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Abstract

Based on an observer-centric methodology, we pinpoint the basic origin of the spectral Planckianity of
the asymptotic Hawking modes in the conventional treatments of the evaporating horizons. By
considering an observer who analyzes a causal horizon in a generic spacetime, we first clarify how the
asymptotic Planckian spectrum is imposed on the exponentially redshifted Hawking modes through a
geometric dispersion mechanism developed by a semiclassical environment which is composed by all
the modes that build up the curvature of the causal patch of the asymptotic observer. We also discuss
the actual microscopic phenomenon of the Hawking evaporation of generic causal horizons. Our
quantum description is based on a novel holographic scheme of gravitational open quantum systems in
which the degrees of freedom that build up the curvature of the observer’s causal patch interact with
the radiated Hawking modes, initially as environmental quanta, and after a crossover time, as
quantum defects. Planckian dispersion of the modes would only be developed in the strict
thermodynamic limit of this quantum environment, called optimal disperser, which is nevertheless
avoided holographically. Finally, we outline and characterize how our microscopic formulation of the
observer-centric holography, beyond the AdS/CFT examples and for generic causal patches, does
realize the information-theoretic processing of unitarity.

1. Motivation and introduction

Quest for the universal and predictively successful theory of quantum gravity is still lively going on. The aim is to
discover and formulate a complete theory of quantum gravity which is not only both self-consistent and non-
perturbative in a completely and manifestly background-independent way, but also maximally generic in its
phenomenological coverage. Through the long course of the collaborative research which have been conducted
so far, a number of extremely deep lessons have been learned on how conceptually distinguished the correct
formulation of quantum gravity theory must be. Specially, the holographic trend through which gravity and
(eventually the entire) spacetime are to emerge intrinsically is one most major lesson, with the AdS/CFT
correspondence in String Theory being its currently best understood example [1]. However a number of new
major lessons are still expected to be learned, for us to be finally led to a complete and consistent set of principles
forming the basis of a consistent, realistic theory of Quantum Gravity.

Up until now, in a void of direct or even indirect experimental data in quantum gravity, our advancement
has mainly been guided by several methodologically significant theoretical observations and hints. Centered in
the core of all these theoretical observations and hints is our present knowledge of quantum black hole physics and
the big challenge of discovering the correct and complete microscopic formulation of generic horizons.
However, apart from the exotic and phenomenologically irrelevant cases of some supersymmetric black holes, a
clear, consistent and correct understanding of the microscopic treatment of generic causal horizons is yet missing.

© 2018 The Author(s). Published by IOP Publishing Ltd
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We should highlight that, our incomplete understanding of the microscopic description of the generic black
holes and their quantum behavior, is primarily not due to the lack of a proper description of their near-
singularity region, but instead from not yet having a correct understanding of the causal horizon itself, namely
their corresponding holographic screen. One good reason for this priority discernment is that the black hole
physics, by means of the holographic principle, must be nothing but a decodification of a (non-gravitational)
microscopic many-body physics associated with the holographic screen.

To obtain a consistent microscopic description of a generic horizon, the first arena from which we need to
clean up the inconsistencies of the semiclassical description, and replace them with the consistent microscopic
physics, is the so-called information paradox. Present study is taking some new steps to further advance in this
same direction. Fortunately there are already very good reviews available on this subject [2], so that the
background formulation of the paradox, and the repeating of the largely well-known common knowledge on
this, could be escaped.

Now, let us give an outline of the present study. In order to reinstate the indestructibility of the initial-state
information in the Hawking evaporation of causal horizons, as the very first step, we must correctly pinpoint the
fundamental origin of their illusory semiclassical Planckian loss which is common to the conventional treatments
of black holes and other causal horizons. This root problem identification is the main subject of the first part of
this study. To this end, we single out the original observation in [3], which was inspired by [4], and by a thorough
re-analysis unfold its important messages. Let us highlight that the unique virtue of our study, in comparison
with the most of the related literature, is its observer-based approach. First part of the paper includes sections two
and three. In section two, we present our observer-centric analysis in the canonical example of Schwarzschild
black hole (in arbitrary dimensions), and verify its robustness and generality by applying the same procedure to
causal horizons in stationary spacetimes including the NUT hole and the Kerr black hole in section three.

