23...}, keZ. (38)

3We do not impose ingoing boundary conditions at the horizon so that we are in principle able to
compute all correlators; imposing ingoing boundary conditions would mean we are computing the retarded
correlator [53] (56 [57].




The w,,, frequencies with negative imaginary part are the poles corresponding to the
ingoing mode f~ and thus are the quasinormal modes of the non-rotating BTZ black hole
[62] which are exponentially damped at late times (corresponding to the scalar field leaking
into the black hole horizon). Note that the poles of f* precisely correspond to the poles
of the normalization factors N’ op 1D

Finally, we define a more convement basis of modes as

=), 3.9

where g (resp. ¢7) is the non-normalizable mode (resp. normalizable mode) as it asymp-
totes to 1 (resp. 0) in the UV (r — o0).

Constructing bulk fields piecewise Our next task is to construct the piecewise bulk
fields. A generic Lorentzian field is expanded as

CI) = ZeZk(’D/ dwe™ ZWt( Jr(S@] +9 AZ])SJ7 (310)

where A;; are arbitrary meromorphic functions of w and C; is an arbitrary contour that
avoids the poles of A;; and g*. Note that (3.10]) indeed corresponds to introducing a source
s; on the boundary:
ik —iwtg s o
TEIEOOCD —zk:e /cz dwe™™9,;8;, = s;. (3.11)

The real time formalism fixes both C; and A;; by the matching conditions. We parametrize
the freedom in C; as:

(I)i _ Z eik’so |:/R dw e_iwt (g+5ij + g_Aij>§j
k

+/dw e_iwtg_Uij§j+/dw e_i‘*’tg_Li_jéj}.
u c

Here U is a positively oriented contour around the upper-half-plane and £ is a negatively
oriented contour around the lower-half-plane, see figure The coefficients Ujj;, L;; thus
pick up additional normalizable mode contributions, related to the choice of contour in
(13.10)).

The Euclidean fields do not have sources as we are interested in the thermal state
without extra excitations (see [55] for a more general treatment), so they are composed
solely of normalizable modes:

b, = Zeik‘p {/ dwe "¢ Ur;8; + / dw e_“Tg_L]jéj} . (3.13)
u L

k

(3.12)

Applying the matching conditions At early times ¢t ~ —T (resp. late times t ~ T),
the sources all lie in the future (resp. past) so we must close the Feynman integral in
the upper (resp. lower) half plane (see also the discussion in appendix and especially

around (B.29)), so that:

t ~ —T Zelk“" |:/ dw e*iw'ﬁg*(éij + Aij + U”)gj -+ / dw eMgLijgj} s
L
(3.14)
CI)Z(t ~ T) = Zeikw |:/ dw B_thg_UZ‘jgj + / dw €_iwtg_(—5ij + Aij + ng)§]:| s
u L

k
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Figure 4: The contours U, £, R in the complex w-plane. The crosses in the upper (resp.
lower) half plane are the poles of f* (resp. f7); each vertical line and its reflection across
the y-axis corresponds to the poles of f* at fixed k. The circles are the poles of A;; (i.e.
the poles of n(w)), which we discuss in section [5.1]

where we have used that:
. ] .
/ dw €7Zth+(5ij§j = / dw €7zwt§f+(sij§j = / dw €7zwt975ij§j,
u u ) u (3.15)
/dw €_iwtg+(5ij§j = / dw e_iwt—f_5ij§j = / dw G_iwt(—g_)(sijgj .
c c 2 c

Since each of the contours picks up independent pole residues (i.e. normalizable modes),
the two contour integrals ¢/, £ must be independently matched, giving:

Uu: UajeiiWT = 5Lj + ALj + UL]' , L: LajeiiWT = LLj )
UyeT = Uy, Lyje" T = —bp;+ Ay + Li; ,
UbjeiWT = URje’Bw/2 y LbjeiWT = (_5Rj + ARj -+ LRj)eB“/2 5
UajeiiWT = <6Rj -+ ARJ' —+ URj>675w/2 , Laje*i“’T = LRjef’Bw/Q .
(3.16)
First, we solve for the Lorentzian functions U,;, L;; in terms of A;;:
Bw Bw/2
e e
Ur; = Upje™* = —(0; + Arj) g + Orj + Arj) 55—
. )2 (3.17)

Liy = Lpje ™% = —(01; — Ayy) +(0rj — Arj)

efo —1 w1

Note that no factors of e** appear in (3.17) (as opposed to (3.16)). Now, regularity at
late times of the U contour integral in (3.14]) for w — ioo forces us to set U;; = 0; similarly,
regularity of the £ integral at early times imposes L;; = 0. These regularity conditions,

10



together with (3.16)), now fix all unknown functions uniquely:

Aijzz(_("+1/2> n(n+1)>ij7 n(w) = 1

—v/nn+1) (n+1/2) efo —17

Uaj = 2(—7’L n(n + 1))].6in, Ubj = 0,
Lo =0, Loy =2(—(n+1) /n(n+ 1))je—in.

Note that U,; and Ly; indeed have appropriate exponential tails in R, coming from n(w),
that ensure regularity of the Euclidean fields when w — 400; moreover, the factors of
eFT ensure regularity (at all times) for w — =ioco.

(3.18)

Extracting the correlators Finally, having solved the bulk fields entirely, we can ex-
tract the correlation functions from them. For this, we extract the r3 /r? term in the
expansion of the Lorentzian fields (see appendix :

1 . )
¢£2) = 5 E ezk(p /R dw G_Wt [aﬁJ’(éij + A,])§] + aﬁ_ (52] — A,])gj] . (319)
k

Then, we use the Fourier transform s(t, ¢) of 5;(w, k) defined in (3.11)) and perform func-
tional derivatives with respect to s;(t', ') to obtain the black hole correlators:

2(=1)fsdnt 567 (a)

iGiBjH(x, x) =

i ds;(z") -
_ (et 3 el / dw e (6,5 4+ Aig)aB™ + (6 — Aij)aB ] .
47T2i d . 1 1] %] 1]

(3.20)
Explicitly, we can write:

1

G (z, ') = or7%; ethle=¢) /Rdw emiw(t=t) [—naB™ + (n+1)ap],
iGER (2, 2)) = 1 Z R [ dwe | —\/n(n + Daft + V/n(n+ 1af~
BHA 272 & )
k

1 o o

ZGQﬁ(l’,I,) — ﬁ ezk(so—<p ) /Rdw e—zw(t—t ) [_ /TL<TL + l)aﬁ-l- + n(n + 1)0(5_] :
1 : / . ,

iGRf (z,2") = o2 eik(e=+) /Rdw e = [—(n+ 1)apt +naf] .

(3.21)

These correlators require a careful interpretation. First, we identify the Feynman correlator
as iGLy = iGEh and the anti-Feynman correlator as iGhy = iGEF = [iGE(x,2)]". The
interpretation of this is that the R-region Feynman correlator behaves as a L-region anti-
Feynman correlator, in accordance with the notion that the time in R in the thermofield-
double state runs oppositely to the time in L, see figure . Next, we note that iGLE = iGEE:
they are not conjugate and should not be identified with Wightman functions. Instead,
these functions measure correlations between the L and R regions as “propagated through”
the non-traversable Einstein-Rosen bridge that connects them. As for the Wightman func-

tions, our contour (3.1) cannot produce them explicitly; rather, one would first need to
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introduce a ‘doubled’ contour containing also a reverse-L and a reverse-R segments. How-
ever, a simple shortcut to find the Wightman functions without this calculation is to use
(A.8), which gives them in terms of the Feynman correlators.

We are most interested in the retarded propagator (see section |[A| and in particular

(A.10)), which according to (A.9)) is given by
iGry(z, ") = 0(t — ") [iGxx (v, 2') — iGii(z, 2')]
0t —t - / . /
= —( . ) Z etkle=¢") / dw e~ [ozﬁ+ + ocﬁ_]

2720 p R

t — t ik( iw(t—t") . a—

o g eih(e=¢) dwe Jaf~, (3.22)
)

where we used the pole structure of a3* to simplify the integral; note that the contour £
simply picks up all of the poles in the complex lower half plane (see figure 4]). We will find
the explicit expression for this position-space propagator in section [5.1}

3.2 Correlators of the Solodukhin Wormbhole

Here, we will apply the real-time holography formalism to the non-rotating Solodukhin
wormhole with metric (2.4)).

Schwinger-Keldysh contour Since the wormhole is a pure state, we take a pure state
(zero temperature) Schwinger-Keldysh contour, similar to that in empty AdS in appendix
[A] This consists of two Euclidean (v;, I = a,b) and two Lorentzian (v;, i = 1,2) segments,
whose Keldysh time 6 =t — i7 runs as

Yo: O€[-T+ioc0,—-T], v 0el[-T,T],
0

3.23
Vo : e€[-T,-T —ioco], Yo Oe[-T,T]. (3:23)

To construct the bulk dual to this contour, we follow the same strategy as for empty AdS
(see appendix . We have two Lorentzian pieces and one Euclidean piece, which is split
in two and glued to the the ends of the Lorentzian pieces — see figure [5l These gluings
dictate the matching conditions that the piecewise bulk fields obey:

O,(0,0,7) = Py (=T,0,7), 0-Pu(0,0,7) = —i0;P1 (=T, ¢, 1),
©1(Ta P, T) = (I)Q(Ta @, T‘) ) atq)1<T7 @, 7”) = 8tq)2(Ta P, T) ) (324)
Du(0,0,7) = Do (=T, p,7), 0-Pp(0,0,7) = —i0,Po(—=T,p,7) .

Scalar wave solutions As discussed in section [2.3] the solutions of the scalar wave
equation to O(A\?) on each side of the wormhole are those of the BTZ black hole itself,
i.e. the modes f* in (3.4). These need to be supplemented with the continuity condition
(2.11) at r;, = r, (1 + X2/8). Note that at the gluing point #r;, the modes f* behave as:

irpw —iryw
frw, k£ = NG (%) : I (w, o) = NG (%) ,
ir @ (3.25)

i A\ T ) Gim A\
8rf+(wa ka j:rt) = Noj;c ( ) ) 8’V‘f (wa ka irt) = :FVNUJ]C (5) )
where we remember that the normalization factors N are given by (3.6)).
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!(—T, 0) o (.T. 0) —
() & (T°0)
Vb lr !
Y2
v(—T —00)
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Figure 5: The pure-state Schwinger-Keldysh contour in CFTy (left) and the mixed-
signature bulk spacetime, corresponding to it (right). On the boundary contour (left)
the grey dots signify gluing between an Euclidean and a Lorentzian segment and the red
dots are identified and also glued. On the bulk contour (right) the fields are glued on a
fixed time slices extending all the way into the bulk. The blue line is the suface r, = 0.
On this mixed-signature diagram we have included only the right side of the wormhole,
but the reader should envision that the left side is glued to the blue line as in figure .

We are interested in the holographic correlators for the CEF'T that sits on the boundary
on one side — say, the right, i.e. r > r, — of the wormhole. Thus, the holographic sources
live here, at r — oo. It is then natural to impose that there are no sources present on
the other, i.e. left, boundary at r — —oo. This means that the only allowed mode must
be proportional to f* — f~ for r < —r;, which, using , means the allowed mode for
r > 1y isf]

f=t

=7 _ .2
1 — k3

+ 12ryw

=R mwR=3E(5) (3.26)
which has been normalized so that lim,_,o f* = 1. Note that imposing the condition of no
sources on the left boundary is the analogue of the IR regularity condition in empty AdS
(see appendix that also eliminates one linear combination of the scalar wave solutions.

In principle, we are free to choose different, fixed boundary conditions on the left
boundary (including a non-normalizable piece). Alternatively, we could have performed a
holographic analysis on the direct product of the CFTs on the right and left boundaries,
introducing sources on both boundaries. This allows us to also compute the “mixed”
left-right correlation functions (similar to the LR and RL correlators of the eternal black
hole in (3.21))); the correlators we are calculating here are then simply the “right-right”

4The expression for f* on the left side of the wormhole can be inferred from , , and the
matching conditions . Note that specifying the wavefunction on (only) the right side uniquely
determines the wavefunction on the left side (and vice versa). In particular, the mode is well-
defined and well-behaved on the right side, and from symmetry it will then also be so on the left side.
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correlators (where functional derivatives are taken with respect to the right sources and
the left sources are set to zero).

