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Late-time correlators in semiclassical particle-black-hole scattering
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We analyze the quantum corrected geometry and radiation in the scattering of extremal black holes by
low-energy neutral matter. We point out the fact that the correlators of local observables inside the horizon are
the same as those of the vacuum. Outside the horizon the correlators at late times are much bigger than those
of the (therma) case obtained neglecting the back reaction. This suggests that the corrected Hawking radiation

could be compatible with unitarity.
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The discovery that black holes emit thermal radiafidh  (Hawking radiation and in general also inside the horizon.
has raised a serious conflict between quantum mechanics ailthe quantum state of radiation is given by

general relativity. If a black hole is formed from the collapse
of matter, initially in a pure quantum state, the subsequent
evaporation produces radiation in a mixed quantum $&te

If the analysis is performed in a fixed background geometry
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it is very hard to imagine how this conclusion can bei.e., a superposition of products of internal and external
avoided. The core of the problem is connected with the blaciétates of right-moving mode®ote that we shall be mostly
hole causal structure. The information that flows through theeoncerned with right movers, as ifi], because they are the
horizon is not accessible to the outside observer and ther@nes which transmit the Hawking radiatjoAt late time this

fore one has to trace over the interfahobservepistates.  State takes the form

|0>in:].;.[ Vl_e_ m K; e_ﬂnW/K|nW>int®|nW>eXt (2)

This generates a density matrix and the information, codified
in correlations between internal and external states, is indeed
lost in the singularity. There are several possibilities to avoid
such a radical conclusion, but the most conservative one sug-
gests that the information is recovered in the corrected
Hawking radiation due to large back reaction effd@s?5].
However, it is difficult to unravel a detailed mechanism ca-
pable to produce information return. Even more, it seems
unlikely that unitarity can be preserved within the semiclas-
sical approximation. It is usually stated that unitarity can
only be obtained in a pure quantum gravity theory. Since we
still do not have such a theory it is useful to consider a
particular situation for which the problem can be simplified
and, in turn, the back reaction effects can be controlled in a
very efficient way. Such a scenario is given by the scattering
of low-energy particles by extremal Reissner-Nordstro
charged black holes.

We now briefly recall the standard picture of the process
in a fixed background spacetime approximation. Throwing
long-wavelength particles into an extremal black hole results
into a nonextremal one which then emits Hawking radiation.
The Penrose diagram of such a process is given in Fig. 1.
There exists radiation flowing to future null infinity™*

*Email address: fabbria@bo.infn.it
TEmail address:jnavarro@ific.uv.es

FIG. 1. Penrose diagram corresponding to the creation of a near-

*Email address: dnavarro@ific.uv.es extremal charged black hole from the extremal one. The ingoing
$Email address: gonzalo.olmo@ific.uv.es arrow line represents an infalling shock wave.
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rated immediately by adding the Polyakov-Liouville term
[9]. In summary, the effective semiclassical model is given
by the action

~ ~ 1
|=J d*x\—g R¢>+4)\2¢—§|Vf|2}
_ dzxx/—gRD‘1R+if d?xy/—gA?
967 127 '

®)

where the relation between the fields appearing in GY.
and the four-dimensional metric is given by

ds’ 2
A%y =—2 +4124d02, ¢=qz+¢, 6)

Vo

and\?=1"2q 3. Usually, in order to make physical sense of
the semiclassical approximation one considers a huge num-

FIG. 2. Penrose diagram corresponding to the process of particl ) : o
capture by an extremal charged black hole followed by the Hawk-Ber N of scalar fields. In this way the quantum gravitational

ing radiation. The end-state geometry is, due to back reaction e{_:orrectlons can he safely neglected at one-loop order. Here

fects, an extremal black hole. The location of the event horkzdn for S|mp_I|C|ty we consideN = 1 but it is straightforward to
is atx” =x.,. generalize our results to arbitraN: We note that although

the model we study is certainly simplified compared to the
original 4d one the approximations made are reasonable. In-
deed, the Hawking radiation derived from the mo@®lhas

the same form as fordiscalars in the limits considered, i.e.
close to the horizon anid™ at late times. The initial extremal
configuration can be described, nearql, by the solution

where|n,) is ann-particle state with frequencw. An ob-
server onl ¥ will describe his measurements in terms of a
reduced thermal density matrix

PZ].IV.[ (1_9727W/K)§n: eizﬂnW/K|nw>ext<nw|ext- ©)

