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New kind of echo from quantum black holes
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We propose that a quantum black hole can produce a new kind of late-time gravitational echoes,
facilitated by a near-horizon process analogous to Andreev reflection in condensed matter systems.
In comparison to the traditional echo scenarios where the near-horizon region is treated as an ordinary

reflector, we argue that, consequent to near-horizon gravitational scattering, this region is better described
by an Andreev reflector. Such interactions lead to a novel contribution to gravitational echoes with a
characteristic phase difference, an effect which is analogous to how Andreev reflections lead to propagating

particlelike and holelike components with a relative phase in certain condensed matter scenarios. Moreover,

this novel contribution to the echo signal encodes information about the “near-horizon quantum state,”

hence offering a possible new window to probe the quantum nature of black holes.

DOI: 10.1103/PhysRevD.105.064024

I. INTRODUCTION

Black holes, for several reasons, are one of the most
peculiar objects in nature. On the one hand, as mathematical
constructions in general relativity (GR), they are remarkably
simple in their rendition [1], while on the other, they seem to
possess thermodynamic properties [2—4] which are usually
ascribed to objects that have a microscopic structure. Over
the years, the studies on black holes have bestowed us
with insights into several branches of theoretical physics
and mathematics. Moreover, with several recent [5-7] and
upcoming [8] gravitational-wave observations directly
concerning black holes, it is expected that they may prove
to be useful in verifying many important theoretical pre-
dictions in the field. A deeper understanding of black hole
physics is also particularly crucial to the efforts towards a
consistent theory of quantum gravity. In this regard, despite
years of investigations, there is hardly any dispute that much
is yet to be deciphered about black holes with quantum
characteristics.

The most notorious puzzle in the quantum physics of
black holes is the black hole quantum information loss
problem [9-11]; it concerns the complete recovery of the
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initial quantum state that collapsed to form a black hole,
from the radiation which is left behind and available to an
asymptotic future observer. Several approaches have been
suggested over the years to resolve this issue (see [12—16] for
a recent review). Insights from condensed matter platforms
have also resulted in intriguing quantum analogies which
suggest that the final quantum state of black holes as
perceived by an external observer could be a superfluid
quantum condensate and, hence, leading to a viable alter-
native paradigm to understand the black hole evaporation
process [17-19].

Further inputs to the notion that a black hole could be a
condensate in a consistent quantum theory of gravity also
comes from several independent considerations, see for
instance [20-24]. Notwithstanding the elegance of such
proposals and their conceptual implications, any consistent
quantum description of black holes should yield measurable
predictions. With the growing capabilities of gravitational-
wave and other observations, there is increasing confidence
that substantial inputs for the formulation of a quantum
theory of gravity may be available in the decades to come
[25-30]. In view of this, through this work, we highlight
the observational aspects of certain proposals that suggest a
black hole could be a condensate of interacting microscopic
degrees of freedom. In particular, since the quantum state
of a condensate is characterized by very few parameters,
as for instance the number density and macroscopic quan-
tum phase of the condensate, such proposals are likely to
have effective descriptions with a minimal number of
parameters. Moreover, if available or upcoming observa-
tional facilities can probe the macroscopic quantum features

Published by the American Physical Society


https://orcid.org/0000-0001-6128-7947
https://orcid.org/0000-0003-3193-1900
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.064024&domain=pdf&date_stamp=2022-03-15
https://doi.org/10.1103/PhysRevD.105.064024
https://doi.org/10.1103/PhysRevD.105.064024
https://doi.org/10.1103/PhysRevD.105.064024
https://doi.org/10.1103/PhysRevD.105.064024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.kb.se/samverkan-och-utveckling/oppen-tillgang-och-bibsamkonsortiet/bibsamkonsortiet.html

SREENATH K. MANIKANDAN and KARTHIK RAJEEV PHYS. REV. D 105, 064024 (2022)

xs Ts

(a) (b)
FIG. 1. (a) Black hole horizon as a perfect absorber, where all the modes propagating to the left of the potential barrier (with / = 2,
s = 2 in this example) are absorbed. (b) Echoes are created when the boundary condition in the near-horizon region x = x; is replaced
by a reflector. The reflectivity depends on the specifics of the modified gravity theory under consideration, for instance the proposal in
Refs. [37,38] suggests that the horizon area is quantized, such that the reflectivity is unity except for at the discrete frequencies given in
Eq. (6), where one expects absorption to occur. (¢) Our proposal, where quantum interactions near the horizon facilitates mode

conversions, leading to both particlelike and holelike components for the echo.

of the condensate, one might gain useful insights about the
quantum nature of black hole horizons. Here, we propose a
scenario which precisely addresses this possibility, using the
framework of the so-called gravitational echoes from a black
hole spacetime [31-35].

