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Nonthermal radiation of evaporating black holes
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Black hole (BH) evaporation is caused by creation of entangled particle-antiparticle pairs near the event
horizon, with one carrying positive energy to infinity and the other carrying negative energy into the BH.
Since under the event horizon, particles always move toward the BH center, they can only be absorbed but
not emitted at the center. This breaks absorption-emission symmetry and, as a result, annihilation of the
particle at the BH center is described by a non-Hermitian Hamiltonian. We show that due to entanglement
between photons moving inside and outside the event horizon, nonunitary absorption of the negative
energy photons near the BH center, alters the outgoing radiation. As a result, radiation of the evaporating
BH is not thermal; it carries information about BH interior, and entropy is preserved during evaporation.
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I. INTRODUCTION

According to principles of quantum mechanics, the state
of an isolated system remains pure during evolution. This is
the case for both types of quantum mechanical evolution—
a unitary evolution governed by the Schrédinger equation
and a nonunitary state vector collapse brought about by a
measurement. If the system remains in a pure state, the von
Neumann entropy is preserved.

Computations of Hawking radiation, which is believed to
be produced by an evaporating black hole (BH), indicated
that it is completely thermal [1-4]. Therefore, an evapo-
rating BH would eventually leave behind a cloud of thermal
radiation, independently of the initial state from which it
was formed. However, one could imagine forming a BH
from a pure state that seems to evolve to a mixed thermal
state, which amounts to a loss of information, and thus, is
incompatible with quantum mechanical evolution. This is
known as the BH information paradox [5]. For proposals to
resolve the BH information problem, see, e.g., [6,7] and
references therein.

According to the holographic principle, the bulk infor-
mation in models of gravity in d-dimensions might be
available on the d — 1 dimensional boundary of space-
time [8,9]. Holography of information implies that the
internal quantum state of a BH must be encoded in the
asymptotic quantum state of its graviton field, since
otherwise the information would not be recoverable at
the boundary [10,11]. In [12,13], it has been shown
explicitly that information about the BH internal state is
available in the quantum state of its gravity field (quantum
hair). Moreover, it has been argued that long wavelength
gravitons can give rise to an infinite number of conserved
charges that preserve an infinite amount of information
outside BHs [14], which could give a new perspective on
the information problem [15,16].
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Holography was given an explicit realization in the
AdS/CFT correspondence of Maldacena [17], which
suggests that BH evaporation can be unitary. Recently,
there has been considerable progress in directly computing
the entanglement entropy of evaporation using anti—
de Sitter (AdS) methods, and these results suggest that
the process is unitary [18]. While both holography of
information and AdS/CFT duality suggest that the BH
information paradox is somehow resolved in favor of
unitarity, neither yield a specific description of the physical
process by which BH information is encoded in Hawking
radiation.

Here, we show that entanglement of particle pairs
generated during BH evaporation, combined with nonuni-
tary absorption of particles near the BH center, leads to
nonthermal outgoing radiation that carries information
about the BH interior.

BHs possess an event horizon—the boundary under
which no particles, at least if they are treated classically
and moving forward in time, can escape. This leads to a
belief that an observer outside the BH has no access to the
interior part of the total quantum system, and information
about the internal degrees of freedom is lost during BH
evaporation leaving the system in a mixed state.

However, BH spacetime has another inherent feature,
namely, under the event horizon, particles always move
toward the BH center. The latter probably has a Planck
scale and is described by yet not well-understood physics.
What matters for the present discussion is that, since
particles can move only towards the center, photons with
a wavelength much greater than the Plank length can only
be absorbed, but not emitted at the BH center.

Emitted particles move away from the source and, since
particles cannot move away from the BH center, they
cannot be emitted in this region. This breaks the symmetry
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between absorption and emission. As a result, annihilation
of the particle at the BH center is described by a non-
Hermitian Hamiltonian.

Here, we show that if the emission-absorption symmetry
is broken, quantum mechanics predicts that radiation of an
evaporating BH is nonthermal, and it carries information
about the state of matter in the BH interior. Next, we briefly
discuss the physics of Hawking radiation from a negative
frequency perspective [19].