In this paper we shall analyze how this scenario gets ds’=
modified when back reaction effects are taken into account.
Because of Hawking emission the radiating nonextremal
configuration will decay back to the extremal black hole, if The line x™ =+ corresponds to the extremal radios
charged particles are sufficiently massive. The corresponding ql, i.e. $=0. This configuration is quantum mechanically
Penrose diagram is given in Fig. 2. Comparing the diagramstable and it does not produce radiation. If we send a very
of Figs. 1 and 2 we see that the right singularity, being amarrow pulse of classical null matter mfzxg with small
artifact of the fixed background approximation, has com-energyAm we create a near-extremal black hole of mass
pletely disappeared. It appears very unlikely the preservatiom=q-+Am. The semiclassical solutions are now more in-
of purity if radiation is still present &l (which is part of the  volved, due to the non-locality of the quantum effective ac-
future Cauchy horizon since this would mean that the in- tion.
formation is indeed lost in another causally disconnected and We are interested in the Hawking radiation detected by an
asymptotically flat region. external observer df". In this region the quantum incoming
We shall exploit the fact that the dominant Hawking emis-flux vanishes and therefore the metric can be naturally de-
sion is carried away in s waves. Moreover, in the region veryscribed in the outgoing Vaidya-type form
close to the initial extremal horizon=ql (q is the black
hole charge and? is Newton’s constamt which is the rel- %2
evant one to study the radiation ld{ a scalar matter field P=— ( —— Ir~n(u)) du?—2dudx (8)
obeys the free equation 1%°

3

_2I2q3dx+dx* i Iq

(x~—xT)? X~ —x*

@)

g2t — 3% f=0, (4  wherex=I¢ andu is a null Eddington-Finkelstein coordi-
nate. The relevant semiclassical equations in conformal
— 2 + -
wherer* is the tortoise coordinate. The dynamics in thegaugeds’= —e*dx"dx", are
region close ta =ql is controlled by the Jackiw-Teitelboim "
model[7], as it has been explained [i8]. The advantage of 527 ~_ 2 2
this model is that the back reaction effects can be incorpo- 205¢+4d.pd1 ¢ 1277[((9”)) sl
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FIG. 3. Plot of the functiorG and its first and second deriva-
tives. We have takeA~0.808 andx.,~2.463.
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where{x~,u} is the Schwarzian derivative proportional to
the (late time Hawking flux. In conformal coordinates,
where the metric takes the for(¥), the effects of the evapo-

ration are all encoded in the fielfl, expressed by means of
a single functionG(x™) through

G(x7)

xt—x~

b= +%G'(x*). (12)

The consistency of E¢8) with Egs. (9), (10) and (11) im-
plies thatdu/dx™ = —193/G(x~) whereG(x") satisfies the
differential equation
1
2

The recovery of the extremal solution at late times—

+ ) requires tham(u) (the mass deviation from extremal-
ity) vanishes fox ™ — X;,; (with X~ <X;,;). This implies that
in this limit {x~,u}—0, i.e. the relation betweanandx™ is

a Mobius transformation

G//

GH/ —

G’ 2
—) 12

G

ax +b
u=—— ,
cx +d

(13

where a,b,c,d are real parameters verifying the condition
It is now easy to evaluate the derivative

ad—bc=1.
du/dx =1/(cx” +d)?, and then we face two qualitatively
different possibilitiesc#0 andc=0. We will not consider
here the case=0 as it entails a period of negative Hawking
flux (we will give more details if10]). Therefore therea-
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X" —Xint

G(X7) ~ —3AX —Xn)?, (14)
whereA is a non-vanishing constant. Note that the simplest
solution which reproduces the extremal configuration at late
times is obtained whe@(x ™) becomes a non-zero constant.
However this impliesc=0. The parabolic behavidi4) is

the only one which allows to recover the extremal solution
with ¢ non-zero. Inserting Eq14) into Eq. (11) we get

A (X7 = Xin) (X" = Xinp)

e (15)
X —X

which can be brought to the standard extremal férjrafter
the change of coordinates™ ~1/(x*—x;,,). Further, a
short manipulation of the differential equation shows that
GM(x;,,)=0 for n=3. This implies that the unique function
G(x™), for x™=x;,;, matching with the solution fox™
<X;,; iS exactly the parabolél4). This is crucial, since it
means that inside the horizdt*, and so alondd, we can
express the solution in a form similar to E§) with m=0 in
terms of a new null coordinate, :

21g3
A(x‘—xi;t)'

Uy= (16)

The correlators of quasi-primary fields; associated with
f atH are given by[11]

dx \M
du, (Xp)

17

(Py(up) ... Pp(uy )=

) 00|
H (Xl) .
X(Dy(Xq) - . P(Xy))

where\, ... \, are the corresponding conformal weights.
Since Eq(16) is a Mdbius transformation the correlators are
the same as those of the vacuum. This means that the state at
H is just the restriction of the vacuum té. Moreover, the
range of the coordinate,, can be prolonged beyonrd (uy
=0) to cover the whole future Cauchy horizon up to the
singularity(i.e. up touy— + ). This suggests that the state
inside the horizon is just the vacuum stétaturally defined
by the null time—»<uy<+=) and, therefore, that the cor-
relators of the Hawking radiation can be obtained from a
pure statd i) ey;.