The possibility of creation of multiple echoes of gravi-
tational signals from black holes and exotic compact binaries
has caught significant attention in recent times [31-36].
These echoes arise as a result of ordinary reflective boundary
conditions imposed at the horizon. Multiple reflections of
gravitational waves at the horizon and the photon sphere
potential barrier results in a signal pattern reminiscent of the
echoes formed as a result of multiple reflections of sound
waves. Imposition of nonstandard reflective boundary con-
ditions at horizon could be motivated by several proposed
modifications of the black hole spacetime that arise, for
instance, from quantum gravity considerations. For example,
recently authors of Ref. [34] delineated an approach to verify
the proposal in Refs. [37,38] that a quantum black hole has
quantized horizon area spectrum, using gravitational wave
observations. We review their approach in Sec. IL

In this article, we analyze the consequence of applying a
different kind of boundary condition at the event horizon
where the near-horizon region is treated as an Andreev
reflector [17-19,24,39]. While this consideration is primarily
motivated by proposals that treat an evaporating black hole
as a leaking superfluid quantum condensate, such modifi-
cations may also be understood as emerging from the
gravitational self-interaction of test fields in the background
of an evaporating black hole. In particular, when the test field
is a tensor mode of perturbation, our analysis suggests a
fundamentally new kind of gravitational wave echo that can
be detected. Such modified boundary conditions may also be
of relevance to exotic compact objects other than black holes
such as neutron stars [40—42]. See Fig. 1 where we compare
different echo frameworks in comparison to our proposal.

The article is organized as follows. In Sec. II, we review
the general notion of echoes from a black hole in gravita-
tional quantum physics. In Sec. 111, we summarize arguments
from the gravitational side which motivates our treatment of

the near-horizon region as a mode-converting (Andreev
reflecting) condensate. In Sec. IV, we review the Andreev
reflection mechanism for a condensate of superfluid bosons.
In Sec. V, we discuss how Andreev reflection can provide a
novel contribution to the echo from a black hole spacetime.
In Sec. VI, we conclude by discussing the implications of
our prediction for near-future gravitational observations.

II. GRAVITATIONAL ECHOES

The relevant region of spacetime that we are focusing on
is described by the following standard Schwarzschild
metric:

-1
ds* = — (1 - 2GM) dr* + (1 - 2GM> dr* + r?dQ?.
r r
(1)

The master equation describing the dynamics of the
perturbations of massless fields in the background of the
Schwarzschild metric reads [34,43-46]

(07 = O} + Vi)l (x. 1) = S(x. 1), (2)
where S(x,t) denotes a source term and we have also
introduced the tortoise coordinate x via x=r +
2Mlog(r/2M — 1). The effective potential V; takes the

form (in the original Schwarzschild radial coordinate r)
[34,43-46]

2M>{l(l+l) (1—s2)2M. 3)

vy = (1-2) [0 0=

r r r

Here s =0, 1, 2 respectively corresponds to scalar,
electromagnetic and gravitational perturbations.

To resolve the dynamics of test fields described by
Eq. (2), one can Fourier analyze the components of the test
field y(x, ). This results in the following form of Eq. (2) in
the Fourier space [34]:
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[ = 0% + Vi) (x, @) = S(x. w). (4)

A requirement owing to causality is that the test fields
w(x, t) in the time domain obey the Sommerfeld boundary
conditions J,i + O, = 0 as x — oo. This translates to the
effect that the Fourier components of test fields (x, ), as
x — oo, behave as ¥(x,w) « '®* [34].

The near-horizon region is completely absorbing for a
classical black hole, and therefore one traditionally
assumes a completely ingoing boundary condition for
test fields at the event horizon. It has been suggested that
quantum mechanical corrections to the physics of the
event horizon may challenge this notion. A well-known
example to such a modification is the model pioneered in
Refs. [37,38], which suggests that the horizon area A is
quantized,

A =alyn, (5)

where [, = \/hG/c?* is the Planck length, a is a dimen-
sionless coefficient (there is some indication that
1 < a <30, see Ref. [34]), and n is an integer. Such a
quantization of the area spectrum implies that the black
hole area (and entropy thereof) can only change in discrete
units. Subsequently, the frequency of test fields absorbed
or emitted by a Schwarzschild black hole also has a
discrete spectrum, given by [34,37,38]

acon

Wy = (6)

- 16xr,’

where on indicates the change in the area quantum, c is the
speed of light, and r;, is the Schwarzschild radius. A
discussion of a more general discrete spectrum of black
holes can be found in Ref. [47].