II. HAWKING RADIATION FROM A NEGATIVE
FREQUENCY PERSPECTIVE

According to general relativity, a static BH of mass M in
3 4 1 dimension in Schwarzschild coordinates is described
by a metric,

1
ds* = (1 ——r'q>c2 dr* — 7
r 1--

r

dr? — r*(d6? + sin*0dg?),
(1)

where r, =2GM/ c? is the gravitational radius. For sim-
plicity, we truncate the spacetime to 1 + 1 dimension (¢ and
r, where r > 0) and use Kruskal-Szekeres coordinates T
and X that are defined in terms of the Schwarzschild
coordinates ¢ and r as

. ct
T =./r/r,— le¥ssinh <2_l”g> , (2)
r ct
X = ,/r/rg_lemcosh<2—rg>, (3)
for r > Tgs and
/ r ct
T = 1-— r/rge2r.fl COSh (2—rg) . (4)

)
~

X = l—r/rge

ct
o sinh | — |, 5
sin <2rg> (5)

for 0 <r< Iy In these coordinates, the BH center

(r = 0) is a spacelike line T = v/1 + X2. This line sets a
boundary of the Schwarzschild spacetime in the Kruskal-
Szekeres coordinates (see Fig. 1). The boundary appears
because coordinate transformation (2)—(5) maps the region
—0 <t<oo, r>0into T<V1+X% T>-X. In the
Kruskal-Szekeres coordinates, in 1+ 1 dimension, the
Schwarzschild metric,

) A4n —r/ry (T2 2
ds :76 g(dT —dX ), (6)
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FIG. 1. Schwarzschild spacetime in the Kruskal-Szekeres
coordinates. A spacelike line T = v/1 + X? sets the spacetime
boundary. Unruh vacuum is filled with entangled right-moving
Rindler photons ¢; and ¢,, which are localized outside and inside
the BH event horizon (line T = X), respectively. Absorption of
Rindler photons ¢, at the boundary reduces BH mass and leads to
BH evaporation. We model the boundary as a set of harmonic
oscillators that absorb all ingoing photons but do not emit. Due to
vacuum entanglement, the process looks like as if there is a mirror
“image” of the oscillators located along the line T = —v/1 + X2,
which emit (but do not absorb) light outside the BH event
horizon.

is conformally invariant to the Minkowski metric and, thus,
a massless scalar field ¢ obeys the same wave equation as
in the Minkowski spacetime,

? 0?

For the present problem, only the right-moving field in
Fig. 1 is important. It is convenient to describe such a field
using Rindler modes [20],

$1o(T. X) = (X = T)“0(X = T), (8)
$(T.X) = (T - X)70(T - X), ©)

where Q > 0 is a parameter and 0 is the Heaviside step
function. Rindler modes ¢ and ¢, are solutions of the
wave equation (7) and for Q > 0, have positive norm
(defined as the Klein-Gordon inner product). The mode
functions (8) and (9) are nonzero outside and inside the BH
event horizon (line 7 = X), respectively (see Fig. 1). These
two regions are causally disconnected for the right-moving
field. Annihilation operators of the Rindler photons we

denote as 1319 and @zg.
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It is believed that, to a good approximation, Unruh
vacuum |0y) describes state of the field produced by a
gravitational collapse of a star into a BH. In this state, there
are no left-moving Rindler photons and no right-moving
Minkowski photons [3]. That is, Unruh vacuum is Rindler
vacuum for the left-moving photons and Minkowski vac-
uum for the right-moving photons. In terms of the right-
moving Rindler photons, which are relevant for the present
discussion, the Unruh vacuum is a squeezed state [21],

00) = [ /1 -7 erPiaa|0g), (10)

Q>0

where
y = e ™, (11)

|0) refers to the Rindler vacuum, b}, and bs,, are creation
operators of the right-moving Rindler photons. That is,
Unruh vacuum is filled with the right-moving Rindler
photons, but it looks empty if the right-moving field is
described by means of the Minkowski photons.

If a hypothetical observer is located at the BH center
(r = 0), then Schwarzschild coordinate 7 is the proper time
for such observer. Recall that proper time of an object is the
coordinate that changes in the object’s frame. If the object is
held fixed at r = const then ¢ is the proper time. In the
region 0 < r < r,, it is physically impossible to hold
particles fixed at r = const, that is why we use the word
“hypothetical”. Equations (4), (5), and (9) yield that at the
BH center the nonzero Rindler mode ¢,q oscillates as a
function of 7 as ¢,o o €’**/?"s_ That is, from the observer’s
perspective, the Rindler photons behave as if they have
negative frequency —Qc/2r, [19]. Hence, in the Unruh
vacuum, there is a flux of the negative frequency (energy)
Rindler photons into the BH center. Absorption of such
photons near the BH center decreases energy (mass) of the
BH, leading to BH evaporation.

If an observer is held fixed outside the event horizon at a
constant Schwarzschild coordinate r, then at the observer’s
location, the nonzero Rindler modes ¢,q oscillate as
1o x e ¢!/27 where t is the observer’s proper time.
That is, from the external observer perspective the Rindler
photons behave as if they have positive frequency,

796‘

v=—, (12)
2r,

and, thus, they can excite a detector. Photons ¢);o propagate
away from the BH.