By incorporating basically all the physically relevant deformations into our canonical setting, the same
procedure is applied to other causal horizons with variations in geometry, topology and asymptotics of more
spacetimes in sections four and five.

Second part of the paper, namely section six, which comes in three subsections, explores the microscopic
restoration of the indestructibility of the quantum information. In the first subsection, we extract key
microscopic lessons from the first part . In the second subsection, the physical and mathematical structure of a
holographic microscopic formulation that realizes unitarity, is being developed. Finally in the third subsection,
in order to set the generic theory of the evolving causal horizons, we interconnect that microscopic formalism
with the fundamental observer-based theory which will be developed in [5]. We conclude in section seven.

2. Asymptotic Hawking modes: the canonical example

In this section, we define our observer-centric approach and utilize it to analyze our canonical example, as the first
case-study among a much broader family of spacetimes that will be explored later to confirm the generality and
robustness of both this methodology and the conclusive statements we will learn from it. This canonical example
sets up the basis of our novel understanding of the physical origin of the almost-Planckian spectrum of the
asymptotic Hawking radiation. The information theoretic implications of this understanding will be mainly
addressed in second part.

We base our study here upon the observationally-direct approach which was originally utilized in reference
[3]. We take a most generic stance in our study, and explore example-wise the vast landscape of spacetimes
which are solely characterized by the possession of a causal horizon, namely a (compact or non-compact) null
hypersurface that connects as a boundary a complementary pair of causally disconnected sub-regions in the
underlying spacetime. For every such spacetime, we work out a thought experiment in which a sufficiently far
freely falling observer, named the famous Bob, receives and spectrally analyzes an initially monochromatic light
ray propagated from a freely falling source in the vicinity of the corresponding causal horizon. Using this same
thought experiment, we will continue to explore a broad class of spacetimes with variations in the horizon
geometry and topology, as well as in the asymptotics.

Our canonical case-study is a static spherically symmetric spacetime possessing a quantum-evaporating
compact event horizon, namely the Schwarzschild black hole. For the sake of generality, we will conduct the
analysis of this section in arbitrary number of spacetime dimensions, but will be restricted to four spacetime
dimensions in all our next examples. The metric of a one parameter family of Schwarzschild black holes in
D > 4 spacetime dimensions is given by [6],

D-3 D-3\"1
d52 = (1 — RH—_)dtz — [1 — RD—_) d1"2 — ds(%),z) (1)

rD-3
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in which dSp_, is the metric ofa (D — 2)-dimensional sphere, and

26m
v (55) ¥

is the radius of the spacetime event horizon.

Now let us realize our thought experiment in this geometry. Suppose that at some initial coordinate time an
initially monochromatic null beam begins to propagate radially from a freely falling source at P(¢;,, r;,) in the
immediate vicinity of the horizon, sayatt = t;,,,1;,, = Ry + e with ¢/Ry < 1, and is eventually received and
spectrally analyzed by the freely falling observer/receiver Bob at sufficiently large distance from the black hole at
event P(¢, r). It should be noted that neither Bob’s position nor € is fixed in Schwarzschild coordinates (¢, 7). We
also assume that Bob’s location is far from the horizon’s vacuum-entanglement zone [7]. This is the horizon-
exterior region with a width of the order of the horizon radius, which gives regional support to those of the
Hawking modes which are almost-maximally entangled with their partner modes in the black hole’s interior.

By the above assumptions, take the Bob’s receiving of the propagating null rays to be identified with a late-
time spacetime event P(¢, r) withr/Rg > 1. The radial null trajectory is given by the null geodesics satisfying,

D-3\"1
ds?* = (1 - RD )dt2 ( Rps) ar’=0 3)
r r
leading to the following equation
g R )
dr rP=3

for outgoing null rays. Solving this equation [8], we end up with the following two different solutions depending
on the spacetime dimension being odd or even,

_ n/2—1 n/2—1
D = odd: t=r + A 1n r— Ry ZRH Z Py cos —77 — 2RH Z Qg sin %w (5)
n r+ Ry n no_ n