Such a quantum gravity modification for the near-horizon
region implies that the Fourier components of test fields
W (x, w) satisfy a different boundary condition in the near-
horizon region, given by [34]

¥(x, ) x " + R(w)e™ ", X~ Xg, (7)
where R(w) is the modified reflectivity of the near-horizon
region and x; is the position in tortoise coordinates corre-
sponding to the Schwarzschild radial coordinate r = r;, + 0,
satisfying 6/r;, < 1. For the proposal in Refs. [37,38], the
reflectivity is expected to go to unity except for the discrete
frequencies given in Eq. (6) where absorption lines are
expected [34].

A consequence of modified reflectivity R(w) of the near-
horizon region is the creation of gravitational echoes of test
fields; the potential barrier V,(r) partially reflects and
partially transmits test fields that are emanated or reflected
from the near-horizon region, leading to an echolike signal.
As multiple reflections and transmissions occur, it is

expected that the potential barrier V,(r) will have a filtering
effect on the measured signal. For the proposal in
Refs. [37,38], the measured signal at later times will have
sharp absorption peaks at the frequencies = w,,, given in
Eq. (6). As the test field can also be a gravitational
perturbation, the prediction in Ref. [34] is that the above
filtering effect may be observed in gravitational wave
detectors, and therefore could serve as a potential way
to test the black hole area quantization proposed in
Refs. [37,38].

A recent work has in fact looked into the possibility of
constraining the parameter a based on presently available
gravitational wave observations [48]. The analysis therein
suggests that the information available from gravitational
wave observations until October 1, 2019 is not sufficient
enough to fully support or disregard the proposal in
Ref. [34]. It is also worth mentioning that the black hole
area quantization also has interesting consequences to the
inspiral phase, as has been discussed in Ref. [49].

Before we conclude this section, we would also like to
briefly comment on the source term in Eq. (2). In the first
order in perturbation, a nonzero value of the source term
S(x, 1) signifies the presence of charges (like, for instance,
the electromagnetic charge or mass) in the exterior of the
black hole region. In higher order in perturbation, however,
the component of the stress energy that corresponds to self-
interaction can also contribute to the source term. In the
specific case of gravitational perturbations, such a contri-
bution can arise from the gravitational-wave stress-energy
and leads to, for instance, the well-known nonlinear
memory effect [S0-53]. Now imagine that the near-horizon
region, in fact, consists of a condensate of a particular
matter field. In this case, we expect that the master equation
for perturbation modes of that field contains a source term
that corresponds to the contribution from the condensate. In
the remainder of this article, we shall propose a toy model
to study such a system.

III. NEAR-HORIZON INTERACTIONS AND THE
CONDENSATE PICTURE

We begin by considering a simple collapsing scenario,
namely, the spherical collapse of a shell of massless scalar
particles leading to the formation of a black hole. As is well
known, the classical geometry describing this process can
be obtained by stitching together patches of three exact
solutions: (1) Minkowski spacetime (vacuum region inside
the shell); (2) ingoing Vaidya spacetime (nonvacuum
region inside the shell); and (3) the Schwarzschild space-
time (exterior of the shell). However, as conveyed by
Hawking’s seminal semiclassical arguments, the black hole
also evaporates by emitting near-thermal radiation and in
due course exhausts all of its mass (see Fig. 2). We shall
shortly focus on the in-fall of a massless scalar field mode
(denoted by late in-falling matter in Fig. 2) into the black
hole, long after the formation of event horizon and, at the
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FIG. 2. The Penrose diagram for an evaporating black hole
formed as a result of a spherical null-shell collapse. The dotted
line at » = rj, 4 6, with r;, being Schwarzschild radius models the
interface of the strongly/weakly interacting regions of the
Hawking radiation. Alternatively, such an interface may also
be relevant in approaches that model the black hole as a graviton
condensate, wherein the same acquires the interpretation of a
superfluid/normal-fluid regions (see text for more detail). The
focus of this work is to model the scattering of a late in-falling
mode at the near-horizon region inside the green shaded circle.

same time, early enough to have not much of the black hole
mass evaporated away. Hence, the spactime region of our
interest lies somewhere inside the green circular region
in Fig. 2.