While the BTZ black hole modes f* (resp. f~) have poles in the upper (resp. lower)
complex w plane, a careful analysis shows that f* does not have these (or other) poles with
non-zero imaginary part. Instead, f* only has poles on the real line, at locations where
ky = =1. Explicitly, these normal modes are the solutions to the transcendental equation:

F(1+ §(ri@w—k)D(1+ i(riw + k) D(1 — iry o) (A)“”” o
I'(1—i(ryw—k)(1 = i(rio+k))D(1 +ir ) \ 2 '
This equation cannot be solved analytically in general; however, there are two frequency

regimes where the (approximate) solution is simple. First of all, in the “low-frequency”
regime:

(3.27)

1
~ — 3.28
W (3.28)
where we used the wormhole throat length definition (2.5)); note that Ly = R?/r, log(16A2)

R,ry (i.e. it is the largest scale in the solution). Then, we have the solutions:

W A M nez. (3.29)
Ly
Second, in the “high-frequency” regimeﬂ
"+
w > 2R (3.30)
or equivalently @ > r7'; note that then automatically w > L;"'. In this limit, we find:
1\ =
n + 7, 3.31
w (n 2) I n e (3.31)

Curiously, these differ only from the low frequency normal modes by a shift of
7/(2Ly). The intermediate frequency regime must then interpolate between the solutions
and (3.31). In any case, we can conclude that the modes are (approximately)
equally spaced with a spacing inversely proportional to the wormhole length. Note that
the wormhole thus only has normal modes and no quasinormal modes, as appropriate for
a pure state in AdSﬁ such as also empty AdS as discussed in appendix

Constructing bulk fields piecewise Our next task is to construct the piecewise bulk
fields; this construction is analogous to the construction of the fields in empty AdS in
appendix [B.1] The Lorentzian fields are expanded as

O =) €t /c dw ™™ f26,55;, (3.32)
k 0

where in this notation i, j = {1, 2} specify whether we are on the forward or the backward
Lorentzian bulk piece. This ansatz has the correct UV asymptotics since:

lim &, = g eZk‘P/ dwe’“"thcSijéj =3,
r—00 C

tke —iwt S =
lim &, _Z /dw 1108, =

°In this limit, we will also always assume r, @ > k.

SWithout a horizon and in AdS asymptotics, there is nowhere that the scalar field can “leak” out to, so
the amplitude of an eigenfunction cannot decrease. This is in contrast to Damour-Solodukhin wormholes in
flat space, which have quasinormal modes (with a very small imaginary part) since the scalar wavefunction
can “leak” out to flat infinity [63].

(3.33)

14

>



We parametrize the freedom in choosing the contour C; by writing (again, precisely analo-
gous to empty AdS in appendix [B.1):

(I)i = Zeik(p |:/]‘: dw €7Mtf>\(5ij§j + /
k

—iwt A z —iwt £ s
dwe ™" f Vijsj+/ dwe ™ [ Wi;5;
w< w>

(3.34)

Here, V;; and W;; are arbitrary analytic functions of w, F is a Feynman contour, W~ is
a negatively oriented contour around Ry and W< is a positively oriented contour around
R_g, see figure @ Note that, as opposed to the black hole field ansatz (3.12)), we do not

\L

Y3 J

WY | 04%s

Figure 6: The contours F, F,W> W< in the complex w-plane. The crosses on the real
line are the poles of f.

include a term with an upper or lower complex plane contour U or £ as f* (and Vi; and
W;;) have no poles there. The Euclidean fields, since there are no Euclidean sources, are
decomposed as

O, = Zei’w {/ dw e_“’TfAV[jEj —l—/ dw e_“Tf)‘WIj§j . (3.35)
k ws w=

Regularity on v, (7 < 0) as w — 400 further fixes W,; = 0, and regularity on v, (7 > 0)
as w — —oo fixes V;; = 0.

Applying matching conditions The Schwinger-Keldysh contour , the piecewise
bulk fields (3.34) and (3.35]), and the matching conditions are precisely the same as
those of empty AdS discussed in appendix after substituting the AdS scalar mode f
with the wormhole mode f* used here. Thus, applying and solving the matching conditions
proceeds precisely the same way as in appendix [B.1], and the results are:

0 -1 0 0
Gofon) i) o
Voj = (1 —=1)e®", Wy = (1 —1)e".

The Euclidean and Lorentzian fields are thus completely determined in terms of the sources
S;-

Extracting the correlators Extracting the correlators of the wormhole happens en-
tirely analogous to empty AdS in appendix (again, with the substitution of the AdS
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mode f by f*). The result for the retarded correlator is then:

ot —t ~ / , /
ZG\]%/H(ZE, l’l) _ ( ) Z ezk(gp—cp )/]: dw e—zw(t—t )O./ﬁA,
. _

f

o(t —1t') ik (e <p’)/ ' '
= 1h(p— d —iw(t—t") A
527 E e o we af?,

k

ot —1) k(o= —iw(t—t')  aA
= er g dwe af”, (3.37)
K

272

>_ W<

where in the second line we have used the relation F — F = R + ie, with € > 0 a small,
real, and positive parameter, and in the third line we have used that 6(t — t') forces the
contour of R + ie to close in the lower half plane, see figure [6} Note that

! p) (ﬁJr - ’%?\67) ) (338)

B =
and « is the same as for the BTZ black hole, see (3.7)).

3.3 Feynman Correlator of a Wormhole Transition

The real-time holography formalism can also be used to calculate “off-diagonal” correlators
such as (N|OO|\), where we denote the light scalar operator dual to the probe scalar field
® by O. To calculate such a correlator, one must prepare Euclidean states with wormhole
parameter A, resp. A" on 7,, resp. 7, (using the notation of ) The Lorentzian piece
on 712 is then in principle completely determined by the boundary conditions obtained by
“gluing” the two Euclidean sections to the Lorentzian piece appropriately.

In this way, the Lorentzian piece must become time-dependent, as it interpolates be-
tween a geometry with wormhole parameter A at (Lorentzian) time ¢ = —7 and a geometry
with parameter \' at t = +7". We will model this time-dependence as a “sudden” transition
at time t = ¢y between the two wormhole states |A) , |\). We will demand that [\ —\| < A
so that this procedure can provide a meaningful approximation,

Having set up the problem in this simplified way, we will now show that it is relatively
straightforward to obtain the explicit results for the “off-diagonal” momentum space cor-
relator to O(A — X'). We will consider (only) the Feynman correlator, as this is the natural
one to consider when the (heavy) initial and final states are not the same.

Schwinger-Keldysh contour We take an in-out Schwinger-Keldysh contour consisting
of two Euclidean (77, I = a,b) and two Lorentzian (v;, i = 1,2) segments, whose Keldysh
time § =t — i7 runs as

Yo: O€[-T+ioc0,—-T], o 0e[=T, 1],

3.39
Tt HE[T,T—ZOO], Y2 ! HE[tO,T]. ( )

As mentioned above, we imagine that at time ¢t = ty, there is an instantaneous change
in the wormhole state from |A) to |X). We depict this contour in figure [7} note that
this contour is set up to calculate the Feynman correlator as mentioned above. The bulk

"Note that the Solodukhin wormhole does not satisfy the (vacuum) Einstein equations in any case,
and that we have never specified explicitly what matter would be necessary to support it. As long as
A = N| < A, then the time-dependent Lorentzian “transition” geometry will actually have the same
approximate energy-momentum tensor supporting it as the original (time-independent) wormhole.
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0=t—ar

(=T, 00)
Ya l’r
(—T,0) B (to,0) —
ge! V2 (T,0)
"o lT
(T, —o0)

Figure 7: The in-out Schwinger-Keldysh contour appropriate for a transition between
wormhole states. On the segments v, and 7; the state is |\). Then at Lorentzian time
t =ty a “heavy” operator is suddenly applied (red bullet on the diagram) that changes the
state to |\'). This new state then forms that background on the segments v, and ~,.

version of this Schwinger-Keldysh contour follows analogously to the bulk versions that we
previously considered and essentially fills in the bulk in such a way that the bulk fields
obey smoothness conditions (in 7) at the two different throat positions. Thus, we have the
(temporal) matching conditions:

O,(0,0,7) =P (=T, 0,7), 0-P.(0,0,7) =—10;P1 (=T, ,7),
(I)1<t07 P, T) = CI)2(t07 P, 71) ) at(b1<t07 P, T) = atq)z(t07 2 7") ) (340)
cI)b(Oa 2 T) = (I)Q(Ta 2 T‘) 5 aTCI)b(Oa 2 T) = _iatq)Q(T’ 2 T) :

These matching equations are valid at all » from the throat position at r; to infinity;
however, note that the throat position is now dependent on the time (i.e. whether ¢ < ¢
or t > tg). For t =t, we can take the lower bound on 7 as min(r x, 7 ).

Scalar wave solutions We follow the same reasoning as in section [3.2] In particular,
we choose to only put sources on the right side of the wormhole. Since for t < tg, resp.
t > ty, the wormhole geometry is given by the time-independent geometry with wormhole
parameter \, resp. X, it follows that the scalar solutions are simply f*, resp. f*, given

by (3.26). Note that these functions have normal mode poles specified by (3.27) with A,
resp. N.

Constructing bulk fields piecewise We express the Lorentzian fields as

Oy =) €t l / dw e ™ f25,:5; + / dw e ™ fAV58, + / dw e fkwljgj],
F W< w>

k

Qy = Z ek {/ dw e™t f 5,5, +/
. F

dw e—iwtf)x'%jgj_{_/ dw e_MfXWngj} )
w< w=
(3.41)

where, for convenience, we have split the Lorentzian source into two parts s, s, where the
source s1(t, ) is defined to vanish for ¢ > t; and the source sy(t, ) is defined to vanish for
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t <to. As before, we also express the regulated, sourceless Euclidean fields as

o, = E e’k‘p/ dw e T fAV,;5;
k w=
. B o
= E e’k‘p/ dwe ™7 fA Wh;s; .
k w>

Near the matching points, the Lorentzian fields behave as (closing the contours appropri-
ately):

(3.42)

q) (t ~ —T) = Z ik \/V'V< dw G_iwtfk((slj + ‘/1]‘)5]‘ + /Vv> dw e_i“’tf)‘Wlﬁj} s

t ~ tO Z e”“" / dw e*MfAvljéj + / dw e’i‘”tf’\(&j + le)%} s
W< w>

- (3.43)
(I)Q(t ~ t()) = Z Gik‘p / dw G_thfX((SQj + ‘/2j>§j + / dw G_thfXWngj:| s

L L/ W< w>
(I)Q(t ~ T) = Z eik@ / dw eiiwtfx‘/ngj + / dw €7iwtf)\/<52j + WZj)gj:| .

& LS W< w>

Applying matching conditions The matching (3.40) conditions at ¢t = £7T" give:
le == 0, ‘/2]' == O . (344)

The matching condition at t = tp in principle give a matching of sums over the
residus of the different poles of f» and f». However, working to first order in A = X — X,
we can write: B i 2

R e R (3.5)
Thus, at this order, it follows that the normal mode poles of f* and f* are the same (i.e.
the solutions to x3 = 1). We can denote w/, to be the positive normal mode solutions
of (3.27 - where n = 1,2, ... labels successively larger solutions and k£ € Z. Similarly, we
denote w,, to be the negatlve solutions of - Note that the O((0A)™) term in this
expansion goes as ~ (wdA)", so that the expansion breaks down for sufficiently large w.