For simplicity, we will assume that the field has only
modes with one “frequency” Q. We denote such Rindler
modes as ¢; and ¢,. Then Unruh vacuum can be written as

00) = \/1=72eP2(0g) = \/1 =2 y'[nn),  (13)
n=0

where |nn) is a state with n Rindler photons in the modes
¢ and ¢,.

If modes ¢; and ¢, are considered separately, then
tracing over or absorbing one of the modes leaves the
remaining mode in a thermal state. Namely, if we trace over
the Rindler modes under the event horizon ¢,, which are
not accessible to the external observer, the reduced density
operator for the field ¢, is thermal,

b= Tra((0)0u]) = (1 =) S 2 lainl, (14)
n=0

with the average number of photons,

i, = . (15)

Thus, an observer held fixed outside the BH horizon feels
thermal radiation coming out from the BH, which is known
as Hawking radiation. Using Eqgs. (11), (12), and (15), one
can write 77; as a Planck factor,

77l1 - 1 - 1 N (16)

4m*gp hy
e —1 -1

with the Hawking temperature Ty = hc/4nkgr,.

Figure 2 shows light rays of Rindler photons (8) and (9)
in the Schwarzschild coordinates. It looks like the negative
(¢,) and positive (¢;) frequency Rindler photons are
generated at the event horizon. This is consistent with
the interpretation of the Hawking radiation as a continuous
creation of particle-antiparticle pairs near the event horizon,
with one carrying positive energy to infinity and the other
carrying negative energy into the BH [22]. Calculations of
the energy-momentum tensor for the field near an evapo-
rating BH directly show that there is a negative-energy flux

|
tc/ry /3 :
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FIG. 2. Light rays of Rindler photons ¢, and ¢, in Schwarzs-
child coordinates.
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into the BH center and a positive-energy flux far away from
the BH [23].

III. MODEL OF AN EVAPORATING BLACK HOLE
TAKING INTO ACCOUNT NON-UNITARY
PHOTON ABSORPTION AT THE CENTER

According to Eq. (7), in the Kruskal-Szekeres coordi-
nates the field evolves following the same wave equation as
in Minkowski spacetime. For the latter, absorption or
emission of photons in the region 7 > X cannot affect
the state of the field in the region 7" < X. However, the BH

spacetime has a spacelike boundary at 7 = v/1 + X2. We
will show below that absorption of photons at the boundary
changes the state of the field outside the event horizon, and
radiation of the evaporating BH is not thermal. We will
assume that Unruh vacuum is the state of the field only at
the onset of evaporation and calculate how the field
evolves.

According to general relativity, spacetime disappears at
the BH center (spacetime boundary). It is assumed that
matter disappears together with the spacetime, but state of
matter (mass, angular momentum, etc.) is recorded in the
gravitational field near the BH center. This process trans-
fers characteristics of the accreting matter into the BH
internal gravitational field. .

The worldlines of the Rindler photons b, terminate at the
spacetime boundary (see Fig. 1). But we can not just say
that photons disappear. One should describe this process
quantum mechanically using a Hamiltonian. Spacelike
boundary breaks the symmetry between emission and
absorption of Rindler photons Bz. Namely, if backward
in time propagation is not allowed, Rindler photons b,
cannot be emitted at the boundary because such a process
means emission of particles outside the spacetime.

Next, we consider a simple toy model of BH evaporation
modeling the boundary as a set of harmonic oscillators that
totally absorb the ingoing field. The oscillators follow the
worldline of the boundary, which is not geodesic. We do
not associate the oscillators with ordinary particles. Rather,
the oscillators provide a physical model of the gravitational
field near the BH center that carries information about the
state of the BH interior. In our model, the oscillator’s
energy is the origin of the BH mass. As we showed above,
from the oscillator’s perspective, Rindler photons have
negative energy. Thus, absorption of Rindler photons
reduces the energy of the oscillators (BH mass decreases).

Since oscillators are under the BH horizon, they can
interact only with photons 132. In the toy model, the
interaction Hamiltonian describing BH evaporation reads

Va(t) = ge™¢hy (1), (17)

where 6 is the lowering operator for the oscillator of
frequency w, g is the coupling constant and the field mode

function ¢, (T, X) is taken at the location of the oscillator

d2(1) = o(T(1.0). X(1,0)) = ¢¥7. In Eq. (17), 1 is the
proper time of the oscillator which coincides with the
Schwarzschild coordinate ¢ because oscillators are located
at fix r = 0. Since oscillators cannot emit Rindler photons,
the Hamiltonian (17) is not Hermitian.