The fact that the state of radiation in the asymptotic future
is nonvacuum is usually discerned from the nontrivial
Bogoliubov transformations connecting the appropriate
“in” and “out” modes, as was done in Hawking’s seminal
work [54]. To calculate the corresponding Bogoliubov
coefficients, one first traces the evolution of positive energy
modes on Z T into the past, all the way to Z~. This procedure
leads to a relation between the positive energy modes on
77 and Z-, from which one can derive the Bogoliubov
coefficients and, hence, the particle spectrum. However,
tracing the evolution of the out modes, in the conventional
geometric optics approximation, ignores the gravitational
interaction between the scalar field modes. It has been
suggested that as a consequence of graviton mediated
interactions, the Bogoliubov coefficients connecting the
“in” and “out” modes get modified, due to the nontrivial
near-horizon scattering amplitude; it is also hoped that such a
scenario leads to the resolution of the black hole quantum
information loss problem [55-59].

The gravitational interaction may also significantly
change the dynamics of the late in-falling matter that just

crosses the horizon after passing through the outgoing
Hawking radiation. For convenience, we may regard two
distinct manners in which the gravitational interaction
manifest in this scenario. First, owing to the graviton
mediated interaction, the vacuum appropriate to 7~ will
evolve into a state that is quite different from the one
generated by a simple Bogoliubov mapping of the kind
considered originally by Hawking in [4]. Second, the
gravitational field of the in-falling matter may engrave, on
the Hawking radiation, the information about the in-
falling state. A rather rudimentary picture for such an
interaction could be visualized in the following way: the
spacetime gets slightly modified by the in-falling matter,
leading to a slight deviation in the trajectory of the
outgoing quanta and vice versa. A more formal realization
of this picture was considered in Ref. [60] to effectively
capture the near-horizon scattering of Aichelburg-Sexl
gravitational shock waves.

We shall now present a simple model to study the near-
horizon dynamics of a late in-falling mode, which incorpo-
rates the two above-mentioned effects of graviton mediated
interactions. We start with the reasonable assumption that
there is a critical distance beyond the horizon up to which the
gravitational scattering between the scalar modes becomes
relevant. In terms of the standard Schwarzschild radial
coordinate r, with the event horizon at r;,, we shall assume
that this critical region of significant gravitational scattering
to be within r = r, + 6, demarcated by the dotted curve in
Fig. 2. Therefore, the outgoing Hawking radiation has two
distinct parts: (1) in which the graviton exchange among the
scalar field modes is significant (r < r, + ) and (2) in
which the scalar field modes can be safely assumed to be
freely propagating in the background black hole geometry.

A brief detour to a problem in condensed matter is in order
[17-19,24]. Recall that a superconductor-normal metal
interface is characterized by a region of rapid decrease in
the effective coupling of the phonon mediated interaction
between electrons. On the superconductor side, the inter-
action gives rise to a gap, while the same is absent in the
normal metal side. An analogous scenario occurs in a
superfluid/normal fluid interface as well [61]. In light of
this, here we explore the possibility of modeling the surface
atr = r, + 0, separating the outgoing Hawking radiation, as
an interface between a condensate in the region r < rj, + 6
and a coherent, almost free, distribution of particles in the
region r > r, + 6. We also henceforth refer to the inter-
actions within the aforementioned region as the “horizon
proximity effect,” motivated by the analogy to the condensed
matter setting [17-19,24].

Since we are considering the matter degree of freedom to
be a massless scalar field, it is reasonable to imagine the
condensate (in r < rj, + 0) as a superfluid and the outside
Hawking radiation (in r > r, + 0) as the normal fluid. A
remarkable consequence of this model is that the near-
horizon scattering of a late in-falling mode, with the
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outgoing Hawking radiation, can be modeled as the
scattering problem near a superfluid/normal fluid inter-
face. Note that our analysis suggests possible generaliza-
tions to electromagnetic and gravitational perturbations as
well. The considerations that are to follow may also be
applied to models that treat the black hole as a graviton
condensate, for instance, along the lines of [22,23].

In order to provide a better understanding of how
assuming a quantum condensate description for the near-
horizon region modifies the dynamics of test fields, we now
look at the exact dynamics of quantum fluctuations of a
condensate at a superfluid/normal fluid boundary. To this
end, we shall closely follow the approach in [61].