We define the following residues:

f d ! +2 !
w =+2r————
St 1— k3 (W k)’

nk nk’

1 Ay (w® K
]4 dw ——— = :|:27r—’\(w$k’ ) ,
"Ji:k (1 - K)\) Q)\<wnk;7 k)

where the circular integral around w, (resp. w;,) is defined to have negative (resp. posi-
tive) direction to conform with our definition of W=<. The quantity ¢,(w, k) is given by:
R2 A
D (w, k) = 4log 5 +9| 1+ 2(7’+W —k) ) +o(1- §(T+W —k) ) =201 —iryw)

T+

(3.46)

+¢<1 + %mm%)) + w(l — %(T+U+E)) —2¢(1 + mw)] - (3.47)

The quantity A,(w, k) has a similar (but lengthier) expression in terms of polygamma
functions.
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Using the residues (3.46)), the basis functions (to first order in dA) (3.26]) and ([3.45)),
together with the Euclidean matching results (3.44]), the behaviour of the fields (3.43)) near

t ~ tg can be rewritten as:

: I (N
Bt~ 1) = 20 3D [‘ DAL T LN AEN A

ax (wnk7 k)

n

Y

—uu g nk’k 7") ~
+Z€ Kt q)\ :lrk’k) 51jsj(w:k,]€)

. k R? 4i
Dy (t ~ 1) =27T26"w[ Ze_’“ tg ”ﬁ’ k;) <1+ o ZL:\)”’“AA( nk?kj)d)\)62j§j(w;k’k)
Wnk

_zw g n 7k ’I") R2 4@(4)” S
e Yot ) (1 A 0 900 W5 e )|

nk’ k) T+
(3.48)

where we used the definition (3.9) for ¢g~—. Using these expressions, the matching condition
(3.40) can now be performed separately for each of the (linearly independent) residue terms
in the sum. This gives us the remaining contour-correcting functions (to first order in J\):

24
Vs (w, k) = < +R—EAA(w k)M)(SZJ, w<0,
s A
g (3.49)
ng(w, l{?) = (]_ — T’_TA)\@U k:)é/\) (51] , w>0.
+

Extracting the correlator Without loss of generality, we take one operator insertion
to be at time t < ty; then, as we slide the other operator insertion between t' € [T, T],
we obtain for the Feynman correlator:

iG5 o (m,2)) = 0(tg — U)iG (z,2") + 0(t' — 10)iG*?(x, 2)
1 ik(p—¢’ —iw(t—t' A
_ﬁge (¥ W[Q(to—t/)/fdwe t=ap

o 24
Ot — to) / dwe—wt—t)aﬁA(HR—ﬂAA(SA)]
w< 7'+ )\
(3.50)

We can recast this result as

r ‘ , 24
iGy (2, 2)) =iGh (2, 2)) + M g eklp=¢) / dw e~ =) o 52 (R—ﬂA,\é)\)
k w=

2720 ryoA

2 I ' / ' /
- in—))\(wa x/> - w(s_)\ etklp—=¢') (ezw(tt )&(ﬂ+ _ 6>WA)\)

r A -
+ n,k ax W=k

(3.51)

where iGY,, (x, 2') is the Feynman propagator of a wormhole that retains the same param-
eter A throughout the whole Lorentzian (and Euclidean) evolution, i.e. the propagator as
follows from and section . Note that this expression is in principle only valid where
the expansion is valid, so (as mentioned above after ), it cannot be trusted at
arbitrary high frequencies. We will discuss the position-space propagator following from

(3.51)) in section
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4 Retarded Wormbhole Correlator via Hybrid WKB

In this section we aim to apply the hybrid WKB technique, developed by Bena-Heidmann-
Monten-Warner (BHMW) in [24], to the wormhole toy modelff] Our goal is to obtain the
free scalar retarded correlator for the non-rotating wormhole and compare this WKB result
to the real-time holography result we obtained above in . We will write this retarded
propagator as:

O(At .
iGR(AL, Ap) = 2(7r2i> > /[R dwe AR R (w, k) (4.1)
k +1€

with At =t —t" and Ap = p — ¢'. The hybrid WKB technique will then give us R(w, k).

The BHMW WKB approximation works in a number of steps. First, we apply the
traditional WKB method to find an approximate solution to the wave equation. In order
to proceed with finding the WKB approximation to the propagator, one needs to ana-
lyze the asymptotic structure of the approximate solution around the boundary. This is
generally a hard task as the WKB solution is not written in a basis that is conducive to
asymptotic analysis. Thus, in the second step of the method, one finds a new potential
that asymptotically approaches the original potential and for which the wave equation can
be solved exactly. Then, the WKB solutions can be matched to the asymptotic solutions,
which finally allows one to efficiently analyze the asymptotic structure of the approximate
solutions to the wave equation and ultimately extract the propagator.

4.1 Calculation of the WKB Propagator

We will now apply the BHMW WKB method step-by-step to a free scalar in the (non-
rotating) wormhole background with metric (2.4)).

Setting up the radial equation and potential We wish to split the radial part of
the scalar as:

®.(r) = h(r)o(r), (4.2)

and we perform a coordinate transformation r — z(r) to write the radial wave equation

(2.8) for ¢ in the Schrodinger form:
52

da?

(x) = V(z)p(x) =0. (4.3)

The absence of a term proportional to d,¢ leads to the condition:

h(r) L . (4.4)

(r2X(r)Y(r) (58—0)2) "

We are still free to choose z(r), which will affect the form of the potential V' (z). To align
with the analysis in BHMW [24], we choose z(r) such that the potential approaches a
particular constant in the UV:

lim V(z) =1+ m?R* = i*. (4.5)

T—00

8This method was used in [25] in an asymptotically flat setting; we also used this method in our previous
paper [42] to calculate correlators for the extremal BTZ wormbhole.
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Figure 8: The potential V' (z) plotted as a function of x with for p = 1,k =1, w =2,7r\, =1,
and A = {1071,1072,1073}. As X\ decreases, the width of the potential becomes larger and
larger. The black hole potential is also depicted, shifted to line up with the A = 1073 graph
for z > 0.

where we have defined the dimensionless parameter u. This can be achieved by fixing the
function z(r) such that:

A choice of z(r) that satisfies (4.4) and (4.6]) is:

2 .2 2,2
x(r) = log (\/T TQTA +\/r T2r+> —log A, (4.7)
A A

Note that (r;) = 0+ O(A\?)F] The x coordinate spans the whole wormhole and ranges
from —o0 to oco. The relation between z(r) and r can be inverted to find

)‘2 -z x ]
rzzrz(”mw +e<1—A2>>2)=ri<1+A2s1nh2x>+o<A4>. (48)

The potential now takes a relatively simple form in terms of the radial coordinate x:

2

R 3
V(r(z)) = p® + ey (K* —m*r} — R*w?) — 7“_:\* (K*R* +17) . (4.9)

Figure |8 is a plot of the potential for different values of . The potential approaches y? in
the UV and at the throat position |z = 0 we find:

2R4
Vir=0) = _‘“TQ +0 (N, (4.10)
+

9We could have also chosen e.g. z(r;) = 0+ O(A?); this would introduce an extra constant term
—log1/2(1 4 v/5) in . Such a constant does not change the derivation of the end result .

0We saw above that at the throat position r = 7., we actually have z = O(\?) instead of x = 0;
however will still be the value of the potential at the throat position to O(A\?).
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The following condition needs to be met in order for the WKB approximation to be

valid 5V
vyt 2

This quantity should be evaluated away from the turning points, defined by V (Zym) = 0,
where the left side diverges. Expanding the left hand side of (4.11)) for small A, we find:

(V(z))~3 axg:(vx) RZZ}?) (K*R* + 12 (1 + p%) + w®R*) sinh 29:) O, (4.12)

The prefactor of A\? ensures that (4.11)) is satisfied around the throat position (as long as
the frequency is sufficiently high (e.g. wR > \).

<1. (4.11)

2

Asymptotic solutions Applying the same procedure outlined above to the non-rotating
BTZ black hole metric (2.1]) gives as black hole = coordinate:

2P (r) = log - 1, (4.13)

and potential:

2 2 12 2 4 —2z
Vasymp(T) = (HijT)g < krf _ W (i; <) + 7 (1+ e”)) . (4.14)
Now, the wormhole potential is well approximated by:
V(%) = 0(2) Vasymp (7 + log(A/2)) + (x — —z) + O(N\?), (4.15)
where the shift in argument by log(A/2) comes from comparing the wormhole 2"V coor-

dinate (4.7) and the black hole 28 coordinate (4.13)) at the matching radius r = r, =
r (14 M%/8) (see (2.12)); i.e. we have zWH = O(\?) and 2P# =log(A\/2). Physically, this
shift in (4.15]) for the x coordinate arises from the wormhole of length L) opening up. The
expression (4.15)) thus nicely encapsulates that for small \, we get two copies of the BTZ

potential connected by a wormhole of length L,.
The exact solutions ¢asymp(z) are the well-known solutions to the BTZ wave equation

(3.4)), which we repeat here in the x coordinate:

1_ kR iwR%s
Pasymp(T) = Z cr (14 €)2 2re e
i1 kFwR 1 kFwR wR? (416)
G, (S pETn I Tl W e
2 2T+ 2 2T+ Ty

This general solution (4.16]) has the structure:

¢asymp(x) =0 i;;v;lp(x) + C2 gse;/mp(‘r) ) (417)

where in the UV we have defined the two linearly independent solutions as those that
behave at large = as{'|
o () = e (14..)
poymp(@) = €M (L4 )
where the omitted terms are subleading in x at large x. When p is an integer, there are
also pieces proportional to x in the UV expansion; we will assume p not to be an integer
and analytically continue the final result to integer u (as we are interested in p = 1). Note

that both ¢&% ~and ¢4, = are real functions of z (for real 7y, k,w, u, R).

(4.18)

""Note that the full radial function @, in (2.7) is still given by ®,(r) = ¢(z)R/r.
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Calculation of the WKB propagator Now we have all ingredients to evaluate the
propagator that follows from the hybrid WKB technique. According to [24] the propagator

is given by
3 v (
Rwkp = (A-l- £> e 2l — SRRS_TC p(7+) : (4.19)

2 g§§mp (l’+ )
where

L=+ [ (VIVG - ) d. (120

and the turning points x4 are defined such that V' (z1) = 0. The expression for A depends
on the number of turning points. For a single turning point, we have

A= sign(w)% . (4.21)
For two turning points x_ and x,, we have
1
A= 5 tan(©),

@:/:dez.

(4.22)

This will be the formula we will need to evaluate to find the wormhole propagator. The
general expression for A for more than two turning points can be found in an appendix of
[24].

It is useful to first apply the WKB approximation to the (non-rotating) BTZ black hole
itself. The BTZ potential has only one turning point, so one finds

: % £ (1)
REE L~ | =sign(w) + ~— | e 2+ - 2R T (4.23)
WHB < 2 2 g§§mp (l’+)
As noted earlier, the exact solutions ¢&:wd° are real and so is /. This allows us to write
3 v (@
Re (Rilky) ~ Loe2ts - Pig(Ts)
2 asymp(m+) (4.24)

1
Im (Ryjkp) ~ §Sigm(w)e—21+ .

The wormhole potential is essentially two copies of the black hole potential, leading to

two turning points, so A will differ with respect to the BTZ propagator (4.23). However,
due to (4.15) we can see that [yormhele = [BH 4 O(X?), and thus we can write

Rivks ~ Re (RPM) + 2sign(w) AIm (RPY) | (4.25)

where ~ now denotes both inaccuracy due to the WKB approximation and corrections of
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order A\2. Now, we need to evaluate A or equivalently O:

o- /:+ S Vasomo (2)|dz + O(22)

log [e;w> (16w232)“’32/ ” (_ri (1 +1) + 2ir pwR? + k2R? — WZR‘*)W?

A2 r2 (u?+1) — 2ir, uwR? + k2R? — w?R*

A /ri-wc?R?—wR?

2ry

2 2
(—2w2 (K*R* =73 (0> —1)) + (T—+ (¥ +1) + k:2> +w'R*

R2
1/ ri+k2R2

2 - T
(w (2, /12 + k2R2 + wRQ) + % (1 +1) + k2> i +0(\?). (4.26)

This expression simplifies in the “low-frequency” limit (3.28)), w ~ L;l (where wormhole
throat length L) is defined in (2.5))), and in the “high-frequency” limit (3.30)), w > r, /R2.
In both cases, the expression that we get is (for u = 1, and subtracting integer multiples
of m):

O =|wl,| . (4.27)

We discarded terms of O(A\?) as well as terms of O(\’w) as they will always be subleading.
We can understand this expression for © as follows: when L) becomes very large (A is
exponentially small), the wormhole throat contribution dominates the integral in (4.26)).
Since the potential is very flat for (almost) the entire wormhole, as can be seen from
and figure [§, we can approximate the integral by:

O ~ /|[V(0)] Ly + O\ (4.28)
= \wL,\|+(’)()\O), |

where we used the value of V(0) in (4.10). The result is indeed in agreement with the
direct evaluation (4.27)).