We will consider evolution of the system as a function of
the oscillator proper time ¢. Schrodinger equation for the
system’s state vector,

in S (1)) = D0l (2).
yields
(1)) = eP0%]0,,)|A), (18)

where |0;) and |A) are the initial state vectors of the field
and the oscillator, and

I ' 0 [t
p(t) = —g/ dte ' g, (1') = _E/ df Gl
h 0 n 0

Plug |0y) in Eq. (18) gives

(1)) = /1 =2l Oeebin0g)|4). (19)

Using the Baker-Hausdorff formula ehebB = elABloB oA

obtain

(1)) = 1/ 1 — y2erP0h1 erhib: h03h2 |0, A),

, We

or

;

(1)) = e?%110y)|A). (20)
Equation (20) shows that nonunitary field absorption at the
spacetime boundary yields generation of photons outside
the BH event horizon (into the Rindler mode 1). Taking
time derivative of Eq. (20) leads to the Schrodinger
equation with the interaction Hamiltonian,

‘71(1‘) = yg&e‘”‘”cﬁ’{(t)l??,

where we used ¢, (1) = ¢ (1) = ¢;(-T(2.0),X(z,0)).
That is, the process looks like as if there is a mirror
“image” of the oscillator located along the line 7 =

—V/'1 + X? (see Fig. 1), which is coupled with the external
mode ¢, with a reduced coupling constant yg. The
oscillator’s image produces a field outside the event
horizon, which propagates away from the BH. Such field
is not thermal. For example, if the oscillator is in a coherent
state, the generated field is coherent. The information
stored in the oscillators is recorded in the outgoing field.
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BH radiation is not thermal because evolution of the field
under the horizon is described by the non-Hermitian
Hamiltonian (17). Indeed, if the Hamiltonian would be
Hermitian and depends only on Bz and IA);, the Heisenberg
equation of motion for the operator b, (t),

db(1) i
dr

(H'by (1) — by (1)H)

= (H'(1) = H(1)b,. (21)

St~ 3

would yield b, (¢) = const. That is field outside the BH
event horizon would not change. However, if aY + H, the
right-hand side of Eq. (21) is no longer zero, and the
external field can be altered.

In the present model of BH evaporation, the von
Neumann entropy is preserved. Namely, since evolution
of the system is described by a Hamiltonian, the system
remains in a pure state and, thus, the net entropy remains
equal to zero. This is true even if the Hamiltonian is not
Hermitian. For the latter, the system’s state vector should be
normalized such that (y|y) = 1.

The toy model Hamiltonian (17) explains why nonuni-
tary absorption of photons at the BH center alters radiation
outside the BH. However, it does not describe the system’s
dynamics correctly. The point is that, non-Hermitian
Hamiltonians do not preserve the expectation value of an
operator O with which they commute. This is the reason
why the norm of the state vector is not conserved (in this
case, O = 1). To incorporate a conservation law <Q> =
const into the model, we must replace the non-Hermitian
Hamiltonian A with a constrained Hamiltonian [24,25],

H - A(1)0, (22)

where A(f) is a Lagrange multiplier, whose value is to be
chosen so as to honor the constraint condition (Q) = const.

We will impose a constraint that during BH evaporation,
the average energy is conserved. Operators describing
conserved quantities must commute with the Hamiltonian.
Such “energy” operators commuting with the Hamiltonian
(17) are

6'6 —blb,, and bib,
and the constraints read
(616 — blb,) = const and (b|h,) = const.  (23)
The constrained interaction Hamiltonian is

V(1) = goe ™y (1)by + ihC (1), (24)

where

Cr) = ﬂl(f)l;ﬁ’l + iy (1) (676 — 1;;1;2) + f15(1),

and the dot denotes derivative over t. The latter is introduced
for convenience. We assume that the resonance condition
w = c€Q/2r, is satisfied, which yields

V(1) = g6b, + inC(t). (25)

The Lagrange multiplier ji5(¢) takes into account the nor-
malization condition (y|w) = 1. For the present problem,
Lagrange multipliers j; , 3() are real functions.

