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In classical gravity, nothing can escape from a black hole, not even light. In particular,
this happens for stationary black holes because their horizons are null. We show, on
the other hand, that the apparent horizon and the region near » = 0 of an evaporating
charged, rotating black hole are both timelike. This implies that there exists a channel,
via which classical or quantum information can escape to the outside, as the black hole
evaporates. Since astrophysical black holes have at least some rotation, our results apply
to all black holes in nature. We discuss implications of our result.

Keywords: Black hole information loss; Hawking radiation; evaporating black holes; ro-
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1. Introduction

In classical general relativity, a black hole is a region of spacetime from which
nothing escapes. This result underwent a change with the discovery of Hawking
radiation.!>2 Studying the evolution of a vacuum quantum state in curved spacetime
with a horizon, Hawking showed that the ingoing vacuum state has a probability
to yield a non-vacuum outgoing state when the former enters the horizon of a black
hole. This means that a black hole can radiate energy to infinity via this quantum
mechanism.

Now, both classical and quantum information can enter the horizon of a black
hole. However, as Hawking’s work showed, only thermal Hawking radiation carrying
very little information emerges from it.? Therefore, when the black hole evaporates
completely, all information carried by the matter that was used to create the black
hole is apparently lost forever. This violates unitarity in quantum theory which
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requires the information of a quantum system be conserved during its evolution.
Further study of this apparent information loss paradox led to the idea of black
hole complementarity,* ¢ the firewall paradox”? etc.

When discussing the above problem, people often overlook an implicit hypothesis
that the causal structure of a black hole is not disturbed by Hawking radiation itself.
Parikh and Wilczek were the first to examine this assumption and show that the
singularity of an evaporating charged black [white] hole may be accessible for an
observer outside when the metric is time-dependent.® However, the metric used in
their paper in fact seems to represent a white hole, contrary to their claim that it is a
black hole (see Appendix A for a detailed analysis). Recently, numerical simulation
also shows that the horizon of a charged black hole may be timelike.!® We know on
the other hand, that much like other astronomical objects, all black holes in nature
are rotating and uncharged, and the probability of finding a black hole with zero
rotation is practically nil.

Motivated by the above, in this work,!! we show that for a rotating and charged
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 information recovery from its interior. In the process, the black hole
shrinks of course, but presumably at a faster rate than predicted by Hawking radi-
ation, because of the additional outflow of information and associated matter.

We demonstrate the above rigorously by constructing the Penrose diagram for
the above process. In particular, we prove that the region immediately surrounding
r = 0 is timelike, and the apparent horizon is timelike as well. These two results
and the Penrose diagram all together 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 into account in any attempt to resolve the information loss problem.
What is most significant is perhaps the fact that the escaping information need not
be thermal.

2. Coordinates for an evaporating rotating charged black hole

Since we are interested in evaporating black holes, we will start with the following
time-dependent metric, which represents a rotating and charged Vaidya-type black
hole,'?13 as shown in Appendix B

2Mr — Q?
ds?= — (1 — T2Q> du® + 2du dr + 02d6* — 2asin® 0 dr do
o

_2(2Mr — Q%)a
2

2Mr — Q?
sin? 0 du do + (TQ a’sin?0 +r? + a2> sin? 0 d¢?,
o

(1)

g
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where 02 =12 + a?cos? 0, and M = M(u), Q = Q(u) and a = a(u) denote smooth
decreasing functions of the retarded time w.

Next, to construct a two-dimensional Penrose diagram for the above metric, we
restrict ourselves to the symmetry axis along § = 0.'* Then one gets, from Eq. (1):

2Mr — Q? 2_oM 2 2
d32:_ 1_7,762 du2+2dudr:— r rta +Q du — 2dr|du.
r2+a2 T2+CL2
(2)

We also assume without loss of generality that M, a and @ are proportional to each

other and linear functions of

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

=0, —b/u<u (5)

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

Q(u) = A M (u), 0<X <L (7)

This means that the black hole starts its process of evaporation at time u = wuy,
and undergoes a mass decrease at a constant rate p. Contrary to Ref. [13], where
the angular momentum was held fixed, in this work we make it time-dependent.
This is because on the one hand, the form of the metric continues to hold with
that generalization and moreover, the condition A1, A2 < 1 ensures that there are
no naked singularities.

The following points may be noted here. First, continuity of the functions
M(u),a(u), Q(u) in Eqgs. (3-7) guarantees that the various patches of the Penrose
diagram that will smoothly join to each other.? Second, considering arbitrary decay
rates (i.e. not constant over time) is also straightforward. In this case, one can sim-
ply break down the non-linear decay function such as M (u) into a series of linear
functions of the form M (u) = Zﬁl(,uiu +b;) [O(u; + 3) = O(u; + 3)] (uo < uy),
and similarly for a(u) and Q(u), for N > 1.