4.2 Hybrid WKB vs. Real Time Holography

For the non-rotating BTZ black hole, we calculated the black hole retarded scalar correlator
using real-time holography in section |3.1] as:

R =ap™, (4.29)

Using the fact that (a8%)* = 3T, we note that:
1 .
Re(RP) = 5(a5+ +aB7),  Im(R°M) = %(aﬂJr —af7). (4.30)

For the corresponding non-rotating Solodukhin wormhole, in section [3.2| we calculated:

K2 14 K2

RWH — af” = Re(RBH) —1 ]

1 BH
a8 T Im(R") (4.31)

where k is given by (3.26) (and (3.6)). Noting that || = 1, we can define the angle 7
through:

— K2

K =ie ", (4.32)
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so that becomes:
R = Re(RP") + tannIm(R"), (4.33)

As an aside, we note that, curiously, there is a simple way to go from the black hole
to wormhole correlator in the large frequency limit: one simply does an “analytic con-
tinuation” of the inverse temperature § to the travel time At¢, where At = 2L, in the
wormhole. Then e — e7*A% 50 the “information losing” factor becomes an oscillatory
factor which shows the recovery of information in a time At.

The real-time holography result is to be compared to the full WKB answer for
the propagator (where we set p = 1), which we derived in the previous section:

Riwvks ~ Re (RP) + (sign(w) tan ©) Im (RPY) | (4.34)
where O is given by ({4.26]).

Comparison Comparing (4.34] to (4.33), we see that the WKB approximation does a
good job of capturing the propagator when © ~ n (for w > 0).
In the low-frequency regime (|3.28)), we have:

0~ wly + g , ~wly | (4.35)

so that the mismatch is maximal at low frequencies.H On the other hand, in the high-
frequency regime (3.30)), expanding upon (|4.27)):

1(R*\™" 5 (R \7° 2 (R \7°
n~wly+= (—w) ——(—w) +0(w™), @zwLﬁ—g(r—w) +O0w™).

2\ +
(4.36)
Thus, we see that the the propagators start differing in the high-frequency regime at
O(w™). We give an example of the difference between 1 and © in figure |§|; for large
wormbhole throat lengths Ly, we see that the (large) mismatch is only at very low frequencies
so that © asymptotes to n rather quickly. Thus, we can conclude that the BHMW hybrid
WKB approximation captures the wormhole propagator quantitatively very well.

5 Position-Space Correlators

In this section, we will integrate explicitly the frequency-space propagators found in section
to obtain the position-space propagators for both the (non-rotating) BTZ black hole and
the corresponding Solodukhin wormhole. We will also present the position-space correlator
and interpretation thereof for the “wormhole transition” correlator of section [3.3]

We repeat the general relation between the frequency space retarded propagator
R and the position-space one, valid for all of the correlators we are considering:

Q(A;;) Z/ dw e~ WAHRACT () kY | (5.1)
k R-+ie

iGR (AL, Ap) = 5

Note that compared to (3.22)) or (3.37)), we have set At =¢ —t and Ap = p — ¢'.

12Note that we must actually take the entire WKB approximation with a grain of salt for small w, as
mentioned above around (4.12). Small frequencies should be treated separately, see [24].
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Figure 9: A plot of (2/7)|(n —©) mod 7| as a function of w. We take R = r, = 1,

and A\ = 107% (L, =~ 94.88). The blue, red, and green lines respectively correspond
to k = 0,5,10. The mismatch starts out maximally at 7/2 (see (4.35])) but asymptotes

(quickly) to zero (see (4.36))).

5.1 Black Hole Correlator

To calculate the position-space retarded propagator for the BTZ black hole, we need to
consider the contributions from GX* and G®¥ separately. We refer to appendix A of [54]
for details of this calculation; here, we review this derivation briefly.

Starting with G in (3.21), we take ¢ > ¢’ and thus close the w integral in the lower
half plane. The functions o and S have no poles here, while we pick up the residues of
the poles w,, . given in of 5~. Note that n, = (e’ —1)~! also has (purely imaginary)
poles at w = 273~ tin for n € Z (depicted by circles on figure . As discussed in [54], in
principle one needs to take the residues of these poles into account as well, but since they
end up giving a zero contribution in the final result, we will omit them here. Then we get:

eﬁw;ki

2r At
LL ey JRIZON RN
iG77 (A, Ap — g g E TR e R a(w, ) o : (5.2)

keZ n=1 =+ -1
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To evaluate the k sum, we use the Poisson resummation formulam

=> / dk f (k)e*mFmi (5.6)

to rewrite the sum over k in (5.2) as an integral over k£ and a “sum over images” m:

+or Lk
2 r (2 T™m - n — € "+
IGHH(AL Ap) = __zﬁz ZZZ/dkek(Aﬂ e Ata(wnkﬂ:)igﬂ—ﬂ—k’
meZ n=1 =+ (& + =1
(5.7)
where we used 3 = 27R?/r,. To regulate this integral as k — oo, we must send

At — At(1 — ie) with € > 0; this regulates both ends of the integral for both the terms
with £ in . Then, for Ap F At/R < 0, we can close this k integral in the lower half
plane. Only the factors (e*?7#/7+k — 1)1 have poles (when k = —ilr, /R for | € Z), and
so we pick up the residus:

2 ¢
ZGLL<At AQD T+ Zzzzie (ApF 5L (1—ie)+2mm) —QTnAt(l i€) (nj:l) (58)

meZ n=1 [=1

We can explicitly perform the sum over the two terms with + as well as the infinite sums
over n, [, resulting in:

I !
2m R = (cosh [ AH(1 — i€)] — cosh [Z(Ap + 2m7r)D2

which agrees with [54]. Even though was derived for Ap F At/R < 0, it can be
analytically continued outside of this region.

To calculate G®*E, we again start with and proceed analogously. The only differ-
ence is that to regulate the resulting & integral, we will need to send At — A#(1 + ie) [l
Thus, we indeed find iGR® = [iGFL]*. The retarded propagator is then given by (3.22)),
ie.:

iGEE (AL, Ap) =

, (5.9)

O(At) 3 1
iGa(at, ap) = A00 T ;
2m R 2= | (cosh [Z5AH(1 — ie)] — cosh [5(Ap + 2mm)])
1
- . (5.10)
(cosh [ 3 At(1 + ie)| — cosh [ (Ag + 2mm)))
A plot of this correlator is given in figure [10]
3For a periodic function f(z) = f(x 4+ 27n), we can write the two expansions:
- ~ 1
D=3 G fw) = o [drset, (53)
neZ
and one finds the relation between the two expansions:
fk) = /d:z:f e~ = ZC’ 5(n — (5.4)

so that, using >, 6(k —n) =, >
D f)y =) Cuy e =" f(2mm) = / dk' f (K )e2*mi (5.5)
k n m m m

4The origin of this difference in regulator is that in GF¥ in (3.21), 8~ is multiplied by n instead of
(n+1) as it is in GEE.
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Figure 10: The black hole correlator GEy(At, Ap = 0.1) as given in (5.10). We take
R=r, =1and e =1071% The correlator decays exponentially for ¢ > 0; note that each
subsequent (small) peak at t > 0 come from the contribution of an “image” m > 0. The
“double-peak” structure (apparent from the close-up on the right) is typical for Ay # 0.

5.2 Three Ways to the Wormhole Correlator

For the wormhole position-space propagator , we will first illustrate its basic prop-
erties using a quick and dirty, “naive” calculation. We will show the expressions for the
actual wormhole propagator and attempt a numerical evaluation of this. Finally, we will
simplify the wormhole by altering its matching condition to be frequency-dependent, which
will allow us to integrate the propagator analytically.

5.2.1 Naive high-frequency calculation

In the high-frequency limit (4.36)), n ~ wL, thus the correlator (4.33)) simplifies to:
RV ~ Re(R™") + tan(wLy)Im(R""), (5.11)

Note that the poles of tanwL, indeed correspond to the normal modes (3.31)) in this

regime.ﬁ
A naive way to evaluate the wormhole propagator approximately would then be to use
the distributional identity:

tanz = Y 2(—1)"""sin(2nz), (5.12)
n=1
and its Fourier transform:
1 , >
F(t) = Dy / dwe ™" tanwlLy = iZ(—l)”_l (0(t+2nLy) —o(t —2nLy)) , (5.13)
T
n=1

Then, using the convolution theorem for Fourier transforms on the high-frequency retarded

15Note that if one tries to calculate the position-space retarded propagator using and , in
addition to the contributions from residus around the (approximated) normal modes of the wormhole
coming from the poles of tan(wLy), there are also contributions from the residus of poles of a3~ (i.e.
the quasinormal modes of the original BTZ black hole). This is an artifact of the approximation used to
obtain , which is only valid in a particular regime for real w. The exact result does not have
any poles off the real axis; is not valid in the entire complex plane.
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propagator (|b.11)):

Gon(At, Ap) ~ GY(At, Ap) + (G * F)(At, Ay) , (5.14)
0(At) : »
0 — ik A iwAL BH
G*(Ar) = — = §k e “"/dwe Re(RBY) (5.15)
0(At) : »
1 — § ik A iwAt BH

so that GE4(At, Ap) = GO(At, Ap) + iG(At, Ap), and the convolution gives:

(G % F)(At, Ap) = z'f:(—m-l / G (At — 1, Ap) (5(t + 2nLy) — 6(t' — 2nLy))

=1

NE

(=)™ (GM(At + 2nLy) — G*(At — 2nLy)) (5.17)

n=1

so that we have the relation:

Gim(At, Ap) ~ GO(AL, Ap) +i > (—1)"sgn(n)G' (At — 2nLy) , (5.18)

neZ

where we define the n = 0 term of the sum to be G*(At) — although note that the Fourier
transform of the tan, as naively calculated above, does not contain this n = 0 term.

From the expression ([5.18]), we can clearly see the appearance of “echoes” in the prop-
agator, i.e. recurrences at periodic intervals 2L, of the correlator. Thus, at early times
0 < At < L,, the propagator will mimic the BTZ one and decay exponentially:;
only at a time At ~ L, will the propagator start to differ qualitatively from the black
hole one due to the appearance of the first echo. This is the most important property of
the wormhole propagator that we wish to highlight; we will confirm this qualitative echo
behavior of below in a (numerical) calculation of the full propagator , and also
(analytically) in a frequency-dependent wormhole alteration.

5.2.2 Full propagator

The derivation of was rather imprecise; for example, we did not take care of the
correct contour for the w integration in , and we resorted to the approximation of the
full propagator by the high-frequency regime expression (5.11]).

Calculating the full retarded propagator is difficult as we do not have an analytic
expression for the propagator’s poles. As discussed in section .2} these poles are only
located on the real axis (i.e. they are normal modes) and are given at the location where
rk = £1 with k given in and . Note that x satisfies the following properties:

k| =1, [k(w, k)" = k(—w, k), r(w, k) = k(w, —k). (5.19)

For a fixed k € Z, we can denote the positive normal modes as w;, with n =1,2,--- and
n = 1 corresponding to the first (strictly) positive normal mode. Similarly, w,, are the
negative normal modes. From the properties , it follows that w_, = —w, and also
wff(fk) = wffk, for any n, k. Therefore, we can choose to express everything in terms of
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k > 0 and w/,. Evaluating the w integral by closing in the lower half plane then gives:

'ZGWH(At AQO 27T - i i zw:{kAtJrikAcpg(k, wl:rn) _ i i eJrio.)zkAtJrikAgog(k7 w’jn)
k=0 n=1 k=0 n=1
+ZZ —iwt At— zkALpg(k, W;m ZZ +iw 't At— zkAcpg(k;’wl—ci—n)] :
k=1 n=1 k=1 n=1 (520)
) in? (k* — R*w?) ", % coth <7r%(k: + Rw))
G(k,w) = ;
) =5 S |20 (#i80) + 0 (i Bw)) + 0 (i (—k + Rw) )]

(5.21)

where we used that G(k,w) = G(—k,w) = —G(k, —w). We split the k,n sums (each) into
positive and negative frequency parts. Then, to evaluate these four sums directly, we put
regulators by changing:

einwnkAt N einwnkAt(l:er) e:tikAcp N eﬂ:ikA(p(l:l:ie)’ (522)
which gives the correct regulation of all four sums for At, Ay > 0. Then, we can nu-
merically evaluate the four sums in ((5.20) to a given cut-off value n,,qz, kmae, see figure
. Although the result clearly suffers from numerical noise (brought on by incomplete

sums)m we can already clearly see the recurrences or “echoes” in the correlator occurring
at At ~ 2nL,.

log|G|
14 | .‘
12,‘ﬂ

10 } !1 ‘” ! ﬂ \n ,\. T
V M‘ M 'H'“ W m I ”M ‘Ay‘ ..”' l. ”M'VW m
I |

| ‘
. a i.i

T

L L L L L L L L L L L L L L L L L L L L L L t

50 100 150 200 250

Figure 11: The wormhole correlator G (At, Ap = 0.1) as given in (5.20). We take
R=r, =1, A=2-10% and ¢ = 107!, and evaluate each of the four sums in (5.20))
up to Npezr = 500, ke = 50. The red line is the computed value and the blue line is a

smoothed out average. We can clearly see the first recurrence or “echo”, which occur at
At ~ 2nL, ~ 186.98n.