2k
X — COS—Tr

1 2
Pr=—In (xz — 2x cos —k7r + 1), Qj = arctan —— " 6)
2 n sin 2k7r
R — Ry 2Ry &7 2k +1_ 2Ry w3)/2 +1
D=even: t=r+ —2In I~ Z Py cos Z kam T (7)
n RH
1 2k + 1 x—|—c052k+1ﬂ'
Pr=—In (xz + 2x cos T+ 1), Qy = arctan—— " (8)
2 n sin X1

inwhichx = r/Ryandn = D — 3. Now upon employing the initial conditions and taking into account that
r > Ryand e < Ry, we find that to the leading order the trajectory is of the following form in both cases (up to
an irrelevant constant term),

RH €
re~t ti Inl —1. 9
"D (RH) ®

Now we use the fact that in a general spacetime for an emitter and an observer of null propagating modes
(photons) on two different worldlines with 4-velocities U; and U,, the relation between the emitted and observed
frequencies, at the two events F, and 7, is given by [9],
Q _ KRU(R) (10)
Q. Ki(R)U'(FR)
where K is the wave vector of the null beam which is proportional to the tangent vector at each point on the
corresponding null geodesic. Upon restriction to the case of stationary spacetimes and in the comoving frames of
the emitter and observer it reduces to [10],

Q, oo (P)

Note the subtle point that this result is different from the redshift relation for spatially fixed emitter and receiver
as stressed in the arguments of the gyo. This is due to the fact that there is an extra contribution to the redshift
from the relative velocity between the two observers [11]. Now going back to our case, the relation for the
redshift between the mode frequency (2;,, at the event P(r;,,, t;,) and its frequency received at the event P(r, t)
withr > Ry (i.e where g,,(7) = 1), reducesto,

1/2
Q _ (goo(n)] an

3



10P Publishing

J. Phys. Commun. 2 (2018) 045027 ] Koohbor et al

Q(P(t) 1’)) = Qin [goo(P(rim tin))]l/z (12)

which, as a consequence of the presence of the corresponding causal horizon, leads to an exponentially-redshifted
frequency of the following form,

D-3T/2 1/2 o
Ot 1) ~ Q,-n[l - (ﬁ) } ~ Qin[(D - 3)1] ~ QD — 3)! exp[_(D — D~ b ’)]
Tin Ry 2Ry

(13)

in which in the last equation we substituted for e () from equation (9), using the fact that for a radial null
geodesic, the radial coordinate r is an affine parameter which is at the same time proportional to the proper time
of the freely falling radial observer/emitter. Indeed one could show that near the horizon (¢ < Ry) both the
radial null geodesic and radial timelike geodesic lead to € oc e % [12, 13]. The above result, which is pivotal in
our treatment of the asymptotic Hawking modes, could also be obtained in terms of the locally inertial null
coordinate in the vicinity of the future horizon and the retarded Eddington-Finkelstein null coordinate which is
locally inertial at infinity (refer to equation (2.98) in section 2.4.1 of [ 14]). In other words, both the source and
observer LIFs employ the null geodesic connecting their corresponding poles, to define a null geodesic coordinate
systems around their poles [9].

Now, as equation (13) manifests, although being in a static spacetime, the frequency of the modes measured
by Bob at some r > Ry does non-trivially vary with z. Bob will not see monochromatic modes, even though they
were initially radiated-out as a monochromatic beam.

This nontrivial time-dependence of the mode frequencies observed by Bob is a very crucial point. Obviously
starting from the null geodesic equation means that we are treating the radiation in the geometric optics limit
and this was allowed by the fact that the freely falling observer receives the light over a small region (in his LIF) of
space and time interval around him. Therefore, as in flat space, this in turn allows for the introduction of the
wave surface of constant phase (eikonal), whose normal represents the direction of propagation. But the above
nontrivial dependence of the mode frequency on coordinate time shows that Bob can go beyond the geometric
limit by taking a wave packet,

O(t, r) o exp(if(t, 1)) (14)
to be centered on this null ray such that the instantaneous frequency would be related to the phase by
00
0 == 15
o (15)

Now integrating (13) with respect to the coordinate time, the relevant wave mode is found to be,

O(t, ) ox exp [iftdt’ Qt/, r)] x exp[—% i, exp(— (D — 3)(2;_ fin — r))]. (16)
- H

Since for the asymptotic observer at far distance from the horizon 7 ~ t, he could use the coordinate time ¢ to
Fourier decompose these modes with respect to the frequency win the following form,