We assume that initially the oscillator is in a coherent
state |A) and the field is in the Unruh vacuum |0). The
Schrodinger equation with the constrained Hamiltonian
(25) yields (see Appendixes A and B),

(1)) = N(Z)e—éygAem<r>z£{eem<r)—uz(r)y5§13;|OR>|6;42(1)A>’ (26)

where N() is a normalization factor and the Lagrange
multipliers are obtained from the constraint equations,

2/42A2 ~ }72 ~ 62”1}72(7//\1‘)2 o yz (27)
¢ ) ~2\2 2>
-7  (1-7) 1—y
P eGA? P
1 — 2 ]_~22:]_2’ (28)
7 (1=7) Y

where 7 = e#17#2y and A = gA/h is the Rabi frequency.
For t — o0, Egs. (26)-(28) give

i _pt
lw(o0)) = Ne Vi=*'0g)|As), (29)
where
2
Ago:Ahly - (30)
-7

is the mean number of oscillator excitations in the final
state. The present model of the spacetime boundary is self-
consistent if the oscillators absorb all ingoing photons,
which implies A2, > 0. Otherwise, photon flux through the
boundary would be nonzero.

Equation (29) shows that the final state of the field is the
Rindler vacuum for photons b, and a coherent state for
photons b, with the average photon number y2/(1 —y2).
The oscillator remains in the coherent state, but the
oscillator’s mean excitation number is reduced by an
amount y2/(1 — %) due to absorption of all b, photons.

For in our model (h{h,) = const, the radiation power of
an evaporating BH is given by the Hawking’s formula, but
photon statistics is not thermal and the outgoing radiation
carries information about the BH interior. In particular,
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coherent oscillations of the BH interior lead to a coherent
outgoing radiation.

In the limit y < 1, Egs. (27) and (28) can be solved
analytically yielding the following expression for the
system’s state vector as a function of #:

iymif]‘ yl;i I;;

w(1) = N(1)e Vise2eVin2|0g)[A(1),  (31)
where

A2
A2(1) = A2 ——— 42,
() 1+A2t2y

According to Eq. (31), initial thermal Hawking radiation

. ivh’ .
evolves into the coherent state e~7”1|0g) on a timescale
1/A, while the oscillator’s energy (BH mass) decreases
as hwA>(t).

IV. INSIGHTS FROM QUANTUM
GRAVITY MODELS

Here, we show that present mechanism of nonthermal
emission of evaporating BHs holds for an effective metric
obtained in quantum gravity models. Most of such models
suggest that the classical singularity at r = 0 should be
replaced by a regular timelike boundary. To be specific, we
consider an effective BH metric obtained from scale-
dependent effective average action which takes into
account the effect of all loops [26-28]. As a function of
this scale, the effective average action satisfies a renorm-
alization group equation yielding the effective metric [29],

1
ds* = f(r)c*dt* - f—( )drz — r2(d#* + sin® 0dg?), (32)
r
where
r 1
f(r) =1--2 o2’ (33)
T+

and @ > 0 is a constant that involves the quantum gravity
correction to the BH geometry coming from the renorm-
alization group approach.

The metric (32) is regular at » = 0 and has two horizons,
which can be found by setting f(r) = 0 in Eq. (33). The
position of the outer and inner horizons is

ry :%(1 + 1= 4a).

In terms of r,, one can write

1 r,r

G

(r=ro)(r=ry)
A massless scalar field ¢ obeys the covariant wave
equation,

R

where ¢/ is the spacetime metric given by the interval (32),
namely,

(o) =o. Gy

For the truncated 1 4 1 dimensional spacetime /—¢g = 1,
and the wave equation (34) reduces to

LE_ 2 <f<,, %) —0. (35)

o or or
Solutions of Eq. (35) read
b (1.7) = e, (36)
where

Cr_Infr—r_|=roInfr—r|

cV1 -4

Using Eq. (36), one can construct mode functions
analogous to the Rindler modes (8) and (9) in the
Schwarzschild coordinates, namely,

x(r)

pu(t.r) = e =2 0NG(r — 1), (37)
o (t.r) = =HONO(ry = 1)O(r—r_), (38

where v > 0. For r_ = 0, the mode functions (37) and (38)
reduce to Egs. (8) and (9) with Q = 2r v/c.

Equations (37) and (38) show that if an observer is held
fixed outside the outer event horizon at a constant r > r,
then at the observer’s location, the nonzero Rindler modes
¢y, oscillate as ¢b;, o e~*!, where ¢ is the observer’s proper
time. That is, from the observer’s perspective, the Rindler
photons ¢;, behave as if they have positive frequency v.
However, if a hypothetical observer is located at fixed
r_ <r < r,, the nonzero Rindler mode ¢,, oscillates as a
function of the proper time 7 as ¢, o e, That is, from the
observer’s perspective, the Rindler photons ¢,, behave as if
they have negative frequency —v. Absorption of photons
¢,, decreases energy (mass) of the BH, leading to BH
evaporation.

