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Information recovery from evaporating black holes
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Zhi-Wei Wang?
College of Physics, Jilin University, Changchun, 180012, People’s Republic of China

We show that the apparent horizon and the region near » = 0 of an evaporating charged, rotating
black hole are timelike. It then follows that for black holes in nature, which invariably have some
rotation, have a channel, via which classical or quantum information can escape to the outside,
while the black hole shrinks in size. We discuss implications for the information loss problem.

Classical and quantum information can enter a black hole’s event horizon. However, it is normally assumed that what
emerges from it at late times is just thermal Hawking radiation carrying minuscule information [1]. Therefore, when
the black hole evaporates completely, all ingoing information is apparently lost forever. This in essence is the so-called
information loss problem. This is demonstrated by the Penrose diagrams in Figures 1 and 2. Figure 1 depicts a
stationary Schwarzschild (non-rotating, uncharged) black hole. In this case, the singularity is spacelike, and it is clear
that information, from within the horizon, propagating along null (or timelike) geodesics cannot reach the outside
Universe. The situation does not improve when this black hole is evaporating, as can be seen from the second diagram
in the same figure. Similarly, Figure 2 shows the Penrose diagram of a maximally extended rotating Kerr black hole
where now the singularity is timelike. In this case, although information (again propagating along null rays) can exit
a future horizon, it does so only to emerge in another Universe. In other words, the information loss problem remains
in the present Universe. Two points may be noted here:

i. The Penrose diagrams for a rotating black hole, charged black hole and charged and rotating black hole are virtually
identical, and

ii. all black holes in nature (much like other astronomical objects) are rotating and uncharged, and the probability
of finding a black hole with zero rotation is practically nil. This is supported by theoretical studies [2], as well as
by the recent gravitational-wave and other observations [3, 4]. ! Therefore, hereafter we will only consider rotating
black holes, and as long as it has some angular momentum, however small, the causal structure and our analysis will
remain valid for the lifetime of a black hole. Furthermore, except near the very end of the lifetime of the black hole,
the spacetime curvatures are small and our results are robust and completely trustworthy.

In particular, in this paper we show that for a black hole which is Hawking radiating, there is a classical channel
through which information can escape, and following the above reasoning, it provides an extended window of infor-
mation recovery from its interior. In the process, the black hole shrinks of course, but at a faster rate than predicted
by Hawking radiation, because of the additional outflow of information and associated matter. We will also allow for
a non-zero charge, (), in our calculations, as this does not give rise to any added complication. We demonstrate the
above by constructing the Penrose diagram for the above process. and prove the following:

1. the region immediately surrounding r = 0 is timelike, and

2. The apparent horizon is timelike.

Results 1 and 2 imply null geodesics originating from anywhere near the centre of the black hole to the apparent
horizon may emerge to the outside Universe. This in turn provides a route for classical or quantum information to
escape from the black hole. This escape of potentially a large amount of information must be taken onto account in
any attempt to resolve the information loss problem. What is most significant is perhaps the fact that the escaping
information is not thermal.
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1 Even if one takes superradiance and Hawking radiation into account, it is highly probable that the black hole at late times evolves to
a state of a fixed and non-zero value of a/M (where as usual a = J/M with J and M being the angular momentum and mass of the
black hole, respectively), or that it approaches the Schwarchild limit at very late times [5-7].



We start with the time-dependent rotating and charged Vaidya-type black hole [8, 9]. As shown in [10] and in
Appendix A, such a metric represents an evaporating black hole, a rotating and charged one in this case:
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where 02 = r2+a%cos? 0, and M = M (u), Q = Q(u) and a = a(u) denote smooth decreasing functions of the retarded
time u. This ensures that the black hole is indeed evaporating.

In order to draw the two-dimensional Penrose diagram for a rotating black hole, it is sufficient to restrict the metric
to the symmetry axis along @ = 0 [11]. This is, from Eq. (1):
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Furthermore, we assume that M, a and @) are proportional to each other and linear functions of u, without loss of
generality:

M(u) = My (constant), u < up 3)
= pu+b=1, up < u < —b/p, p<0 (4)

= 0, —b/lp<u (5)

a(u) = A M(u), 0<A <1 (6)

Qu) = AaM(u), 0< A <1 1)

That is, the black hole starts to evaporate at the retarded time u = ug, and its mass decreases at the rate p. Although
the angular momentum was held fixed in [9], we make it time-dependent here as the derivation of the metric continues
to hold with that generalization and furthermore, the condition A1, Ao < 1 ensures that there are no naked singularities.
Continuity of the functions M (u),a(u), Q(u) Eqgs.(3-7) guarantees that the various patches of the Penrose diagram
that will be constructed smoothly join to each other [10]. We will comment on more general (non-linear) functions
later.