B(t, 1) = [ aw e (17)
21 J-x
with the inverse transformation
00 ) 00 —2iwRy
flw) = f dt e O(t, r) f dx x D-3 ! exp(— 2Ry iinn) (18)
—00 0 D -3

where x = exp[(D — 3)(—t + t;, + r)/2Ry]. Rotating the contour in the above integral to the imaginary axis,
i.e. x — y = ix, wehave,

f (W) ox e ™Ru/D=3) floc dy Y=l Y (19)
0
in which,
z= —2iwRy /(D —3) and Y= —2RyQ;,y/(D — 3)

Now using representations of the Gamma function and that |T'(ix) |> = 7/ (x sinh 7x), the associated frequency
spectrum is found to be [3],

(20)

|f (W) exp(47rRH w) -1

D -3
Including the explicit dependence on the light speed ¢, spectrum of the distantly observed Hawking modes
becomes,
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-1
If (@) o [exp (i) ~ 1] @1
Wo
in which the characteristic frequency,
w== 222 22)
41 RH

apart from its dependence on the horizon scale and the dimension of the spacetime, is otherwise universal, as it
should be. What the observer detects, as read by the equation (21), is obviously a Planckian spectrum, although
the whole procedure we followed was a classical free field propagation in which no A-dependence was included.
Obviously the microscopic mechanism by which the Hawking modes are created and propagated does
intrinsically belong to the realm of quantum physics, and as such, in a more complete treatment, one should also
consider the backscattering which modifies the spectrum by the so called grey-body factor [14].

From the information-theoretic point of view, the phenomenon of the information loss is clearly present in the
classically obtained equation (21). That s, as far as the information is being accounted for, the asymptotically
observed Planckian multi-chromaticity of the initially monochromatic Hawking modes, is nothing but the
semiclassical information loss.

So, the source of the Hawking radiation is a quantum effect, but the procedure which disperses the initial-
state information content of the system of the Hawking modes as they propagate through Bob’s causal-patch is
geometrical and classical. In fact as we will later see in detail, it does turn out that:

The Planckian mismatch of information between the initial and the asymptotic Hawking modes is due to a
classical geometric mechanism which itself can only occur in the strict thermodynamic limit of a specific geometry in
Bob’s causal-patch. The exact identifications of this will be given in the second part of the paper. Further, we ask if
in the aforementioned optimum dispersion of the information there also comes an actual or effective
thermalization. Intuitively, this question is natural to be raised, knowing the fact that the horizon itself is a well-
defined thermal system with a finite temperature, and then also knowing that a Planckian profile information
loss is typical of a black body radiation. For any kind of thermalization to be in this system, as a simple
combination of the dimensional analysis together with the universality of this phenomenon implies, the
associated temperature of the asymptotic radiation has to be proportional to a universal constant of dimension
h, namely, proportional to the h itself. Therefore, the associated temperature would unavoidably be quantum-
sourced. This point is the second crucial fact which we will later take notice of in second part, in order to unfold
the actual information-theoretic physics underlying the Hawking radiation. To see the quantum-thermal
character of Hawking radiation let us suppose that Bob, who has been a radio astronomer so far, just renews his
device to a quantum-particle detector, to see if he detects a Planckian power-spectrum for a corresponding
collection of quantum beeps. By doing so, his plot for the asymptotic power spectrum will indeed fits the
formula found by re-expressing the spectrum (21) in terms of the energy quanta E = hw, namely [15],

~1 ~1
|f (W) [exp (%) — 1] x [exp(kBiT) — 1] . (23)

Therefore, the power spectrum of the asymptotic Hawking modes would be the Planckian blackbody
distribution at temperature (including the explicit dependences on the constants cand Kp),

_ ki D=3
47Tk3 RH

(29

which is indeed the same result obtained in the literature by different methods [16], and for D = 4 does reduce
to the Hawking temperature for a 4-d Schwarzschild black hole [3].