Now, following Ref. [9] and details presented in Ref. [11], we find a set of coor-
dinates which are smooth across the horizon. To this end, we first write metric (2)
in the so-called ‘double null’ form:

ds? = — 90T qay ®)

where,

2 2 2\ 1 72 ~
dv = ~1 Kr 2Mr ¥ (/\21 + )M > du—QdT} . (9)
g(@,r) 72 + A\ M2

with the integrating factor
_ (7”2—2M7“+()\%+)\§)M2) i,
r2 4 M2 M2 p

(10)
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We may then read off

v _ i (1)
Or — —r[r® + \a?] + 5, [r? — 20 + (O + A3)#?]
o 2= (r? = 2Mr + (A} + A})a?) (12)

0a — —rlr? + X + g [r? — 2ar + (\F + A3)@?] |

As one can see, the common denominators D(r) of the above expressions are cubic
in r, which may be rewritten as

D(r) = —r[r® + X2a%] + il [7"2 — 20 + (A2 + )\g)ﬂﬂ

2p
3 )\2~2 + U 2 ’EL2 +ﬂ3(>\2+A2)
= —r° = \u°r+ —r°— —r+ —
1 2% " 2% 1 2
~ ~2 ~3
3 ) 2-2 U u 2 2
= - —re— (A — — (A A5).
7""‘2#7" (1“"'#)7""‘2”(14‘ 2)

(13)

Since D(—o0) > 0, D(400) < 0, and D(0) = %(A% +A3) < 0 because of u < 0 and
% > 0 (4 = 0 represents a flat spacetime and hence is ignored here), the scenarios
with positive roots for the cubic equation D(r) = 0 are well described by Fig. 1. No
other scenario has a positive root.

D(r)

\/0 T

Fig. 1. Scenarios caused singularities for Egs. (11) and (12).

For the case represented by the red line in Fig. 1, the denominators have three
roots 11,72, 73, (with 71 > r9 > 0 > r3) where v has coordinate singularities, and

3
v= ZAi In(r —ry) , (14)

with
r2 2
A = L )\ 0 A = 2 )\ ~2
! (r1 —r2)(ry —r3) + AU 2 (r1 —r2)(rq —r3) A
2
Ay = ik A2 (15)

(r1 —r3)(ra —r3)
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Then the complete set of singularity free coordinates for the two patches may be
defined as:

Va(v) = e/

= (r = ) = ) () el msr<co  (16)
Vi(v) = ky — (= Vo) /42
=ko+ (1 — 7“)’41/‘42 (ro —r)(r — 7’3)’43/A2 , 0<r<ry (17)

The constants k; are determined by matching V5, with Vi in 9 < r < ry. If the
denominator D(r) of Eq. (11) is described by the gold line in Fig. 1, it has a negative
root r3 and a positive double root 71 such that it can be factored as (r—r3)(r —r1)?.
This is nothing but a special case that r;1 = r5 in the red-line scenario in Fig. 1.

3. Timelike regions

With the results in last section, it is easy to show that » = 0 and its immediate
neighbourhood is timelike. For example, in the case of Eqs. (14-17) above,

g(a,r)A

ds* = -2 22— dud 1
’ Viaru " v (18)
2 2
= (08 4 <o 19
1

It may be noted that the ‘ring singularity’ of the metric is at » = 0 and 6 = 7/2.
It follows that except for that singular point, the region in the neighbourhood of
r = 0 is regular and of finite curvature, except perhaps at the end of the evaporation
process.

We now consider the apparent horizon and show that it is timelike as well. We
follow the procedure of Ref. [15], and define the function:

flu,r)y=r—Ry (20)
where R represents the outer and inner apparent horizons of the evaporating
rotating charged black hole. A rigorous calculations for Ry yields

a(rl +a?)
Ry =
S r% — (M + 2apul)ry

p+ 0, (21)

where
re =M+ (M? - Q?—a?)'/? (22)
(see Appendix B for more details).
We assume that the evaporating process is sufficiently slow and that |u| is suf-

ficiently small. Therefore, we focus on the leading term in Eq. (21) for our future
calculations. Thus, Eq. (20) reduces to

flur) =r =M% (M? - Q* —a®)'/?, (23)
such that the apparent horizons are at

flu,r) =0, re =M+ (M? —Q? —a?)'/? . (24)
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Now since M, (@ and a are functions of u the vector n,, normal to the surface
f(u,r) =0, will have components given by

12 (M — )\10, — )\QQ)
(MQ _ QQ _ a2)1/2 ’

nu:f,u:_ﬂ:F nr:f,r:]-v (25)

and norm
n? = g®nany = 2u[—1F (1 =22 = \)?] >0, (26)

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

4. Penrose diagram

The information loss problem may be easily described using Penrose diagrams. The
Penrose diagram in Fig. 2 depicts a static Schwarzschild (non-rotating, uncharged)
black hole. In this case, the singularity is spacelike, and it is clear that informa-
tion, from within the horizon, propagating along null or timelike geodesics cannot
reach the outside Universe. The Penrose diagram in Fig. 3 describes an evaporating

r=0

Fig. 2. Penrose diagram of a static Schwarzschild black hole.