Photons falling into the BH from BH exterior are
described by the mode functions,
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FIG. 3. Lightrays of photons ¢, ¢, (solid line) and ¢5, (dash
line) in the metric (32) for r_ = 0.2r; and r, = 0.8r,.

¢3I/(t’ r) = e—il/[[-ﬁ-%—){(l‘)] - ei(ﬂOe_il/[t_f"'X(r)]g(r_ - r)’ (39)

where the last term describes a wave reflected from the
timelike spacetime boundary » = 0, and ¢, is a phase shift
introduced to satisfy the reflective boundary condition,
e.g., 03, /0r|,_, = 0. From the perspective of an observer
held fixed at r = const, the mode functions ¢;, have
positive frequency. Thus, absorption of such photons
increases the BH mass.

In Fig. 3, we plot light rays of photons (37), (38), and
(39) in the Schwarzschild coordinates. The figure shows
that the negative (¢b,,) and positive (¢,) frequency Rindler
photons are generated at the outer horizon. These photons
are produced in pairs and are entangled. Photons ¢, carry
energy away from BH, while the negative energy photons
¢,, propagate toward the BH center and are absorbed at the
inner horizon. The positive energy photons ¢, carry
energy into the BH from the BH exterior. They cross both
outer and inner horizons and after reflection from the BH
center, are absorbed at the inner horizon. In the region
r_ <r <r,, the coordinate r plays the role of time for
particles, which move unidirectionally along the r coor-
dinate in this region. For r < r_ and r > r,, the particles
move unidirectionally along the ¢ coordinate.

Spacetime described by the metric (32) is nonsingular
and matter does not disappear. Figure 3 shows that matter
and energy (infalling photons ¢5,) are concentrated in the
vicinity of the inner horizon. Since Rindler photons ¢,, can
only be annihilated and not created at the inner horizon, the
nonunitary absorption of the Rindler photons ¢,, at the
inner horizon, combined with the entanglement of photon
pairs ¢, and ¢,, generated at the outer horizon, leads to
nonthermal outgoing radiation that carries information
about the BH interior. One can model this process by
the same Hamiltonian (24) of the previous section but now
the oscillators absorbing the ingoing photons ¢,, follow the

worldline of the inner horizon and can be a model of matter
rather than gravitational field.

The picture becomes more intuitive if we describe BH
evaporation in terms of particles and antiparticles that can
annihilate with each other. In this picture, particle (¢,) and
antiparticle (¢,,) are generated as entangled pairs at the
outer horizon. The particles ¢, carry energy away from
BH. The antiparticles move towards BH center and at the
inner horizon, annihilate with particles ¢;,, which have
been accumulated at the inner horizon during BH forma-
tion. Due to entanglement between ¢, and ¢,,, the
information about state of particles ¢;, is recorded into
the outgoing flux of particles ¢;,.

V. SUMMARY AND DISCUSSION

Evaporation of a classical Schwarzschild BH is caused
by creation of entangled particle-antiparticle pairs (Rindler
photons in the present discussion) near the event horizon,
with one carrying positive energy to infinity and the other
carrying negative energy into the BH. This is the mecha-
nism of Hawking radiation. Absorption of the negative
energy photons at the center of the classical BH reduces the
BH mass.

Here, we argue that previous models of Hawking
radiation are lacking an important ingredient. Namely,
the process of photon absorption at the BH center must
be properly described quantum mechanically by construct-
ing a Hamiltonian. Since under the BH event horizon, light
can propagate only towards the BH center, the symmetry
between absorption and emission is broken. Namely,
BH center can only absorb photons but do not emit. As
a result, the Hamiltonian describing BH evaporation is not
Hermitian.

To describe absorption of photons at the BH center, we
assume that the latter consists of harmonic oscillators
which absorb the ingoing radiation but do not emit. In
our model, the oscillators follow the worldline of the BH
center, rather than geodesics, and carry information about
the BH interior.

We show that due to entanglement between photons
moving inside and outside the BH event horizon, the
nonunitary absorption of the radiation under the horizon
alters the state of the field outside the BH. As a conse-
quence, radiation produced by the evaporating BH is not
thermal and carries information about the BH interior. After
the BH has evaporated, the information is recorded in the
remaining nonthermal field. Since evolution is governed by
a Hamiltonian, the state of the system remains pure and
during BH evaporation the von Neumann entropy is
preserved. In our model, we impose a constraint that
energy is conserved during BH evaporation. As a conse-
quence, our model yields that luminosity of an evaporating
BH coincides with that for Hawking radiation.