Before moving ahead to the next sections, let us here bring to the reader’s attention an indirect insightful remark.
It was previously observed in [4] that by Fourier decomposing the complex Minkowski plane wave of a massless
scalar field, ®(t, x) oc e~ &*~«" with respect to the proper time of a uniformly accelerated observer, one is
interestingly led to a similar Planckian spectrum as seen by the observer. Therefore on the basis of the equivalence
principle, which allows replacing an accelerated observer with constant proper acceleration gin flat spacetime with a
static observer in a gravitational field of the same characteristic strength, one should have intuitively expected to
obtain the same classical result (21). Indeed, in ordinary (c.g.s) units, it was shown that [4],

—1
1 cQ
P(Q)) x g lexp(g/zW) — 1] (25)

where gis the proper acceleration of the observer and € is the frequency of the decomposed wave component
measured by the same observer. The Planckian spectrum (25) is also a classical result, with no ‘%’ included.
Moreover, the very procedure that had led to it was also entirely classical. But yet indeed, it does precisely
resemble its very twin result in the Unruh effect which is nevertheless a quantum field theoretic effect. Now once
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more, by simply rewriting the frequency-spectrum formula (25) in the form of an energy-spectrum, being
expressed in terms of the massless quantum bits of energy one obtains,

-1

1 cE
PE —|e -1 26
0 glxp(ﬁg/zﬂ) ] .

which is again a Planckian blackbody distribution at temperature,
7

=2 27)

2T CkB

This result indeed resembles very well, as it should, the closely-related case of the Rindler observer which we will
address later. As we know, Rindler spacetime is specially interesting as it simulates the near-horizon region of
typical black holes, so by invoking again the equivalence principle in equating the above temperature with the
Hawking temperature of a 4-d Schwarzschild black hole (24) (including the explicit dependences on the
constants cand G) we obtain

C4kB

7 4oM

(28)

which is nothing but the surface gravity of a Schwarzschild black hole, fulfilling our intuitive expectation. Finally,
as a fact that we will verify example-wise and will also conceptually discuss later in this paper, let us mention the
fact that:

The presence of a causally-disconnecting null boundary, i.e a causal horizon, is central to the Planckian
dispersion of the information.

3. Asymptotic Hawking modes in stationary spacetimes: the NUT Hole and the Kerr
black hole

The observer-based thought experiment method by which we derived and analyzed the semiclassical asymptotic
aspects of the Hawking radiation in the canonical case of Schwarzschild black hole, is intrinsically different from
the standard approaches to this subject. Therefore, we need to confirm if, beyond merely being a computational
coincidence or a simplest-case matching, we can trust this approach as a general, robust method in investigating
the physics of the Hawking radiation from the quantum-evolving horizons. Thus, we have to examine if this
approach is applicable to the generic spacetimes possessing causal horizons. Of course, we would not work out
every possible example individually. Neither we would establish this verification by proving a formal theorem.
But instead, we will manifest the robustness and generality of this approach by verifying example-wise that it is
indeed stable under major physical deformations applied both on the spacetime geometry and on the virtues of
the causal horizons. To this end, we will select a number of broadly different examples which are marked by the
physical distinctions in the local, global, and in the causal structure of the spacetime. In particular, we consider
deformations on the characteristics such as the symmetries and asymptotics of spacetimes, as well as their
horizon topologies and the very nature of the causal horizons. It should also be highlighted that this verification
is a necessity, primarily because our aim is to look for a consistent resolution of the black hole information
paradox, and to develop the correct microscopic theory of the evolving horizons which will be discussed in the
second part of this study. In this section, we examine our approach in obtaining the characteristics of the
asymptotic Hawking radiation in the case of stationary spacetimes with event horizons which include two
characteristically different spacetimes, namely the NUT hole and the Kerr black hole.

3.1.The NUT hole

We begin with the NUT spacetime which is physically the most straightforward generalization of the
Schwarzschild spacetime. Concerning the symmetries of its metric tensor, the NUT geometry is stationary and
axially-symmetric. But, in fact, from the physical point of view the NUT hole is a spherically symmetric
spacetime. To support this assertion, we first note that the physical symmetries of a spacetime are primarily
defined by the transformations under which its physical gauge-invariant observables stay invariant. On the other
hand since the spacetime metric itself is not directly a physical observable, its isometries should not necessarily
coincide with the physical symmetries of the spacetime. The NUT hole realizes this distinction clearly, because
(unlike its metric) all its curvature invariants are found to be spherically symmetric [17]. Secondly, in our
observer-centric approach, one can identify the physical symmetries of the spacetime as the symmetries of the
physical observables which are defined with respect to an input family of observers. Specifically, in the threading
decomposition of spacetime, Einstein field equations could be re-expressed in a quasi-Maxwell form in terms of
the gravitoelectric and gravitomagnetic fields defined with respect to a congruence of observer worldlines. Then

6
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in NUT spacetime besides the mass parameter m, identified with the gravitoelectric charge, the spacetime can
also be endowed with a gravitomagnetic monopole charge .