To deepen our analysis we shall compare the stress-tensor
2-point  correlation C(X; X )=(T__(x1)T__(X3))
—(T__(x1))XT__(x;)) measured by the external observer
at late times with and without back reaction. It is well known
that neglecting the back reaction the correlation is thermal,

h2K4 eZK|U1*U2|

Chp(Uy,Up)= (18

8772 (exlulfuzl _ 1)4 !

sonablg¢ assumption we make in this paper is that the Hawk-

ing radiation is always positive.
Let us analyze the case#0. In Fig. 3, we numerically
generate a solution faB(x ™) with this behavior:

wherex=\2Am/Iq° is the surface gravity at the event ho-
rizon.
In general we havgl2]
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#2 X7 (U)X (uy)? fects are included can be read off by considering the relative
Clug,tp) =275 == - e (190  correlator
8 [X (Uuy)—X (uy)] - 4
~ Cup(ug,up) [1—A(ug,up)] (e "7 —1)

C..= -
The expressioli18) is obtained using théno back reaction " Cop(Uy,Up) (Uup—uy*  kerlui-ul

relationx™ = —e™ *Y/ k. With back reaction effects included (25)
the relation betweer™ andu, given by Eq.(12), is crucially
modified to[up to termsO(e 2CY)]

C,¢ by construction goes to 1 when—u,; and is else-
where always bigger than 1. In particular whefu,—u;|
>1 it grows exponentially without bound. Therefore back

3 e
X~ =X, — 2lq _ E e ™ (20) reaction effects restoréully or partially) the correlations
int Ay AC u /)’ that were lost in thétherma) fixed background approxima-
tion.
whereC=1/(24m1q3) andB/A=(24m)21q3Am/#2. There- Summarizing, we have inspected in detail the process of
fore the two-point correlator at late times becomes particle capture by an extremal Reissner-Nordstrolack

hole and its subsequefiiawking decay back to extremal-
5 5 ity. The solvable mode(5) has allowed us to determine the
c _ AT 1 R AUy, Up) o) guantum corrected evaporation flux as detected by an exter-
wb(U1,Uz) = 872 (U —Uy)* 872 (U;— Uy (22) nal asymptotic observer at late times and, by analytic con-
o2 L2 tinuation, the quantum corrected geometry along the future
Cauchy horizon. We have given arguments indicating that
the quantum state of the radiation field in this region is the
vacuum(in particular, no radiation is presenthus suggest-
2B . cu Ble C% g Cw ing that the final state of the Hawking flux is puis exem-
Alug,up)= (e ke =)+ 5 el = T, plified by the significant increase of correlations in the emit-
ted radiation. A full understanding of the problem requires

with

1 Up o, U1 gy to construct the quantum state capable to reproduce the late
ST ATl (22 time correlator(21): the first term is reproduced by the
vacuum state and the second dmeéth Eq. (22)] requires a
o - more involved statg¢10].
In the coincidence limit;—u;=e—0 the general expres- 14 finish we would like to remark that some years ago the
sion (19) gives particle-hole scattering was widely studied for a dilaton

gravity model[6,14]. This raised the hope of finding a pos-
1 8 sible resolution of the information loss paradox in a simpli-
C(ul,uz)e—‘l[l— 7(TUU) 62}. (23)  fied context. However additional studies showed that unitar-
€ ity was not preserved at the one-loop semiclassical [eMgl
(the emergence of strong correlations has only appeared in
From Egs.(21) and(22) it is the subcritical regimg16] and is crucially related to the
presence of negative energy radiajioti was then specu-
lated that only higher-order corrections could restore unitar-
, (24) ity [17,18. We believe that we have provided evidence that,
for Reissner-Nordstra black holes, the effects of back reac-
tion are stronger than for dilaton black holes, and therefore
signals of unitarity already emerge in the semiclassical ap-
proximation.

from which one can extract the late time Hawking flux
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