Next, to arrive at a set of coordinates which are smooth across the horizon, we adopt the procedure of [10]. We
first write metric (2) in ‘double null’ coordinates as:

ds? = 9T qaay (8)
w
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To integrate the above, we first note that due to the linearity of functions in Eqs.(4-7), the functions multiplying di
and dr inside the square brackets in Eq.(9) are homogeneous in (@, r). Therefore the integrating factor g(a,r) is given

by:
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whose denominators are cubic in r. Therefore the denominators have three roots r1,rs, r3, (with r1 > r9 > r3) where
v has coordinate singularities, and

3
v = ZA,- In(r —r;) . (13)

Then the complete set of singularity free coordinates for the three patches can be written as:

Va(v) = e/ (r —ry)(r — ro)A2/A (r — pg)As/A1 rg <1 <00 (14)
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The constants k1 and ko are determined by matching V5 with Vi in ro < r < ry and Vi with V in rg < r < ry
respectively. If the denominator of Eq.(11) has one zero, say at 71, such that it can be factored as (r —rq)(r?+ fr+-7),
then v has one coordinate singularity, also at r1. In this case, v and V are given by:

v =AIn(r—r)+ %ln(r2+ﬁr+7)
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In either case, r = 0 and its immediate neighbourhood is timelike. For example, in the case of Egs.(19-20) above,

2 _Q(QaT)A ~
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Note that the ‘ring singularity’ of the metric is at » = 0 and 6§ = 7/2. Therefore, except for that singular point, the
region at and near r = 0 is regular and in fact one of low curvatures, except near the very end of the evaporation
process.

Next, we show that the apparent horizon is timelike as well, following the procedure adopted in [12]. We define the
function:

flu,r) =r—MF (M? - Q*—a®)'/?, (25)
such that the apparent horizons are at

fu,r) =0, r:M:I:(MQ—Q2—a2)1/2. (26)



4

Now since M, @ and a are functions of u the normal vector n, to the surface f(u,r) =0 with components given by

e p (M — Aa— XaQ) e
nu—f,u—_ﬂ$ (M2—Q2—(12)1/2 s nr—f,r—17 (27)
and norm
n? = g®nany = 2u[—1F (1= A2 = \H)?] >0, (28)

where we have used p < 0 from Eq. (4). Therefore, n, is spacelike and the apparent horizon is timelike.

With results Egs.(24), (28) and Eq.(32) in Appendix A, which shows that a slowly evaporating apparent horizon is
also timelike, we can draw the Penrose diagram for the evaporating charged, rotating black hole (Figure 3). As one
can see, there is a channel (outgoing null rays in red) which can carry classical as well as quantum information all the
way from the interior to asymptopia, crossing the timelike horizon along the way.

Several points are in order:

1. The generalization of our results to higher dimensions is straightforward.

2. Generalization for non-linear decay is also straightforward. One just needs to break-down the non-linear decay
function, e.g. M (u) into a series of linear functions of the form M(u) = vazl(uiu + b)) [O(u; + 3) — O(u; + 3)]
(ug < u;), and similarly for a(u) and Q(u), for large N. Now the apparent horizon is piecewise continuous, and the
previous conclusion continues to hold.

3. The condition # = 0 in Eq.(2) is not restrictive, since our aim was to show that there exists at least one such
outgoing information channel. Furthermore, there is no limit in principle to the amount of information that can exit
through this channel.

4. Our work sheds no light on the resolution of singularities. This is still to be addressed by quantum gravity theories
[13, 14], or via other approaches [15]. Note however that the information escape channel that we described is one
of low curvature and hence our conclusions are robust. Our calculations also suggest that the singularity is always
covered by the apparent horizon, until the end of the evaporation process.

5. Since proposals such as the fuzzball and firewall deal purely with quantum information, and in the context of
Hawking radiation, there is no contradiction between those and our results here [16, 17]. On the contrary, the our
approach complements these others.

6. It is known that matter flowing into the dynamic charged and rotating black hole may cause instability due to
mass-inflation, resulting in the nature of the singularity changing [18, 19]. However, we do not anticipate such a
problem in our case since (a) our results pertain to the region of low curvature (not singularity), and (b) we have
outgoing as opposed to infalling matter. That said a careful study of the effect for the spacetime under consideration
is warranted and we hope to report on this in the future.

7. If the evaporation process stops for any reason before the black hole evaporates completely, our Fig.3 would change
and revert back to Fig.2. However, since the Hawking temperature remains non-zero throughout, we do not consider
this possibility.

8. It will be interesting to compute the correlations between outgoing Hawking radiation and infalling particles. We
leave it to a future publication.

To summarize, we have shown here that practically for all black holes in nature, there exists a channel through
which classical or quantum information can evaporate. Although our work does not completely resolve the problem
of information loss, it complements the other approaches in opening up a new information recovery channel. More
work needs to be done to determine the extent of information that can be extracted via this channel, and its interplay
with the quantum resolution of central We hope to report on these and related issues elsewhere.
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FIG. 1: Schwarzschild Penrose diagram

FIG. 2: Kerr Penrose diagram



=0

SN

Negative
energy Hawking
radiation
r=ry 4/
r=0 Star

surface

FIG. 3: Evaporating black hole Penrose diagram

[5] D. N. Page, Phys. Rev. D14, 3260 (1976).