Erasing information at the BH center produced by
photon absorption is a nonunitary process that leads to a
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change of the field outside the horizon. This is somewhat
analogous to the quantum eraser experiments in which the
interference pattern can be destroyed or restored by
manipulating entangled photon partners [30-32]. In these
experiments, after two entangled photons are created, each
is directed into different section of the apparatus and an
interference pattern for one of them is examined. A
measurement done on the entangled partner to learn about
the photon path influences the interference pattern.

Similarly to BH evaporation, nonunitarity of the meas-
urement process alters the state of the entangled partner.
However, the state vector collapse brought about by a
measurement is a probabilistic and discontinuous change,
while BH evaporation is a deterministic, continuous time
evolution of an isolated system that obeys the Schrodinger
equation.

Our findings show that quantum mechanical evolution,
governed by the Schrodinger equation, allows information
to leak out from the BH. This is the case because BH center
breaks the emission-absorption symmetry and photons
external to the horizon are entangled with those inside
it. Such entanglement is an inherent property of the field for
evaporating BHs.

We also show that present mechanism of nonthermal
emission of evaporating BHs holds for spacetimes obtained
in quantum gravity models in which the classical singu-
larity at r = O is replaced by a regular timelike boundary.
For such spacetimes, the metric has an inner and outer
horizons, and matter does not disappear. Instead, particles
are accumulated in the vicinity of the inner horizon. For this
spacetime, the entangled particle-antiparticle pairs are
generated at the outer horizon. The generated particles
carry energy away from BH, while antiparticles move
towards the BH center and annihilate at the inner horizon
with particles that form the BH interior. Due to entangle-
ment of the particle-antiparticle pairs produced at the outer
horizon, the information about the BH interior is recorded
in the outgoing particle flux.

One should mention that if our findings are correct,
and radiation of evaporating BHs is nonthermal, the
Bekenstein-Hawking formula [33,34] does not describe
the BH entropy. Recall that the latter formula assumes
thermal BH emission with the Hawking temperature.

Our results demonstrate that quantum mechanics works
in an exotic spacetime geometry of a BH. However, BHs
might have only a mathematical significance. The point is
that there is an evidence that general relativity is ruled out
by gravitational waves detection experiments in favor of the
vector theory of gravity [35]. The latter theory [36,37]
agrees with all available tests of gravity, including detection
of gravitational waves and observations of supermassive
objects at galactic centers [35,38]. In addition, vector
gravity predicts no BHs and yields the measured value
of the cosmological constant [39] with no free para-
meters [36,37].
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APPENDIX A: OPERATOR IDENTITIES
AND EXPECTATION VALUES

Operators of Rindler photons b, and b, obey bosonic
commutation relations,

and all other commutators are equal to zero. First, we prove
an operator identity,
N 2T 2Ert oA S 2Rt
byer™1h2 = erihap,  yblerhih, (A1)

where y is a complex number. Introducing the operator,

N

a fint FEnE A
F(y) = bye?’ibr — erbihap,

we have

Solution of this differential equation, subject to the con-
dition F(0) = 0, is

F(y) = ybjerh:,

which proves the identity (Al).
Next, we prove an identity,
ew;i’zl;; = e’IB;eMA’;i’Z, (A2)

where 4 is a complex number. Introducing operator,

Solution of this differential equation, subject to the con-
dition F(0) =0, is
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F(2) = (et = 1)blethb:,

which proves the identity (A2).
Next, we prove an identity,

MD3ba orb1BY _ petybibY ibiby

Introducing the operator,
(1) — pAbiby ybib —ablb
F(A) = e*2b2er1P2e740202

and taking the derivative over 4, we have

AFQ) _ iblha iy, orblBs g—25ibs _ pabiha grb(B 1y, g=A0002.
di 2v2 292

Taking into account identities (A1) and (A2), we obtain

dﬁ l ~ T i 77 AL AL A

d—i) = beelbzbe;e}'bTh;e_’wzbz = yetbibIF ().
The solution of this differential equation, subject to the
condition F(0) = e7%1%: is

which proves the identity (A3).
Next, we calculate a matrix element (y|w), where the
state vector |y) is

) = /1 = p2ePPrerhina|og),

|0g) stands for the Rindler vacuum, f is a complex number
and y is a real number. The state vector (A4) can be
written as

(A4)

T
lw) = e”110y).

where

10y) = /1 = 72eri2|05),

is the Minkowski vacuum. Using a relation between
operators of the Rindler photons 51,2 and the Unruh-
Minkowski photons a; , [40]

(AS)

B — aj + ra,
1 — k)
V1-7?
and the property @, ,|0,,) = 0, we obtain

pal

[w) = eVi|0y).