IV. BOSONIC ANALOG OF ANDREEV
REFLECTION

The dynamics of quantum fluctuations of the condensate
in superfluid/normal fluid boundaries can be described by
the Gross-Pitaevskii equation [62,63]:

i0,9(x, 1) = —%aglp(x, 0+ V)P, )
+ g(x) [P (x, 1) PP (x, 1), (8)

which is a nonlinear generalization of the Schrodinger
equation that accounts for interparticle interaction, with
g(x) being the varying coupling strength. Now, let us
consider a solution of the above equation that describes a
small perturbation about an equilibrium wave function
Y, describing a condensate. Such a solution takes the
following form [61]:

W(x,1) = Py(x)e ™ + §V. 9)

The perturbation 6%, in turn, can be assumed to have the
form [61,64]

oY = e_i”’Z[uj(x)e_i“"f’ - vi(x)e ], (10)
J
with u; and v; satisfying the following coupled linear
differential equations, known as the Bogoliubov-de
Gennes (BdG) equations [61,64]:

—9€i¢|‘1’0(x)|2} {

. }
—-H ’U]

w’[ﬂ N {ge""ﬁgo(xﬂz ] an

=30 - V() + 290 P (12

and ¢ denotes the phase of W3. Microscopic approaches to
studying the superfluid ground state reveal that it is in fact a
relative phase between different coherent occupations of

pairing modes in the superfluid quantum ground state
[65,66]. The same holds for a Bardeen-Cooper-Schrieffer
(BCS) superconductor [67], and permits a second-quantized
description of Andreev reflections by treating the phase and
charge/particle number as conjugate observables [19,68].
The more generic form of Eq. (11), where @ — id,, and
u; — i(x,t) and v; = B(x, ), assuming #(x, ) and v(x, 1)
are generic functions of x and ¢, satisfies the following

continuity equation:
(pu=pu) +0:(Ju +J,) =0, (13)

where the “currents” J,,,,, and “densities” p,/, are defined
as

a(x, t)u* (x,1),

Py = u(x,
Im(it* (x, )0, (x, )],

J

u
u

~
<
I

m[o* (x, 1)9,5(x. 1)].
(14)

An important physical insight about the nature of u and v
modes is revealed by Eq. (13)—while the excitation of a
u-type mode introduces a positive change in the particle
density of the condensate, that of a »-type mode induces a
negative change. Hence, one might view the v-type modes as
the bosonic analog of holes. In fact, for this reason, we shall
henceforth refer to the v-type modes as holelike excitations/
modes. More arguments to substantiate this notion are also
provided in [61].

Also note that by performing integration by parts of
Eq. (13) with the boundary condition that currents vanish
at infinity, we arrive at the condition, [(p, —p,)dx =
constant, and the constant can be set to one as a normali-
zation. Therefore the BdG equations also imply the
Bogoliubov completeness relation for its components.

When u > 0, one can design a scenario in which the
condensate is depleting via leaking to an ambient background
of a coherent distribution of particles. Such a scenario was
analyzed in [61] by Zapata and Sols, wherein it was also shown
that the system exhibits a bosonic analog of Andreev
reflection. To briefly review this finding here, we start by
assuming the following simple form for the potential:

V(x) = Z5(x), (15)

where Z is the strength of the repulsive delta function at the
interface. Further, assuming that the condensate is mostly
confinedto x < 0, while the ambient distribution of particles is
in the region x > 0, the corresponding wave function can be
approximated to

Wo(x)| & /1 O(=x) + /1, O(x), (16)

where n, and n;, acquire the interpretation of particle density
in the condensate and the ambient background regions,
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respectively and ©(x) is the Heaviside-theta function.
Following [61], we shall henceforth refer to the region of
ambient background (x > 0) as the normal side. Recall that
on the condensate side, we have n.g(x) — u, while on the
normal side, we have n,g(x) — 0. With these inputs, one
finds that a stationary wave function, of positive energy o, can
be spanned by the set of vectors {e,, e,} on the normal side
and {e((l]L >, eif) } on the condensate side, where

€, = s €, = s
0 1

(17)

euuw<x> + ev”ar(x) - {

el
where the different momenta are given as follows:
kb = 2,4(1 ig), (20)
U
P = V2\[\Jo? + i £ p. (21)

The scattering amplitudes r,,, 7, and ¢, correspond to that for
normal reflection, transmission into the condensate and
excitation of an evanescent mode, respectively [61]. The
amplitude of normal reflection r, will be nonzero for
nonzero Z, the strength of the repulsive delta function at
the interface. The situation we consider will have a nonzero
r, by default, because one requires Z > /i to ensure that
the wave function in Eq. (16) closely matches a stable
solution of Eqgs. (8) and (15) [61]. In addition, one finds that
there is one more scattering amplitude, namely r,, which is
nonzero in general and, when g >0 and |w| <y this
amplitude corresponds to excitation of a propagating v-type
(holelike) mode on the normal side. Hence, the implication
of r, # 0 1is that there is a nonzero amplitude for the process
of an incoming particlelike mode to get “absorbed” by the
condensate, accompanied by the excitation of a propagating
holelike mode on the normal side—in close analogy to the
well-known Andreev reflection process in superconductor/
normal-metal interfaces [39]. In light of this, r, is referred to
as the amplitude for Andreev reflection [61]. An important
observation concerning this amplitude, relevant to our
discussion, is that the ratio r,/r, has the following form:

"0 = e itfeinton?) f(w, u, Z)].