Within the threading formalism, one can show that in NUT spacetime, all the physical observables,
including the gravitoelectric and gravitomagnetic fields, are indeed spherically symmetric. The metric of the
NUT spacetime can be written in the following form [17],

dr? 2mr — 2

2
2 _ _ 2 — (72 + 1202 -
ds* = f (r)(dt — 2l cos 0d¢p) o (r* 4 1544 f(r) R (29)

The spacetime being physically spherical has radial null geodesics which are given by [18],

dr_r*=2mr =0 _ (r—r)r—r)

i = 30
dt 2+ 12 r2 4+ 2 (30)

inwhich . = m & (m? + 1%)!/2 are the two event horizons of the NUT solution. The above equation integrated
leads to,

LA
e

t=r+r.In + r_In

LA ‘ . (31)
T
which are the physically-anticipated radial null geodesic of the spacetime. It should be highlighted that in the
case of the NUT metric there are no intrinsic singularities hidden behind the horizon, justifying the given name
NUT hole. Also, it is to be noted that, the two horizons of the geometry, separate the stationary NUT regions

(r < r_andr > r,)from the time-dependent Taub region (r_ < r < r,) of the so-called Taub-NUT spacetime
which are causally disconnected [18]. Now, let us apply and examine our approach to this causally-nontrivial
spacetime. As set in the canonical example, we consider a beam of initially-monochromatic massless Hawking
modes that propagate radially in the immediate proximity of the outer event horizon (r, + €) attime t = ¢;,,, to
be received by the asymptotic observer Bob at the late-time event P(t, r), withr > r, and e < . The equation
of such trajectory has the following form,

Tt — b+ ln(i] (32)
£
The redshifted frequency €2 will be related to the initial frequency €2;, in at r;, by
e\’ ettt
Q= Quulgee(r=rs + OF/? ~ Qm(—) ~ Q;, exp (7’”) (33)
[ 2T+

By applying the very same detailed procedure used in the Schwarzschild example now to NUT spacetime, we
finally obtain the following power spectrum for a wave packet which has scattered off the outer event horizon of
the NUT hole reaching the observer Bob at late times and atr > r.,

—1
2 1 —
Il e [eXp(sz(m + (m? + 12)1/2))“’ 1] (34)

The result (34) confirms the validity of our method for the NUT hole. Indeed, it again is the classically-obtained
Planckian frequency spectrum of the asymptotic Hawking modes, which being re-expressed in terms of the energy
modes, leads to the Planckian radiation at the following temperature,

%

T =
Ar[m + (m? + 1)1/ (35)

which matches the standard result in the literature [19, 20].

3.2. The Kerr black hole

The second example is the Kerr black hole. The method has already been worked out in [3]. Kerr black hole is a
two-parameter stationary spacetime, which being axially symmetric both mathematically and physically, does
not have radial null geodesics and so one should use principal null congruences to apply the Fourier
decomposition method. It also contains two horizons which not only divide the spacetime into causally
disconnected regions but also hide an intrinsic singularity from the outer region. Another point is the fact that,
the infinite redshift surface and the event horizon do not coincide. This will require a careful employment of the
above procedure taking into account the existence of the ergoregion from inside which and in the vicinity of the
outer horizon the outgoing null rays propagate to be received by observers at late time and large distances.
Working out all these details, we are led to the Planckian spectrum [3],

7
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(36)

47 (m? + m(m? — a?)/?) B
(m? — a?)\/? w—1

If (W) o [exp(

atthe temperature,

(m2 _ a2)1/2

4 (m? 4+ m(m? — a?)!/?)

T =7

which indeed reduces to the result for the Schwarzschild black hole fora = 0.

Before taking up the task to discuss the question of unitarity of the information received by Bob in the second
part of this study it should be noted that as pointed out earlier, the above procedure in obtaining the Planckian
spectrum of outgoing null rays propagated from the vicinity of causal horizons is a robust and general
procedure. To show this robustness in a much broader setting which includes variations in geometry, topology
and asymptotics of the spacetimes as well as the inclusion of spacetimes with observer-based horizons, we will
consider more examples in following sections.