Taking into account that

NF a2
¢“i1]0,) = €]a0),

where |a0) stands for a coherent state |a) for the
Unruh-Minkowski photons @; and the vacuum state for
the Unruh-Minkowski photons a,, we find

I
W) = ¢ 7a0), (6)
where a = f/1/1 — y?. Therefore,
Vi_\22
(wly) = e (A7)

Next, we calculate the average number of Rindler photons
by in the state |y), that is (bby) = (y|bibi[w)/ (wly).
Taking derivative of Eq. (A7) with respect to f and f*, and
using Eq. (A4), we have

2 2 2 2 2
. w1 P e

=———F5—e".

bb =
Therefore,
- bb! 2 2
(ww) 1=y (1-79)

To find (b}b,), we use the relations between operators of
the Rindler photons 131,2 and the Unruh-Minkowski pho-
tons a;, [40],

_ aj + yay

\/1—7/2’

3 7&24'7&7;
2 — /—1_},27

which yield

b;

| BN

blb, =
Using Eq. (A6), we obtain

P +laP) 2

(w|bibsw) = e,
2 1-— 7/2

where we took into account that (a0|a,a}|a0) = 1 + |af?.
As a result,

fin bib 2

2 2
() 1—y? s

o=
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APPENDIX B: STATE VECTOR EVOLUTION
DURING BLACK HOLE EVAPORATION

For our model of black hole evaporation, the constrained
interaction Hamiltonian is

V(1) = g6by + itju (1)b}by + ihjir (1)(676 — bib,)
+ ihji3(1),

where functions p,5(f) are real, and the oscillator’s
lowering and raising operators & and &' obey the same
bosonic commutation relations as the operators of Rindler
photons. The Schrodinger equation for the evolution of the
field state vector,

in S (1) = VOl (1),
yields

|1//([)> — et el‘l2711‘51"'/42(6%6_5;[72)_%9’&1;2 |0M> |A>’ (Bl)
where |0y,) and |A) are the initial state vectors of the field
and the oscillator, respectively. We assume that the latter is
a coherent state |A), where A is real, and the former is the
Minkowski vacuum |0y). Recall that Unruh vacuum
coincides with the Minkowski vacuum for the right-moving
photons.

Taking into account that 8132 commutes with l;TlA)l and
676 — l;;l;z, and plugging |0,,) from Eq. (A5) in Eq. (B1),
we obtain

|W([)> —=/1= yzella e—%gt&lsz e#ﬁ@l*ﬂz(?’%&—i?;i?z)g}’i?vl; ‘OR> |A>

Using identity (A3), we have

|l,l/(t)> = meﬂs e—%gtz%@zeel‘l—#z;/iﬂl‘i,; ellz?’m

Taking into account that

O)[A).-

a1

A) = A1) g

eﬂgff&

we find

W (6)) = /1 = R0 g e 21518 ) ).

Since the initial state of the oscillator is the coherent state
|A), and 6|A) = A|A), one can write

lw (1))
— /1= },Zeﬂ3+¢(62"2—1)e—ége"ZAtfzz ee“l"‘Z}/lA}J{l}; |OR> |e”2A).

Using the Baker—Hausdorff formula eAeB = o[ABloB eA, we
finally obtain

w (1))
—4/1= 7/26/43-&-#(62"2—1)6—%7(]Ae“1 tl;r ee‘”'”yl?{i?i |OR> |ell2A>_
(B2)

Using Egs. (A8) and (A9), we find that the average
number of Rindler photons in the state (B2) is

) 2 o
(bib1) =+ 172 n (Vg;;t) . e_;)z’
(b = Lo R0 T
1-7 ht (1-77)
where
y = ey,

The average number of oscillator excitations in the state
(B2) is

(676) = e¥2A2,

Constraints (676 — byb,) = const and (b]h,) = const
give equations

2M2A2 B }72 B (}/gAl‘)Z ezﬂl}”ﬂ B A2 _ 7/2
¢ ) 2 212 2>
1—7 e (1-7%) -y
7 (rgAr? e &

1_72"' "2 (1_72)2:1_7,2’

which for t — oo yield

1
y—0, —ygAe' =~
V= h?’g e

Y 7’
\/l—yzt’ 1-y?

Therefore, for t - oo,

2
i v
(bib)) = ——,
11 1— 7/2
(bby) =0,
2
(676) = A2 =L,
-y

and the normalized state vector of the system is

A v }/2
wioo)) = T Vol - ),

The final state is the Rindler vacuum for photons 132, a
coherent state for photons 131 with the average photon
number y?/(1—y?), and the oscillator remains in the
coherent state with a reduced average excitation num-
ber A% —y2/(1 — ).
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