16For example, note that we do not see images appearing, nor the “double-peak” structure, as was
obtained for the black hole correlator (see figure [10).
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5.2.3 Low- and high-frequency approximation

The main obstacle to being able to explicitly find the wormhole correlator, and in particular
evaluate the infinite sums in ([5.20]), is that we do not have an analytic expression for the

normal modes wi:k. These normal modes are solutions to the transcendental equation

k? =1 with & given by (3.26).

However, in the low- and high-frequency limits (see and (3.30)), ~ simplifies
considerably and we can find the normal modes explicitly. Therefore, let us consider
replacing x entirely by either its low- or high-frequency limit:

R(low) = exp (—ZL)\QJ) ’ R(high) = exp (—Z'L)\(U —+ zg) , (523)

Physically, we can interpret replacing x by one of the &’s as introducing a frequency-
dependent boundary condition at the middle of the wormhole throat (replacing (2.11))).

Replacing x by either one of the &’s in the wormhole modes f* given in it is
immediately clear that the normal modes of this altered wormhole satisfy #* = 1 and are
thus now given by:

o) _ T Ghigh) N\
oy =n e = (n+ 2) I (5.24)
with n € Z. We will choose to work with the low-frequency limit in the rest of this section
(as opposed to the high-frequency limit that we chose in section ; the high-frequency
case proceeds entirely analogously and moreover gives very similar end-results (such as
figure .

We consider the retarded propagator and close the w integral in the lower half
plane:

R R 0(At) Sk zn:m 252 272 (mTZRQ TR )
iG,, (At Ag ST %ZZ%ZZ; n*n?R?—k*L3) coth L Tt

(5.25)
We use the same Poisson resummation trick as we in the calculation of the black hole prop-
agator, which converts the sum over k into an integral and a sum over images, introducing
a factor ™™ with m € Z:

Re At ik(Ap+2mm)—i g™ At
R p+ 2_21n2 212
il (A% ) = 150 E:E:E:/dk BA 22 p2 212

meZ ne?Z =+
2R2 7R
% coth (m + Lk) (5.26)

27“+L)\ 27"+

For Ay > 0, we can close the k contour in the upper half plane; note that the integrand
is already well-behaved as k — +00 so there is no need for introducing an extra regulator
(as there was in the black hole case). The coth factors have poles when:

nmTR n
k=4 2il— 5.27
T + 2 R ( )
for | € Z, so we obtain:
- R 2 ;
ZGVTH/{(IOW)(AZS,A@ =— RL2 2 Zzzzlzi:l(mrfi +alLyry) (5.28)

R t
—2AE (A +2 int | £—(Ap + 2mm) — — ) ) .
xexp( ZR( 0+ m7r)+m7r( L,\( © + 2mm) L,\))
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We can now perform the sums over [ and n explicitly; just as for the empty AdS correlator
(see (B.35))), we need to regulate the sum over negative n by taking At — At(1 + ie) and
the sum over positive n by taking At — At(1 — i€). Using the shorthand notation:

=AML+, P = % (Ap + 27m) | (5.29)
we can express the final result as:
Wi (B1:89) = 73 3 (00 m) = G 0)), (5.30)
g~(f€, ) = TR? (cos t. cos Gy — 1) + L;{; sin @in coth ”jgf;" (COS Pm — COS fe)
sinh? % (cos t. — cos cﬁm)

From the final correlator expression ([5.30)), it is immediately clear that:

GE_ (At +2nLy, Ap) = GE_ )(At,Ago), (5.31)

WH(low) WH(]OW

for any n € Z;, so that this correlator has exact, periodic echoes (as anticipated above in
section . We plot this correlator in figure ; we can clearly see the the first echo at
At = 2L,. Note that there is also a “dip” in the correlator at At = Ly. It is interesting
to note that, as opposed to the black hole correlator (see figure , the contribution from
the images m > 2 is exponentially suppressed compared to the m = 0 term as we can
see figure [12d] (i.e. the red line for m = 0 is above the m > 2 peaks). Another difference
with the black hole correlator is that this correlator does not die off (exponentially) as
fast as the black hole one; note additionally that the L, — oo limit does not reproduce
the black hole correlator. These differences with the black hole correlator are artifacts of
extrapolating the low-frequency limit of the original wormhole to all frequencies, which
(as mentioned above) can be interpreted as a frequency-dependent modification of the
wormhole boundary condition. In particular, the normal modes o) in (5.24) differ
significantly from the actual normal modes of the original wormhole at high frequencies
; of course, the original wormhole has a correlator that (by construction) must have
the correct exponential fall-off for 0 < At < L ,\.E

5.3 Wormbhole Transition Feynman Correlator

We would like to calculate the position-space correlator for the “off-diagonal” Feynman
correlator (A|OO|N) in that we discussed in section [B.3] The calculation of this
correlator suffers from the same problems we encountered in section [5.2.2] namely that
we cannot explicitly perform the relevant infinite sums over normal modes as we do not
have an analytic expression for these modes. Instead, we will calculate the off-diagonal
correlator given by in the low-frequency approximation introduced above in section
[5.2.3 which we will be able to find analytically[™

Recall that the low-frequency approximation of section is obtained by replacing
k in the scalar wave solutions by #1°") given in . The normal modes are then

I"Note that the result for the correlator is very similar if we had selected instead the high-frequency
limit x(Migh) in as basis for our calculation. This is somewhat curious, since in this case it is of course
at low frequencies where this approximation and extrapolation diverges from the actual wormhole results.

18 Just as for the diagonal correlator discussed in section the calculation for the off-diagonal correla-
tor using instead the high-frequency approximation (M8 is completely analogous, and gives qualitatively
the same result as the low-frequency approximation described here.
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Figure 12: The altered wormhole correlator G%T{ (At, Ap = 0.1) as given in (|5.30). We
(low)

take R =ry =1, e = 1071° and L, = 100. We see the clear onset of the first echo at
At = 2L,.

given by o in , which are the solutions to (£(°"))? = 1. It is then a straightforward
exercise to calculate the residus of (1 — (£1°%))2)~! and (1 — (&1°")?)~2 at these normal
modes, to find the modified expressions that replace g, A in (3.46). We find the simple

expressions: 3
q=2L,, A=1. (5.32)

The off- diagonal Feynman correlator then follows from , after replacing the normal
modes wnk by their modified versions o) and replacmg the functions A, q by A, §. Note
that we can also replace dA by 0L, using the following relation:

2

5Ly — —2£5—)\ (5.33)

reoA
The actual calculation of the Feynman correlator proceeds precisely analogously as in
section for the diagonal (retarded) correlator, although we note that the sum over n
is only over the negative poles (n < 0) as indicated in (3.51). As usual, we trade the sum
over k for an integral over k and sum over images m; after performing the integrals over w
and k, we obtain (using At =t —t', Ap = ¢ — ¢ and assuming t’ >ty > t):

oL
F . A
O o Ao (B Ap) = RL2 > Z Zl (nmR® 4l Lyry) x (1 — 2nmL—)

N meZ n<0 =1 A

X exp —2l—+(Ago + 2mm) +inm iﬁ(Ago +2mm) — at . (5.34)
R Ly Ly
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This is the analogue of (5.28)); note that compared to (5.28)), the only difference in the
expression to be summed over is in the last factor on the first line. We can then again
perform the [, n sums explicitly, obtaining;:

| -
- ~F ~
O o (B B2)) = ORL3 2. (g(t“‘pm> *

meZ

7T5L>\

A

Aé(fe,s??m)) , (5.35)

Ag(f ) = sin TR? (—3 + 208 P, cos b, + cos 2<,Em) + 2Ly,ry coth % sin @y, (cos D — COS fe)

sinh? % (cos t. — cos gbm)g 7
and G(I,, $m) is the expression from the original (diagonal) correlator we found in (5.30)).

We plot the correlator and compare it to the diagonal correlator (when dL, = 0)
in figure We can clearly see that the off-diagonal correlator has a wider echo peak than
the diagonal correlator, suggesting that sharp features of the (diagonal) correlators (like
the echoes at At ~ 2nL,) become less pronounced in off-diagonal correlators. Note that in
obtaining the off-diagonal correlator , we have integrated over all modes w, including
those that do not satisfy w < (§Ly)™"; for such high-frequency modes, it can easily be seen
that the expansion (with & replaced by £(°")) breaks down. Therefore, the obtained
correlator (and in particular any spurious short-time behaviour) should be taken with a
grain of salt.

log|G| log|G|

15
10

100

Figure 13: The altered, off-diagonal wormhole correlator G%ﬁ oy A /\,(At, Ap = 0.1) (in

red) from (|5.35)) together with the diagonal correlator G%ﬁ(low)’)\_)/\(At, Ap = 0.1) (in blue,

dashed) (which is (5.35) with Ly = 0). We take R =r, =1, ¢ = 107'% L, = 100 and
0L, = 5.
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A Schwinger-Keldysh Formalism in Field Theory

In this appendix, we briefly review the Schwinger-Keldysh formalism [64, [65], 66, 59] for d-
dimensional QFTs in Lorentzian signature. This formalism was developed for cases where
the in state and the out state are not both eigenstates of the Hamiltonian and as such
it is particularly useful for studying non-equilibrium phenomena. It provides a natural
definition of the various two-point correlation functions in Lorentzian signature (Feynman,
anti-Feynman, retarded, advanced, etc.) in a pure or a thermal state, which is relevant for
the discussions in this paper. We begin by defining a Keldysh contour, v, in the complex

(=T, 0,) m

—r0) —— (T, 0)
M
Vb lT
N
(=T, —0oy) 72 (T, —ow)
Ye lT
(=T, —0,.)