Iy

(22)

where o(w, u, Z) and f(w, u, Z) are real valued functions of
their arguments and independent of ¢. It also follows from

~ip7 () pie.
e PwX + [Bew e+pmx,

L it ot
eg,ﬂ_;[ e } (18)
V=

We have dropped the index j for simplicity. We have
introduced the parameter 6, through the definition 0, =
sinh~!(w/u) and we have also retained the convenient
2 x 1 matrix notation introduced in Eq. (11).

The particular stationary solution (u,(x),v,(x)) that
describes a stream of quasiparticles being incident on the
condensate region from the normal side takes the follow-
ing form:

. - .
e, (e k¥ 4 eko¥) 4 e, r eth%; x>0

19
x <0, ( )

|

the continuity equation [Eq. (13)], and the completeness
relation for u# and v components that the ratio |r,/r,| < 1.
Equation (22) also implies that Andreev reflection provides
us a promising window to probe the relative phase added by
a condensate, which in turn is related to the macroscopic
quantum state of the condensate. In the superconducting
case, it has been suggested that the phase added upon
Andreev reflections will have measurable consequences in
the current fluctuations observable in a superconductor-
normal metal-superconductor junction [68].

Experimental observation of Andreev reflections from a
superfluid may face additional challenges, given that hole-
like excitations are defined with respect to an outgoing,
coherent background of the superfluid. For example, various
decoherence mechanisms in the superfluid background can
lead to attenuation of a propagating holelike mode, which is
not accounted for in the discussions above. We may include
this in the discussions by a phenomenological modification
of the Andreev wave vector, k, — k, + ix, where k™! is
the length scale over which the superfluid background
decoheres.

Before we move on, we shall emphasize certain key
points concerning our discussion so far. Note that we have
deliberately considered a leaky condensate. The reason for
this is that we are interested in the study of quantum black
holes, which are believed to be well described by leaky
bosonic condensates of gravitons in certain models, as for
instance in [22]. For the bosonic system that we described
in this section, the leakage is guaranteed by the existence
of holelike propagating modes, with the corresponding
momenta given by &, as in Eq. (20). Microscopically, the
leakage may also be related to Andreev reflections from
the interface, which allows to exchange modes between
the normal fluid side and the superfluid; The time reversal
of a particlelike mode incident on the superfluid from the
normal side is the Andreev reflection of a holelike mode
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incident on the superfluid from the normal side, resulting
in its mode conversion into a particlelike mode. The
depletion of a condensate via such a leakage can be
identified with microscopic descriptions of black hole
evaporation, as discussed in Refs. [17-19,24,55].

Next, we shall see how the above points guide us towards
a fundamentally new kind of gravitational echo, when the
near-horizon region of a quantum black hole is modeled as
a superfluid quantum condensate.

V. POSSIBILITY OF A NEW KIND OF
GRAVITATIONAL ECHO

Equipped with important insights that we gained from
our detour to a purely condensed matter scenario, we now
return to our original problem of interest, viz. the black
hole. Recall that we set off this article by introducing the
Schwarzschild metric as the appropriate classical descrip-
tion of a spherically symmetric black hole spacetime.
However, once we acknowledge that there is a finer
description of a quantum black hole in terms of a graviton
condensate, as for instance elaborated in [20-23], it is
reasonable to picture the Schwarzschild metric as an
effective, coarse-grained description. The nature of the
corresponding fine-grained description is yet unknown
owing, of course, to the unavailability of a consistent
quantum theory of gravity. Despite this, however, it may
be possible to realize a mean field description of the
graviton-condensate picture of the black hole, say, in
terms of an appropriate generalization of the Gross-
Pitaevskii equation [69,70]. An interesting implication
of this, which seems to have not been adequately appre-
ciated previously, is that dynamics of the modes of
perturbations of a black hole near the horizon must be
described by an appropriate BdG-like equation, as
opposed to, say, Eq. (2). Naturally, this must be under-
stood as a suitable extrapolation of the fact that perturba-
tion of a condensate is described by the BdG equations, as
we have seen in the last section. Let us see how one can
proceed with such a proposal and, most importantly, make
predictions with it.