Fig. 3. Penrose diagram of an evaporating Schwarzschild black hole.
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Fig. 4. Penrose diagram for stationary Kerr black hole.

Hawking
radiation

Star
surface

Fig. 5. Penrose diagram for an evaporating rotating (charged) black hole. This Penrose diagram
describes a rotating (charged) star first collapsing into a rotating (charged) black hole. Then the
black hole begins to evaporate, and both its inner and outer horizons at 8§ = 0 follow timelike
trajectories. After the black hole completely evaporates away, the spacetime is connected with a
flat spacetime.

Schwarzschild black hole. The evaporating procedure of a Schwarzschild black hole
does not change the fact that the horizon is along a null direction and hence does
not improve the situation.
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Similarly, Fig. 4 is the Penrose diagram of a maximally extended rotating black
hole whose singularity is timelike. Although information propagating along null rays
in such a Penrose diagram can exit a future horizon, it does so only by entering
another Universe. Therefore, the information loss problem is not resolved in the
present Universe.

Based on the results of Eqgs. (19), (21), and (26), we can draw the Penrose
diagram for the evaporating charged, rotating black hole (Fig. 5). 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 infinity, crossing the timelike
horizon along the way.

We assume 6 = 0 in Eq. (2) to simplify our calculations, it does not restrict
our conclusion that there exists at least one such outgoing information channel.
Even if future work shows that this channel is unique because its special azimuth,
there is no limit in principle to the amount of information that can exit through
this channel. Since our major calculations are carried out for a specific azimuth
0 = 0, its generalization to black holes in higher-dimensional spacetimes should be
straightforward.

5. Discussion

We have shown in this article that the apparent horizon and the region close to
r = 0 of an evaporating charged rotating black hole follow timelike trajectories.
This implies that there exists a channel through which classical or quantum infor-
mation can escape. Since proposals such as the fuzzball and firewall deal purely with
quantum information, and in the context of Hawking radiation, there is no contra-
diction between those and our results here.”®19 On the contrary, our approach
complements the others.

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.??2! 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.

Since the horizon of a stationary black hole is null and the evaporating procedure
is a quantum effect, emergence of such a classical channel is not a pure classical
phenomenon. If the evaporation process stops for any reason before the black hole
evaporates completely, our Fig. 5 would change and revert back to Fig. 4. However,
since the Hawking temperature remains non-zero throughout, we do not consider
this possibility.

Although our work does not completely resolve the problem of information loss,
it complements 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
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extracted via this channel, and its interplay with the quantum resolution of the
singularity.

Appendix A. The metric in Parikh and Wilczek’s paper represents
a white hole

To our knowledge, such an analysis was first done by in® for non-rotating black
holes. However, contrary to their assuming the metric that they used to be that of
an evaporating black hole, it is in fact that of a charged white hole. They study the
metric?
ds® = —(1 — 2M7;2_Q2>du2 — 2dudr + r*(d6? + sin® 0 d¢?), (A1)

where M = M (u) and Q = Q(u) denote smooth decreasing functions of the retarded
time u. It is easy to see that Eq. (A.1) represents a white hole by taking Q = 0.2? To
show that Eq. (A.1) is the metric of a white hole, 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 out-
ward null normal vector {* and the inward null normal vector n* for this metric
are

r2 —2Mr + Q3 0

" =(0,1,0,0) and n* = (1, = , ,o). (A.2)

It is easy to check that

", =0, n'n,=0 and "n, =-1. (A.3)

Finally, we calculate the expansion for both I* and n* by #(4) = Aot where
ot = g™ 4+ [Fn¥ 4+ nHlY, to obtain

r2 —2Mr + Q?

——

o0 =2 and o™ = (A.4)
r

From Eq. (A.4) we know that () > 0 and ™) < 0 when r is larger than
the apparent horizon. However, it is the vanishing of 8™ that defines an apparent
horizon. Thus, the Vaidya-type metric in Parikh and Wilczek’s paper represents a
white hole.

Appendix B. 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,2> we may conjecture
that the outward null vector [* and the inward null vector n* for the rotating
charged Vaidya-type black hole are

r?4+a2 A a
l“z( > ,@,oyﬁ) and ' = (0,-1,0,0). (B.1)
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where 02 = 72 + a?cos? 0 and A =12 + a® — 2Mr + Q2. It is easy to check that
",=0, nn,=0 and I*n,=-1 (B.2)

for the Vaidya-type metric in our manuscript. Then we calculate the expansion for
both I# and n* by 0(4) = Apo™, where o = gM + [#n¥ 4+ n#l”. Finally, we
obtain

o0 — rA+2ad (u)(r? 4+ a® cos*(0)) and 0 — 2r

(77 + a2 cos(0))2 T aenm BY

From Eq. (B.3) 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 =0 as

a(rl +a?)
i — (M +2apdi)ry

Ry =ry + o+ O(uQ). (B.4)

Since we have proved 7 is timelike, the apparent horizon of a slowly evaporating
rotating charged black hole should also be timelike.
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