Figure 14: General Keldysh contour given by 1’

time plane § = t—i7. Without loss of generality, we can take v to consist of three Euclidean
segments 7y, where I = {a,b, c}, and two Lorentzian segments ;, where i = {1,2}, whose
complex times run as (see figure H

Yo: O€[-T+io,,—T],
Wwe O[T, T—ioy),
Ye: 0 €[-T —ioy,—T —io.],

Qe |-T,T],
n i | (A1)
vo: O€[=T —ioy, T —ioy).
The Euclidean segments prepare the state p. When p is the vacuum or some other pure
state, we set 0, — 0 and o0, = 0. — oo. When p is a thermal state of temperature 3 we
set 0, = 0, = 0. = /2 and identify the end points of the contour. The partition function,

evaluated in the state p, in the presence of a source s coupled to some operator O, is given
by

Z¥ 5] = /p Dy exp (Z A df / dz [Lqrr[X, 0,X] +s(9,:f)(’)(9,f)]>, (A.2)

9This type of Schwinger-Keldysh contour is known as an in-in contour, since the Euclidean pieces
that prepare the state are both glued at Lorentzian time ¢ = —T'. For particle scattering problems it
is customary to instead work with an in-out contour whose Euclidean pieces are glued at times ¢t = —T
and ¢t = T, since both the in and out states are eigenstates of the Hamiltonian. The downside of this
other configuration is that it can only produce the Feynman correlator explicitly. We will work with such
an in-out contour when we calculate the Feynman correlator for a time dependent geometry dual to a
wormbhole transitioning state in section
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where x collectively describes the QFT degrees of freedom. Omitting the spatial ¥ integral
in what follows, the source term in the partition function reads
T

/d@ s(0)O0(0) = /O dr s(=T —i7)O(=T —iT) +i/ dt s(t)O(t)

o' -T
-7
/ dr s(T —iT)O(T —iT) + 2/ dt s(t —ioy,)O(t — iop)
0 T

+/ dr s(—T — ir)O(~T — i)

E/ dr s, (r T)H'/T dtsl(t)(’)l(t)+/Ogbdrsb(7)(’)b(7)

=T

- i/_T dt so(t)Os(t) + /UC dr s.(1)O(T), (A.3)

b

where we have defined
So(T) =8(=T —it), 1€][—040],
sp(1) = s(T —iT), T € [0, 0],
Se(T) = 8(=T —i1), T € [op, 0],

s1(t) = s(t), te|-T,T],

So(t) = s(t —ioy), te[-T,T], (A-4)

and analogously for O; and O;. The vev of O;, in the state p, and in the presence of the
source s, is given by

(—1)5i2 dln ZPCFT[S]

A — A.
<Ol(x)>p7s 2 (581(37) 9 ( 5)
where x = (¢, 7). The Keldysh propagator, in the state p, is
- ~iq / _1 6ij7612+1 5 <OZ ($)> S /
G (') = 1 | (OO, (A6)

i dsi(2') |

where T, stands for time ordering along the Keldysh contour. In our conventions the Feyn-
man (iG7), Wightman (iG7), anti-Wightman (iG), and anti-Feynman (iG}) correlators
are defined as

(T,0:(2)01(2")), = (TO(2)O(2")),, = iG} (x,2") ,
(T,,0:1(2)0s(2")), = (0(2")O(2)),, = iG; (2, 2"),
(T,0:(2)O1(2')),, = (O(2)O(a")), = iG) (2, 2")
(T, 05(x)0s(2)), = (TO(2)O(a')) | = iG (w,2")

(A7)

where the equivalences stem from the fact that any operator that appears on the backwards
piece, 2, by construction has larger Keldysh time than any operator appearing on the
forwards contour, 7, and we have dropped the subscripts (1,2) from the operators. It is

easy to see that
iGZ (z, ') = 0(t — )iGT (x,2') + 0 — t)iGF (z, ), (A8)
iG<(z,2) = 0(t' — 1)iGF (z,2') + 0(t — t')iGT (z,2").

Out of the components of the Keldysh propagator one can build the retarded (ZGR) and
advanced (iG?)) propagators

iGR(x,2') = iGF (2, 2) — iG5 (w, 2') = O(t — 1) [in(w, ) —iGE(x, x')} , "
iGA(w, ') = iGF (z,2') — iG> (2, 2) = —0(' — 1) [zef(x, o) —iGh(x, x’)} .
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Of particular physical interest is the retarded correlator; this appears as the causal linear
response of the system due to external perturbations. We can see this when calculating
the variation of the one-point function on v, in state p and in the presence of the same
external source s; = s, on y; and 7s:

) Ol ZL‘/ 1) 01 $/
5 <O1($/)>p,s — /dx {58&@% + 552(1’)%@);”’51

—i / da §s1(z) [(T@@:)O(x’»p - (O(a:)(?(x’))p}
= — /dx 8s1(x)GH(x,2') . (A.10)
A good consistency check is that the correlators we obtain should obey the identities:

(G (2, 2")]" = iG<(z,2'), [iGF(z,2")]" =iGT(z,2), (A11)
iG7 (2, x) = iG<(x,2), iGPT (2 x) =iGPF (z,2)). .

B SvR Real-Time Holography

In this appendix, we briefly review the parts of the Skenderis-van Rees (SvR) formalism for
real-time AdS,,1/CFTy holography [49, [50] which are most relevant for our discussion in
section [3 see [50] for a much more complete discussion and derivation. The SvR formalism
can be seen as the holographic dual of the Schwinger-Keldysh formalism in field theory,
which we briefly review in appendix [A]

We will focus on a scalar field ®(0, &, r) with mass m dual to the operator O(, Z) of
conformal dimension A, which satisfies:

R*m? = A(A - 2), (B.1)

using R as the AdS scale. The bulk dual to a field theory state p can be prepared by allowing
® to fluctuate on top of a mixed-signature spacetime M with fixed background metric g/",
which is Euclidean or Lorentzian depending on the segment. The bulk partition function,
as a functional of the boundary value of the ﬁel ®|8M (0,%) = s(0, %), is given by

9uv

Zps) = [ Db e S (B.2)
[}

’aMZS

The bulk action along the contour ~ is

T

i St [0] :/dHL(G):/O dTL(—T—iT)—i-i/

o -T

dt L(t) + / " e L(T — i)

=T Oc
+ z/ dt L(t — iop) + / dr L(—=T — ir)
T o

b

E—/O dTLf(T)+z'/T dth(t)—/OUdeLbE(T)

—0q =T

—i/T dtLg(t)—/:chLf(T), (B.3)

-7 b

20Here, we do not yet specify the precise meaning of @’ oM the correct interpretation of this equation

can be found in (B.10).
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where the Lorentzian and FEuclidean Lagrangians are given by

1
LiL(t) =3 /dfdr =gk [—gL”“’@L(I)Z-(t,f, )0, P;(t, T, 1) — m2®?(t,f, 7’)} ,
(B.4)
1
LE() = 5 [ dEdr VgE (g0, 01(r, 8,00, (7o) + 3. 2.1)].

and the fields ®; and ®; are defined analogously to . Further, in (B.2) we have
approximated the path integral using the saddle point approximation around the mixed-
signature classical solution ®(8, #, r). We build this by first solving for the two Lorentzian
(®¢(t,7,7)) and the three Euclidean pieces (®$(7,Z,r)) separately, which satisfy the re-

spective equations of motion
1

1
VP

Then, the properly extremized mixed-signature classical solution is such that, at the spatial
hypersurfaces where Euclidean and Lorentzian segments meet, the piecewise fields obey the
matching conditionﬂ

8M< —ngL’“”ﬁ,,(I)fl) - mQ(I);?1 =0,

(B.5)
Ou(V/5P 9" 0,05 ) — m2a = 0.

o' = 99, —i0,05' = 0,94 (B.6)

The classical solution puts the bulk action on-shell: iSpu [®9] = iSg2e!![s], and renders
it a functional of the boundary value of the field (ID‘BM (0,7) = s(6,7). We assume we can
solve the Lorentzian and Fuclidean equations of motion by separation of variables:

HEDY / dwe™ Y (T) filw, L, r), D = / dwe™ Y (%) fr(w, L, r) . (B.T)
1 L,m

The radial parts f;, f; then obey the same second-order ODEE which needs to be supplied
with two boundary conditions. If the geometry in question has only one boundary (e.g.
empty AdS), then one boundary condition comes from demanding regularity in the IR
(e.g. at the origin of AdS) and another from demanding that the field asymptotes to the
source in the UV (e.g. at the boundary of AdS). If the geometry has two boundaries (e.g.
the the eternal black hole, then we have two UV boundary conditions. To implement UV
boundary condition(s), we expand the fields in powers of r near the boundaryﬁ

2

d—A A
o, (z,7) = (;) SG@) + L+ (%) (cbﬁﬁ)(fv) + 97 (2) log %) +.... (B9

2n equation (4.1.15) of [50], the matching conditions have different signs. The difference stems from
the fact that they parametrize the time on -5 to run in the opposite direction. In our convention the minus
appearing in front of the action on -5 cancels with the minus coming from the fact that the derivation —3;
on 7, runs in the opposite direction compared to the derivation i9; on ~s, thus applies universally
at all meeting hypersurfaces.

22A Euclidean mode will satisfy exactly the same radial equation as a Lorentzian one, since e.g.
eiwtghittg2e=ivt — w7 gBT7H2e=wT (similar relations hold involving off-diagonal time-space components
of the metric). As such, there is no need to distinguish between the Lorentzian and Euclidean radial
functions.

2We use coordinates where the boundary is at 7 — oo and looks like:

2 r’ 2 2 R,
ds*|r oo = V2 (—d9 + dx ) + T—er , (B.8)
where df? = dt? or df? = —dr?, depending on if we are in Lorentzian or Euclidean signature.
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where x = (t,Z) or z = (7, Z) depending on whether we are on an Euclidean or a Lorentzian
segment, and a is some distance scale of the geometry in question. The first set of dots
in contains terms between orders d — A + 2 and A — 2, while the second set of dots
contains terms of orders beyond A, which all might have log pieces to them. These log
pieces only appear when d is even and when A € Z, and are related to the conformal
anomaly in the CFT. From these expansions, we read off the sources as:

si7(z) = lim (i)d_A(I)U(x, r) = ¢§,dI_A)(I) : (B.10)

r—00 a

We can also define the Fourier transformed sources s; ; through:

s =Y / doe= Y ()51 (w0, 1, 73) f (w0, 1,17, 1) (B.11)
L

sp(z) = Z/dwe‘“” 1 ()57 (w, 1) f(w, 1, r) (B.12)
Lm

which can alternatively be seen as fixing the normalization of the radial functions f. Having
obtained the piecewise bulk fields ®; ; that solve the equations of motion with the correct
boundary conditions and obey the matching conditions, we build up the mixed-signature
bulk field ® using the analogous expression to and express the on-shell action as

i

A
§Somshell ) — iy —(f> / do / 47 s(0, )10, 0(6, 7, 7). (B.13)
2\a -

It is clear that all terms beyond order A in decay when the limit is taken, while
all terms between orders d — A and A — 2 diverge. We can cancel these divergences with
appropriate counterterms; this procedure is called holographic renormalization [67]. The
final, renormalized result is:

iSphelllg] = (2A — d) / do / Az s(0, 7)™ (6, 7) . (B.14)
vy

With this setup one can extend the Gubser-Klebanov-Polyakov-Witten dictionary [68, 69],
originally developed only for Euclidean AdS/CFT, to these mixed-signature bulks and
boundaries. The dictionary states that the boundary value of the field, CID‘ on acts as
a source for the operator 0. Further the boundary partition function in the state p is
equivalent to the bulk partition function on the background g, , which in the large /V limit
can be approximated by the classical on-shell action

CFT bulk[ 1 ~ iSonshellig
Z, sl = 2,0 [s] 2 ettruk sl (B.15)
Thus, in the large N limit, we can compute correlation functions holographically as

(2)) = (—1)%2 diSpmeel[s] RIS
(Oi(z)),. = - 55:(2) = (2A —d)¢; ' (z),

- _1\%ij—dia+1 § i _1)%i;—di2+1 _ (A)
i dsj(') | s=p i ds;(a)

(B.16)

s=0

B.1 Correlators of Empty AdS

In this section, we briefly review the real-time holography calculation that obtains the
two-point function of a minimally coupled scalar field in empty AdSs. This calculation can
be found in section 4.1 of [50].
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The metric of global (Lorentzian) AdSs is:

9 9 1 re [0,00),
ds® = _(1 + %) de? + (1 + %) dr® +r%de? | t € (—00,00), (B.17)
pe[0,2m).

The Euclidean metric is obtained by taking ¢ — 7. A conformal diagram of empty AdS;
is given in figure [15]

Figure 15: Empty AdSs with a radial light ray (depicted in yellow). The light ray appears
discontinuous on the diagram because we have suppressed the angle : after reaching the
center of AdS the light ray continues propagating in the antipodal part of the spacetime,
reflects from the antipodal point on the boundary and re-emerges at r = 0 after time 7 R.