Motivated by our analysis based on BdG equations in the
condensed matter scenario, we expect that the modes of
perturbations of the black hole, in the condensate picture,
must be represented by a pair of functions (u; ,(x), v, (x)).
In the following, we will suppress the / index for simplicity.
As in the case of bosonic condensate we considered in the
previous section, u-type excitations correspond to particle-
like modes while v-type excitations correspond to holelike
modes. Note that the interpretation of a holelike mode, in the
black hole context, is that it describes a propagating negative
particle density, with respect to the ambient background of
gravitons furnished by the Hawking radiation process. The
coupled linear equation satisfied by (u,(x), v,(x)) is
expected to depend on the details of near-horizon scattering
of gravitons. However, in order to understand the key

qualitative features of this approach, we shall make some
phenomenological assumptions.

Note that, in the source free case, the near-horizon limit of
Eq. (2) leads to the well-known dispersion relation k = +®
for a propagating plane wave e~ In contrast, the
existence of holelike excitation, inferred from our con-
densed-matter based insights, manifests in the form of
modification of the dispersion relation near x = xz5 + 0"
to the effect of k = £k, where the index + denotes u- and
v-type modes, respectively. Therefore we expect that the
near-horizon region imparts the following boundary con-
dition:

Uy, (x - .
|: ( ):| - eu(e_lk’”x + Rn(w)ezkjjx)
Vo (x

+ e, R, (w)e*~; x~x5  (23)
Similar to the superfluid/normal fluid example we discussed
before, e,/, can be understood as appropriate normal basis
vectors in the region x > xs5. A modification similar to the
first term in the above expression is well understood in some
cases, for instance, in the context of testing the proposal that
the horizon area is quantized [37,38], where the normal
reflectively R,(w) contains signatures of horizon area
quantization, and encrypts that in the gravitational echo
signal [34] (see Sec. II). In comparison, suggesting the
second term in Eq. (23) proportional to R,(w) resulting
from mode conversions near the event horizon is the main
contribution of this article.

It is worth emphasizing that some of the existing
proposals already point at such a modification, for instance,
it has been pointed out that the near-horizon region may
facilitate mode conversions to resolve the trans-Planckian
reservoir problem at the event horizon [24]. Superconducting
and superfluid quantum information mirror analogies pri-
marily motivated by the black hole quantum final state
proposal in Ref. [71] also suggest such a modification to the
boundary condition applied by the near-horizon region on
test fields to resolve the black hole quantum information loss
problem [17-19].

We now proceed to discuss the observable consequences
of the Andreev contribution—proportional to R,(w) in
Eq. (23)—on the gravitational echo signals. Although
writing down the precise form of R,(w) is beyond the
scope of the present article, we make the following remarks
based on the known physics of the condensed matter
scenario discussed in Sec. IV. Primarily, we expect that
the echo produced in the condensate picture of a quantum
black hole will have a particlelike and a holelike component,
possibly out of phase from each other, offering a new
window to probe the quantum nature of black hole horizons
through gravitational echo measurements. The ratio R,,/R,,
at the horizon is expected to have a structure similar to that of
Eq. (22), where R, is required to be nonzero for a stable
leaking superfluid condensate of the kind discussed in
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Sec. IV [61]. Moreover, since Andreev reflections are mode
conversions facilitated by the ground state of a quantum
superfluid, the corresponding contribution to the gravita-
tional echo signal—if it exists—will be an observable
signature of quantum gravity at lower energies. We expect
the quantum filtering effect of the potential barrier V,(r)
resulting in the echo signal can also help resolve this low-
energy signature of the near-horizon quantum state, and
permit clever experimental schemes to detect the same.

Confirming the presence of a holelike component in the
detected signal will require a waveform comprising a
minimum of four echoes. Additionally, the Andreev con-
tribution to the echo may also be measurable as an enhance-
ment in the particlelike component in every other echo (with
a periodicity of two echoes). The enhancement results from
the Andreev reflected holelike component getting reflected
back from the potential barrier V,(r), subsequently Andreev
reflecting at the horizon as a particlelike mode. As the phase
added upon two Andreev reflections cancel each other, this
will be observable as an enhancement of the normally
reflected component of the measured signal with a perio-
dicity of two echoes.

Finally, our analysis also suggests possible new experi-
ments on the condensed matter side with exciting
applications. Potential hills comparable to V,(r) may be
engineered near superfluid/normal fluid interfaces, and
superconductor/normal metal junctions. The dynamics
of quantum fluctuations of a leaky condensate in such
modified potentials can be used to probe echolike signals
from a superfluid (superconductor)/normal fluid (normal
metal) boundary, and to investigate their quantum tech-
nology applications.