[6] C. M. Chambers, W. A. Hiscock, B. Taylor, Phys. Rev. Lett. 78, 3249 (1997).

[7] B. E. Taylor, C. M. Chambers, W. A. Hiscock, Phys. Rev. D58, 044012 (1998).

[8] P. C. Vaidya, Curr. Sci. 12, 183 (1943); Proc. Ind. Ac. Sci. A 33, 264 (1951); Nature 171, 260 (1953).

[9] J. Jing and Y. Wang, Int. J. Theor. Phys. 35, 1481 (1996).

[10] M. Parikh, F.Wilczek, Phys. Lett. B449 (1999) 24-29 [gr-qc/9807031].

[11] B. Carter, Phys. Rev. 141, 1242 (1966).

[12] Y. Kaminaga, Class. Quant. Grav. 7, 1135 (1990).

[13] L. Susskind, An Introduction To Black Holes, Information And The String Theory Revolution: The Holographic Universe,

World Scientific (2004).
A. Ashtekar, J. Phys.: Conf. Ser. 189 012003 (2009).
S. Das, Phys. Rev. D89 (2014) 084068 [arXiv:1311.6539].
S. D. Mathur, Fortsch.Phys. 53 (2005) 793-827 [arXiv:hep-th/0502050].
A. Almheiri, D. Marolf, J. Polchinski, S. James, J. High Energ. Phys. 2013 62 (2013).
C. Barrabes, W. Israel, E. Poisson, Class. Quant. Grav. 7, L273-L278 (1990).
D. Rossi, Reissner-Nordstrom Black Holes and Mass Inflation, thesis (2019).

Appendix
Appendix A: The metric in our manuscript represents a black hole

To show that our metric represents an evaporating black hole, we calculate the expansion of the null normal vectors
for the rotating charged Vaidya-type black hole, see Eq. (1) in the manuscript.

Suggested by the rotating charged stationary black hole [1], we may conjecture that the outward null vector I* and
the inward null vector n* for the rotating charged Vaidya-type black hole are

w:(r2+a2 A

a
T,T‘z,o, ;) and nt = (07—1,0,0) (29)

where 02 =72 +a%cos? 0 and A =72 + a? — 2M7r + Q2. It is easy to check that

"1, =0, nPn,=0 and I"n,=—1 (30)

for the Vaidya-type metric in our manuscript. Then we calculate the expansion for both I# and n* by §(4) = Aot
where o#¥ = g"” + [*n¥ 4+ n*l¥. Finally, we obtain
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From Eq. (31) we see that #) > 0 and (™) < 0 when r is larger than the apparent horizon and () = 0 defines the
apparent horizon. Thus, the Vaidya-type metric in our manuscript represents a black hole.

The apparent horizon for a stationary rotating charged black hole is defined by A = 0. Here, our calculations
show that the time dependence of the angular momentum a(u) makes the apparent horizon shift slightly from the
stationary case with the size of the shift depending on the rate of change of a(u) with respect to w.

If we insert our linear functions for M, @ and a, Egs. (3-6) in the manuscript, into the expansion of the outward
null normal vector and suppose the rate of change is very slow (u is very small), we can obtain the corrected apparent
horizon for § = 0 as

a1 (r + a?)
r3 — (M + 2apX)re

Ry =714+ w+O(1?). (32)

Since we have proved r. is timelike, the apparent horizon of a slowly evaporating rotating charged black should also
be timelike.

Appendix B: The metric in [2] represents a white hole

As far as we know, the first one try to do a similar analysis as us, though limited to non-rotating scenarios, are
Parikh and Wilczek [2]. However, although they claimed that they analyzed the case of an evaporating charged black
hole, the metric used in their paper is in fact the metric of a charged white hole. They study the metric [2]

N2
ds® = — (1 — W)M — 2dudr + r*(d6? + sin® 0 d¢?), (33)

where M = M(u) and @Q = Q(u) denote smooth decreasing functions of the retarded time w. It is easy to see that
Eq. (33) represents a white hole by taking @ = 0 [3]. To exactly show that Eq. (33) is the metric of a white whole,
we now calculate the expansion of the null normal vector of this metric.

Since this metric is spherically symmetric, it is easy to figure out that the outward null normal vector [* and the
inward null normal vector n* for this metric are

2 _ 2M 2
1" =(0,1,0,0) and n* = (1,—%70,0) (34)
It is then easy to check that
",=0, n*n,=0 and ¥ n,=-1 (35)

Finally, we calculate the expansion for both [* and n* by #(4) = Aot where o = gH¥ + [#n” +ntl”, to obtain

2 2
o0 = 2 and oM = T "=TTTE 2Mr +Q .
r 73

(36)

From Eq. (36) we know that M > 0 and ™ < 0 when 7 is larger than the apparent horizon. However, it is the
vanish of (") defines an apparent horizon. Thus, the Vaidya-type metric in Parikh and Wilczek’s paper represents a
white hole.
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