Schwinger-Keldysh contour We take the following Schwinger-Keldysh consisting of
two Euclidean (77, I = a,b) and two Lorentzian (;, i = 1,2) segments, whose Keldysh
time 6§ =t — ¢7 runs as

Yo: O€[-T+ioc0,—T], v 0el[-T,T], (B.18)

YW 0e[l,T—iocx], v 0e[-T,T]. '
The bulk dual to this contour is made out of two Lorentzian pieces and one Euclidean
piece, which is split in two at ¢ = 0. The two Euclidean sub-pieces are then glued to the
Lorentzian pieces as depicted in figure 5} Note that the boundary contours of empty AdS
and the Solodukhin wormhole are the same; however, the blue line in the bulk contour
has a different interpretation: for the wormbhole, it is the center of the wormhole throat,
whereas for empty AdS it is the center of AdS at r = 0. These gluings dictate the matching
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conditions that the piecewise bulk fields obey?]
D,(0,0,7) =P (=T, 0,7), 0.P.(0,0,7)=—i0,P1 (=T, ,7),
(I>1 (T7 P, T) = (I)Q(Ta ©, T) 9 8t(I)1<T7 @, T) = atq)2(T7 P, T) ) (Blg)
Du(0,0,7) = Do (=T, 0,7), 0,90, 0,7) = —10;Po(=T, 0, 7).

Scalar wave solutions We can use separation of variables as in (2.7)) to solve the equa-~
tions of motion for the minimally coupled scalar on the different pieces of the Schwinger-
Keldysh contour:

; = e e 5 (w k) f(w, k,7), O; = e ™5 (w, k) f(w, k,7), (B.20)

with @ = {1,2} for the Lorentzian segments and I = {a,b} for the Euclidean segments.
The solutions to the wave equation (2.8) for the AdS metric (B.17)) are

+k 2 % 1 1 2
fi(w,k,r):(%) <1+%) 2F1(§(ij:k;),1+E(Rw:tk;);lztk;—%).(B.21)

Demanding regularity in the IR (near the origin r = 0) necessitates that the only allowed
solution is the linear combination:

Flw,kyr) = Nog[0(k) fH(w, k7)) + 0(=k) f~ (w, By 1)) = N f(w, [kl 7). (B.22)
where N, is a constant of normalization

T(1+ 5(Bw + [k])T (1 — 5(Bw — [k]))
(1 + |k|) ’

which is chosen such that the leading behavior at the UV (near the boundary r = o) is
normalized to unity. Then the asymptotic expansion of the modes near the boundary is:

flw,k,r)y=1+ ga(w, k) (ﬁ(w, k) + log g) +..., (B.24)
a(w, k) = _i(RQ“’Q k%),
B 1 1 2(Rw + |k|)
Bk = (1= (R = 1)) 0 (14 (R0 + ) ) + T

where ¢(-) = I"(-)/T'() is the diagamma function and we have given f(w,k) modulo
constants which do not affect the poles of 8. The poles of f are given by

Rwy =+@2n+k), n=12..., keZ. (B.25)

These (real) poles constitute the normal modes of empty AdS.

Construction of the piecewise bulk fields Our next task is to construct the piecewise
bulk fields. A generic Lorentzian field is expanded as

q)z' — Z eik(p/c dw G_iwtféijgj
k 0

:Zeik“" [/ dwe_thf5ij§j+/ dwe_mf\/;j§j+/ dwe ™ fW;;5;|, (B.26)
3 F w< w>

24The matching condition between the two Lorentzian fields is the o, — 0 limit of the matching condi-
tions of the general contour (A.1]) in appendix
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where in the first line C; is an arbitrary contour that avoids the poles of f. In the second
line we have parametrized the freedom in choosing the contour C; by taking a Feynman
contour and adding “contour-correcting” functions V;; and W;; to it. These contours are
depicted in figure 4 The Feynman contour corresponds to the non-normalizable modes
while the Wightman contours pick up normalizable mode contributions. Note that our
ansatz has the correct UV asymptotics since:

rll{& (I)z = Z eikcp /Rdw e_i‘*’t5ij§j = S5;. (B27)
k

We do not allow sources on the Euclidean pieces as we are preparing empty AdS without
excitations, so the Euclidean fields are composed of normalizable pieces alone:@

d; = Zeik“" {/MK dwe™" fVi;5; + /W> dw e ™7 fWy;5,] . (B.28)
k

Regularity imposes a further restriction on the allowed Euclidean pieces. On ~v,, 7 < 0 so
regularity as w — +oo demands that W,; = 0. Similarly, regularity for 7 > 0 on ~, as
w — —oo is enforced by V;; = 0.

Applying matching conditions Now, we wish to apply the matching conditions .
First of all, the Fourier transform of s; in (B.26)) is given by . Noting that the source
must only have support for —T < t' < T, at t ~ —T, the factor e~ @) = lt=t'| blows
up in the lower half plane so that we must close the Feynman integral in in the
upper half plane. Similarly, when ¢t ~ T, we close the F integral in the lower half plane.
This results in the expressions:

it ~—T) =) e {/ dw ™™ f (035 + Vig)3; + /
w<

k w>

(I)z(t ~ T) = Z eikgp [/ dw G_Mtf‘/;'jgj + /
2 w=

dw e—iwthijgj:| 5
(B.29)

dw €_thf<(Sij -+ Wl])§]:| .
w>

Now, we can apply the matching conditions (B.19)); since each pole is independent we must
apply them separately to the W< and W~ integrals:

W< : Vaje*"“T = 51]‘ + ‘/1]' s W> : 0= le s
Vij = Va;, 015 + Wiy = dg5 + Wa;, (B.30)
0= 62]' + ‘/2]‘ 5 ije_in = ng .

The solution to these matching conditions is given by:
-1
Vij = (8 —1) o W= ((1) —01> ’
ij ij (B.31)
wT wT
Voj= (1 —1),e*", Wy = (1 —1).e*",

so that the Euclidean and Lorentzian fields are now completely determined in terms of the
sources S;.

25Note that we have already assumed no sources on the Euclidean segments when we constrained the
generic linear combinations of the sources V;;5; and W;;5; to run only along the Lorentzian sources.
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Extracting the correlators Finally, having solved the bulk fields entirely, we can ex-
tract the correlation functions from them. For this, we extract the r2 /r? term in the
expansion of the Lorentzian fields (see appendix :

= Zk:eikw |:/]: dw e*i“’t(aﬁ)&j% +/

w<

dw efiwt(OZﬁ)‘/;jgj + / dw e*iwt(aﬁ)Wijéj
w>
(B.32)

Then, we use the Fourier transform s(t, ¢) of §;(w, k) defined in (B.27)) and perform func-
tional derivatives with respect to s;(t', ¢") to obtain the correlators:

21yt 597 (@)

iGiAde(xvx/) = i 58'(%’)
J

s;=0
(_ 1)5@'—51‘2-&-1

=—L Z etkle=¢") [/F dw e @508
%

24
+/ dw eV a8 + / dw e W a6 . (B.33)
W< w>
For example, the retarded correlator is given by:

mﬁﬁmﬁvzea—wPGﬁgxf%%GEAxfﬂ=ea—wheﬁg 7') - iGRs(x. )]
_G(t—t cik(e—¢') / =)0

2724
_e(t_t zkgoga / tt)ozﬁ
27T2 R-+ie
0t —t . / . '
_ot—t) Z gik(o—¢") / dw e—t=0) 5 (B.34)
271'22 3 W> W<

where we have used the relation F = —F + W> + W<, as well as F — F = R +ie with € a
small positive number. In the last line we have employed the fact that the 6(t —t') function
demands to close R + i€ in the lower half plane, see figure @ (where now the crosses should
be considered to be poles of the empty AdS mode f). Finally, we compute this integral as
a sum over the residues of 3. We obtain (with At =¢ — ¢t and Ap = ¢ — ¢'):

20(At , 4 o
Z-Gids(x’x/) _ ﬂ<-R ) Z efzw:katJrzkAché(w:k) _ ZezwnkAtJrzkAcpa(wnk)]
n,k n,k
O(At) 1 1
o , 2 A 2|
2kt <cos (%) - cos(Agp)) (cos (%) - cos(Agp))

(B.35)

where the ie prescription appears with a minus sign to regulate the w, sum and with a
plus sign to regulate the w,, sum.

43



References

1]

2]

[10]

[11]

[12]

[13]

S. W. Hawking, Breakdown of Predictability in Gravitational Collapse, Phys. Rev. D
14 (1976) 24602473

S. D. Mathur, The Information paradox: A Pedagogical introduction, Class. Quant.
Grav. 26 (2009) 224001, 0909.1038

D. Harlow, Jerusalem Lectures on Black Holes and Quantum Information, Rev.
Mod. Phys. 88 (2016) 015002, 1409.1231

S. Raju, Lessons from the information paradoz, Phys. Rept. 943 (2022) 2187,
2012.05770

S. D. Mathur, The Fuzzball proposal for black holes: An Elementary review, Fortsch.
Phys. 53 (2005) 793-827, hep-th/0502050

I. Bena and N. P. Warner, Resolving the Structure of Black Holes: Philosophizing
with a Hammer, 1311.4538

I. Bena and N. P. Warner, Black holes, black rings and their microstates, Lect. Notes
Phys. 755 (2008) 1-92, hep-th/0701216

M. Shigemori, Superstrata, Gen. Rel. Grav. 52 (2020), no. 5, 51, 2002.01592

I. Bena, M. Shigemori and N. P. Warner, Black-Hole Entropy from Supergravity
Superstrata States, JHEP 10 (2014) 140, 1406 .4506

I. Bena, S. Giusto, R. Russo, M. Shigemori and N. P. Warner, Habemus
Superstratum! A constructive proof of the existence of superstrata, JHEP 05 (2015)
110, [1503.01463

I. Bena, E. Martinec, D. Turton and N. P. Warner, Momentum Fractionation on
Superstrata, JHEP 05 (2016) 064, 1601 .05805

I. Bena, S. Giusto, E. J. Martinec, R. Russo, M. Shigemori, D. Turton and N. P.
Warner, Smooth horizonless geometries deep inside the black-hole regime, Phys. Rev.
Lett. 117 (2016), no. 20, 201601, |1607.03908

I. Bena, S. Giusto, E. J. Martinec, R. Russo, M. Shigemori, D. Turton and N. P.
Warner, Asymptotically-flat supergravity solutions deep inside the black-hole regime,
JHEP 02 (2018) 014, 1711.10474

P. Heidmann, D. R. Mayerson, R. Walker and N. P. Warner, Holomorphic Waves of
Black Hole Microstructure, JHEP 02 (2020) 192, 1910.10714

D. R. Mayerson, R. A. Walker and N. P. Warner, Microstate Geometries from
Gauged Supergravity in Three Dimensions, JHEP 10 (2020) 030, 2004 .13031

D. R. Mayerson and M. Shigemori, Counting D1-D5-P microstates in supergravily,
SciPost Phys. 10 (2021), no. 1, 018, 2010.04172

J. C. Breckenridge, R. C. Myers, A. W. Peet and C. Vafa, D-branes and spinning
black holes, Phys. Lett. B 391 (1997) 93-98, hep-th/9602065

44


http://www.arXiv.org/abs/0909.1038
http://www.arXiv.org/abs/1409.1231
http://www.arXiv.org/abs/2012.05770
http://www.arXiv.org/abs/hep-th/0502050
http://www.arXiv.org/abs/1311.4538
http://www.arXiv.org/abs/hep-th/0701216
http://www.arXiv.org/abs/2002.01592
http://www.arXiv.org/abs/1406.4506
http://www.arXiv.org/abs/1503.01463
http://www.arXiv.org/abs/1601.05805
http://www.arXiv.org/abs/1607.03908
http://www.arXiv.org/abs/1711.10474
http://www.arXiv.org/abs/1910.10714
http://www.arXiv.org/abs/2004.13031
http://www.arXiv.org/abs/2010.04172
http://www.arXiv.org/abs/hep-th/9602065

[18]

[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

S. Giusto, E. Moscato and R. Russo, AdSs holography for 1/4 and 1/8 BPS
geometries, JHEP 11 (2015) 004, 1507 .00945

S. Giusto, S. Rawash and D. Turton, Adss holography at dimension two, JHEP 07
(2019) 171, (1904 . 12880

A. Bombini, A. Galliani, S. Giusto, E. Moscato and R. Russo, Unitary 4-point
correlators from classical geometries, Eur. Phys. J. C 78 (2018), no. 1, 8, 1710.06820