VI. DISCUSSION

There are several interesting proposals that attempt to
describe black holes in terms of quantum condensates
[20-23]. The idea that the quantum state of a black hole
may be effectively characterized by a simple many-body
quantum wave function, such as the condensate ground
state of a quantum superfluid, is also in harmony with the
well-known fact that black holes are characterized by very
few parameters in their classical rendition (such as their
mass, charge and angular momentum). Analyses along
this line have also been previously employed to address
some of the important issues in proposing a quantum
theory of gravity—(1) the trans-Planckian reservoir prob-
lem at the event horizons [24], and (2) the black hole
quantum information loss problem [17-19]—both by
assigning a mode-converting mirror property to the event
horizon, facilitated by Andreev reflections, well known to
condensed matter physicists.

The present article looked at a possible observational
implication for such proposals, within the framework of
gravitational echoes. A minimal model to describe the
black hole horizon as a condensate/normal fluid boundary

reveals that echoes may be created by such spacetimes with
both particlelike and holelike components, going beyond
the traditional gravitational echo scenario. Beyond the
interest in black hole quantum physics, it is expected that
the formalism may directly apply to a wide class of exotic
compact objects.

Before we conclude, we would like to point out some of
the shortcomings of our proposal. Primarily, note that
although some independent arguments are presented as to
how the black hole horizon may behave as a condensate
facilitating mode conversions, the proposal still falls short
of presenting an exact correspondence between the two
fields. Therefore while the predictions we make offer a
new paradigm to probe existing models, they do not
necessarily implicate that the models themselves accu-
rately capture the quantum physics of black hole horizons.
Second, we use a mean-field approach developed in
Ref. [61] to describe Andreev reflections and extend it
to the gravitational echo framework. While such an
approach adequately captures the essential details of the
scattering process, it is desirable that a microscopic
description is also provided as Andreev reflections
involve mode conversions between individual modes.
We defer this analysis to a future work.

Finally, it is likely that computation of the Andreev
contribution to a gravitational echo may pose several
challenges which the present article did not address. In
addition, resolving the Andreev component from the other
contributions to gravitational echoes may also present
certain technical challenges. Here we briefly summarize
some of these issues that we think could be relevant.

(i) As we have mentioned in Sec. V, the Andreev
contribution to the echo signal can be accounted
for by considering a two-component vectorlike
waveform, with u and » components, as shown in
Eq. (23). The evolution of this two-component
object, in the first order perturbative approximation,
is expected to be a second-order linear differential
equation. Although in the present paper we have
alluded to the expected form of this equation in the
near-horizon limit, motivated by the analogy with a
superfluid/normal-fluid interface, the explicit form
of the equation should be dictated by, among
possibly several other things, the details of scattering
processes in the near-horizon limit. Such details are
also expected to guide us to fix the correct near-
horizon boundary conditions for the two-component
waveform. On the other hand, we expect the
boundary condition at » — oo for the # component
to coincide with the standard outgoing boundary
conditions and that of the v component can be more
challenging. A possible strategy is, once again, to
gain insights from an appropriate condensed-matter
analog system. To this end, we expect, to some
degree of approximation, that we can model the
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system by introducing an appropriate external poten-
tial on the normal side of the superfluid/normal-fluid
interface.

(i) Recall that the Andreev reflected component is
defined with respect to an ambient coherent back-
ground of the leakage furnished by the early
Hawking radiation. This poses two additional major
challenges for computation and detection of the
Andreev reflected component to the echo signal.
First, various decoherence mechanisms in the back-
ground can adversely affect the propagation of the
Andreeyv reflected component. A likely consequence
is attenuation of the Andreev reflected component,
which can be accounted phenomenologically as
discussed in Sec. IV. The second point is the
weakness of gravitational waves from the Hawking
process itself. Although the Andreev mechanism
provides a modified boundary condition for the near-
horizon region based on proposed microscopic de-
tails of how a black hole may evaporate [17-19,24],
the contribution Hawking processes make to metric
perturbations are still expected to be rather weak.

This is so because the observable rate of Hawking
processes would still be largely dictated by the
principles of black hole thermodynamics [72], and
this rate is not expected to be challenged signifi-
cantly by the microscopic details of near-horizon
processes.
In summary, while offering a new window to probe the
quantum nature of black holes through gravitational echo
measurements, resolving the Andreev contribution invites
considerable further studies on the theoretical modeling of
various gravitational echo scenarios, and their detection
through feasible experiments.
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