S. Giusto, R. Russo and C. Wen, Holographic correlators in AdSs, JHEP 03 (2019)
096, 1812.06479

N. Ceplak and M. R. R. Hughes, The Regge limit of AdSs holographic correlators
with heavy states: towards the black hole regime, JHEP 07 (2021) 021, 2102.09549

N. Ceplak, S. Giusto, M. R. R. Hughes and R. Russo, Holographic correlators with
multi-particle states, 2105.04670

I. Bena, P. Heidmann, R. Monten and N. P. Warner, Thermal Decay without
Information Loss in Horizonless Microstate Geometries, SciPost Phys. 7 (2019),
no. 5, 063, 1905.05194

. Bena, F. Eperon, P. Heidmann and N. P. Warner, The Great Escape: Tunneling
out of Microstate Geometries, JHEP 04 (2021) 112, 2005.11323

E. Maggio, P. Pani and G. Raposo, Testing the nature of dark compact objects with
gravitational waves, 2105.06410

D. R. Mayerson, Fuzzballs and Observations, Gen. Rel. Grav. 52 (2020), no. 12, 115,
2010.09736

V. Cardoso and P. Pani, Testing the nature of dark compact objects: a status report,
Living Rev. Rel. 22 (2019), no. 1, 4, 1904.05363

L. Barack et al., Black holes, gravitational waves and fundamental physics: a
roadmap, Class. Quant. Grav. 36 (2019), no. 14, 143001, 1806.05195

G. Ashton, O. Birnholtz, M. Cabero, C. Capano, T. Dent, B. Krishnan, G. D.
Meadors, A. B. Nielsen, A. Nitz and J. Westerweck, Comments on: ”FEchoes from
the abyss: Fvidence for Planck-scale structure at black hole horizons”, 1612.05625

J. Abedi, H. Dykaar and N. Afshordi, Fchoes from the Abyss: The Holiday Edition!,
1701.03485

J. Westerweck, A. Nielsen, O. Fischer-Birnholtz, M. Cabero, C. Capano, T. Dent,
B. Krishnan, G. Meadors and A. H. Nitz, Low significance of evidence for black hole
echoes in gravitational wave data, Phys. Rev. D 97 (2018), no. 12, 124037,
1712.09966

J. Abedi, H. Dykaar and N. Afshordi, Comment on: ”Low significance of evidence
for black hole echoes in gravitational wave data”, 1803 .08565

R. K. L. Lo, T. G. F. Li and A. J. Weinstein, Template-based Gravitational-Wave
Echoes Search Using Bayesian Model Selection, Phys. Rev. D 99 (2019), no. 8,
084052, [1811.07431

45


http://www.arXiv.org/abs/1507.00945
http://www.arXiv.org/abs/1904.12880
http://www.arXiv.org/abs/1710.06820
http://www.arXiv.org/abs/1812.06479
http://www.arXiv.org/abs/2102.09549
http://www.arXiv.org/abs/2105.04670
http://www.arXiv.org/abs/1905.05194
http://www.arXiv.org/abs/2005.11323
http://www.arXiv.org/abs/2105.06410
http://www.arXiv.org/abs/2010.09736
http://www.arXiv.org/abs/1904.05363
http://www.arXiv.org/abs/1806.05195
http://www.arXiv.org/abs/1612.05625
http://www.arXiv.org/abs/1701.03485
http://www.arXiv.org/abs/1712.09966
http://www.arXiv.org/abs/1803.08565
http://www.arXiv.org/abs/1811.07431

[35]

[38]

[39]
[40]

A. B. Nielsen, C. D. Capano, O. Birnholtz and J. Westerweck, Parameter estimation
and statistical significance of echoes following black hole signals in the first Advanced
LIGO observing run, Phys. Rev. D 99 (2019), no. 10, 104012, |1811.04904

A. Testa and P. Pani, Analytical template for gravitational-wave echoes: signal
characterization and prospects of detection with current and future interferometers,
Phys. Rev. D 98 (2018), no. 4, 044018, 1806.04253

K. W. Tsang, M. Rollier, A. Ghosh, A. Samajdar, M. Agathos, K. Chatziioannou,
V. Cardoso, G. Khanna and C. Van Den Broeck, A morphology-independent data
analysis method for detecting and characterizing gravitational wave echoes, Phys.
Rev. D 98 (2018), no. 2, 024023, 1804 .04877

J. Abedi and N. Afshordi, Echoes from the Abyss: A highly spinning black hole
remnant for the binary neutron star merger GW170817, JCAP 11 (2019) 010,
1803.10454

J. Abedi and N. Afshordi, Fchoes from the Abyss: A Status Update, 2001.00821

N. Uchikata, H. Nakano, T. Narikawa, N. Sago, H. Tagoshi and T. Tanaka, Searching
for black hole echoes from the LIGO-Virgo Catalog GWTC-1, Phys. Rev. D 100
(2019), no. 6, 062006, 1906 .00838

L. F. Longo Micchi, N. Afshordi and C. Chirenti, How loud are echoes from exotic
compact objects?, Phys. Rev. D 103 (2021), no. 4, 044028, 2010.14578

V. Dimitrov, T. Lemmens, D. R. Mayerson, V. S. Min and B. Vercnocke,
Gravitational Waves, Holography, and Black Hole Microstates, 2007 .01879

T. Ikeda, M. Bianchi, D. Consoli, A. Grillo, J. F. Morales, P. Pani and G. Raposo,
Black-hole microstate spectroscopy: Ringdown, quasinormal modes, and echoes,
Phys. Rev. D 104 (2021), no. 6, 066021, 2103.10960

F. Bacchini, D. R. Mayerson, B. Ripperda, J. Davelaar, H. Olivares, T. Hertog and
B. Vercnocke, Fuzzball Shadows: Emergent Horizons from Microstructure, Phys.
Rev. Lett. 127 (2021), no. 17, 171601, 2103.12075

E. J. Martinec and N. P. Warner, The Harder They Fall, the Bigger They Become:
Tidal Trapping of Strings by Microstate Geometries, JHEP 04 (2021) 259,
2009.07847

N. Ceplak, S. Hampton and Y. Li, A Helix Down the Throat: Internal Tidal Effects,
2106.03841

S. N. Solodukhin, Restoring unitarity in BTZ black hole, Phys. Rev. D 71 (2005)
064006, hep-th/0501053

T. Damour and S. N. Solodukhin, Wormholes as black hole foils, Phys. Rev. D 76
(2007) 024016, (0704 . 2667

K. Skenderis and B. C. van Rees, Real-time gauge/gravity duality, Phys. Rev. Lett.
101 (2008) 081601, 0805.0150

K. Skenderis and B. C. van Rees, Real-time gauge/gravity duality: Prescription,
Renormalization and Examples, JHEP 05 (2009) 085, 0812.2909

46


http://www.arXiv.org/abs/1811.04904
http://www.arXiv.org/abs/1806.04253
http://www.arXiv.org/abs/1804.04877
http://www.arXiv.org/abs/1803.10454
http://www.arXiv.org/abs/2001.00821
http://www.arXiv.org/abs/1906.00838
http://www.arXiv.org/abs/2010.14578
http://www.arXiv.org/abs/2007.01879
http://www.arXiv.org/abs/2103.10960
http://www.arXiv.org/abs/2103.12075
http://www.arXiv.org/abs/2009.07847
http://www.arXiv.org/abs/2106.03841
http://www.arXiv.org/abs/hep-th/0501053
http://www.arXiv.org/abs/0704.2667
http://www.arXiv.org/abs/0805.0150
http://www.arXiv.org/abs/0812.2909

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

M. Banados, C. Teitelboim and J. Zanelli, The Black hole in three-dimensional
space-time, Phys. Rev. Lett. 69 (1992) 1849-1851, hep-th/9204099

M. Banados, M. Henneaux, C. Teitelboim and J. Zanelli, Geometry of the (2+1)
black hole, Phys. Rev. D 48 (1993) 1506-1525, gr-qc/9302012, [Erratum:
Phys.Rev.D 88, 069902 (2013)]

B. C. van Rees, Real-time gauge/gravity duality and ingoing boundary conditions,
Nucl. Phys. B Proc. Suppl. 192-193 (2009) 193-196, 0902.4010

M. Botta-Cantcheff, P. J. Martinez and G. A. Silva, The Gravity Dual of Real-Time
CFT at Finite Temperature, JHEP 11 (2018) 129, 1808.10306

M. Botta-Cantcheff, P. J. Martinez and G. A. Silva, Holographic excited states in
AdS Black Holes, JHEP 04 (2019) 028, 1901.00505

D. T. Son and A. O. Starinets, Minkowski space correlators in AdS / CFT
correspondence: Recipe and applications, JHEP 09 (2002) 042, hep-th/0205051

C. P. Herzog and D. T. Son, Schwinger-Keldysh propagators from AdS/CFT
correspondence, JHEP 03 (2003) 046, hep-th/0212072

J. de Boer, M. P. Heller and N. Pinzani-Fokeeva, Holographic Schwinger-Keldysh
effective field theories, JHEP 05 (2019) 188, 1812.06093

L. V. Keldysh, Diagram technique for nonequilibrium processes, Zh. Eksp. Teor. Fiz.
47 (1964) 1515-1527

J. M. Maldacena, Eternal black holes in anti-de Sitter, JHEP 04 (2003) 021,
hep-th/0106112

W. Israel, Thermo field dynamics of black holes, Phys. Lett. A 57 (1976) 107-110

V. Cardoso and J. P. S. Lemos, Scalar, electromagnetic and Weyl perturbations of
BTZ black holes: Quasinormal modes, Phys. Rev. D 63 (2001) 124015,
gr-qc/0101052

P. Bueno, P. A. Cano, F. Goelen, T. Hertog and B. Vercnocke, Echoes of Kerr-like
wormholes, Phys. Rev. D 97 (2018), no. 2, 024040, |1711.00391

J. S. Schwinger, Brownian motion of a quantum oscillator, J. Math. Phys. 2 (1961)
407-432

P. M. Bakshi and K. T. Mahanthappa, Ezpectation value formalism in quantum field
theory. 1., J. Math. Phys. 4 (1963) 1-11

P. M. Bakshi and K. T. Mahanthappa, Ezpectation value formalism in quantum field
theory. 2., J. Math. Phys. 4 (1963) 12-16

K. Skenderis, Lecture notes on holographic renormalization, Class. Quant. Grav. 19
(2002) 5849-5876, hep-th/0209067

E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998)
253-291, hep-th/9802150

S. S. Gubser, I. R. Klebanov and A. M. Polyakov, Gauge theory correlators from
noncritical string theory, Phys. Lett. B 428 (1998) 105-114, hep-th/9802109

47


http://www.arXiv.org/abs/hep-th/9204099
http://www.arXiv.org/abs/gr-qc/9302012
http://www.arXiv.org/abs/0902.4010
http://www.arXiv.org/abs/1808.10306
http://www.arXiv.org/abs/1901.00505
http://www.arXiv.org/abs/hep-th/0205051
http://www.arXiv.org/abs/hep-th/0212072
http://www.arXiv.org/abs/1812.06093
http://www.arXiv.org/abs/hep-th/0106112
http://www.arXiv.org/abs/gr-qc/0101052
http://www.arXiv.org/abs/1711.00391
http://www.arXiv.org/abs/hep-th/0209067
http://www.arXiv.org/abs/hep-th/9802150
http://www.arXiv.org/abs/hep-th/9802109

	1 Introduction
	2 BTZ, Wormhole and Wave Equation
	2.1 The Non-Rotating BTZ Black Hole
	2.2 The Non-Rotating Wormhole
	2.3 The Scalar Wave Equation

	3 Correlators via Real Time Holography
	3.1 Correlators of the BTZ Black Hole
	3.2 Correlators of the Solodukhin Wormhole
	3.3 Feynman Correlator of a Wormhole Transition

	4 Retarded Wormhole Correlator via Hybrid WKB
	4.1 Calculation of the WKB Propagator
	4.2 Hybrid WKB vs. Real Time Holography

	5 Position-Space Correlators
	5.1 Black Hole Correlator
	5.2 Three Ways to the Wormhole Correlator
	5.3 Wormhole Transition Feynman Correlator

	A Schwinger-Keldysh Formalism in Field Theory
	B SvR Real-Time Holography
	B.1 Correlators of Empty AdS