4. Asymptotic Hawking modes in a much broader setting : variations of geometry,
topology and asymptotics

In this section we examine our approach under other deformations in the physical and mathematical settings
where Hawking radiation can be configured. In the first two of these threefold examples, we consider different
global phases of the observer’s causal-patch geometry, realized by the two possible deformations of the
spacetime asymptotics while the horizon geometry remains intact. These two examples are the Schwarzschild
black hole with the dS and the AdS asymptotics, respectively. In the third example, we consider the opposite
setting in which the asymptoticss of the spacetime are freezed, but the horizon topology is maximally deformed.
By a maximal deformation of the horizon topology, we mean that its physically most relevant topological
characteristic, namely the compactness of the causal screen, will be deformed. We will address spacetimes with
non-compact causal surfaces, namely, causal domain walls of infinite area, which are event horizons of finite
temperature, and so radiate-out Hawking modes. The specific spacetime that we choose, is the simplest and best
representative of this class of examples, namely the asymptotically-AdS cylindrical black hole whose solution
and thermal behavior were initially obtained in [21]. To make the presentation compact, let us begin with the
general form of a class of metrics that collectively encodes the solutions of these three examples. This general
metric, in terms of the mass parameter m and the cosmological constant A, is given by [22],

-1
ds? = |k — am Ar2 dt? — |k — 2m Ar2 dr? — 2 (37)
ro3 3 ¢

The curvature parameter k takes the values { —1, 0, +1}, so that dQ(Zk) is the metric on a Riemann surface 4, of
constant Gaussian curvature k. The surface ), which can be of different topologies, will be the quantum-
evaporating event horizon for the corresponding black hole solutions. When expressed in terms of the angular
coordinates (6, ¢), the area element d Q(zk) takes the following forms,

df? + sin*(0)d¢?, k=1
A0 =4 o> + do?, k=0
d0? + sinhX(0)de?, k= —1

The AdS cylindrical black hole corresponds to the above metric with k = 0 and with a negative A, while both the
Schwarzschild AdS and the Schwarzschild dS spacetimes are given by this same metric with negative and positive
values of ‘A’ respectively, upon taking the choice ‘k = 1’.

4.1. Schwarzschild horizon in de Sitter phase

The de Sitter phase of quantum gravity (i.e A > 0), is drastically distinguished from the other two phases with

A < 0, for two reasons. First, the physical supersymmetric enhancements are not possible in the de Sitter phase.
Second, the de Sitter phase of quantum gravity should be holographically formulated by quantum theories which
are strictly finite-dimensional [23, 24]. The theory of black holes in this phase is not only a physical sector of it,
butalso serves as a precious laboratory in developing the full theory of the de Sitter quantum gravity. Here we
employ our principal method to the de Sitter phase with the motivation of formulating the unitarity of the
horizon evolution in the second part of this work. Starting with the example of the Schwarzschild-dS horizon
whose radial null geodesics are integrated from,
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2
%:1fﬁf%, (38)
t T

we restrict our attention to the case A > 0and 9M>G”A < 1[25] so that the above equation is integrated as,

t=r+ «aln — + Bln r—f + vIn U (39)
1824 c Ty
in which,
3ry —3rc —3ry
o = 5 ﬂ = 5 ’y =
A(re — 1) (rr — 11) A — ) (e — 1y) A(re — 1) (rg — 1v)
and

H = % cos[% cos ' BMVA) + g], c= % cos [é cos ' BMVA) — g], v =—(y+ 10)
are the roots of the equation dr/dt = 0. In fact, both r; and rc have positive values, thereby defining the two
horizons of the spacetime which are albeit of very different physical natures. The larger root rcis the de Sitter
cosmological horizon but the smaller root ‘ry is the black hole event horizon. The negative root r,is not
physical. Under the condition 3M~/A < 1, the Schwarzschild black hole is sitting inside the cosmological
horizon. Naturally, we should be able to obtain the Hawking radiation from either of the horizons. Here, we only
consider the case of the emission from the event horizon, and later in the next section will come back to that of
the cosmological horizon. Utilizing the same approach employed in the previous sections, we consider an
outgoing radial light ray which propagates from a point very close to inner horizon (r;,, = rg + €)att = t;,to
the detecting event P(¢, r) where rg < r < rcand € < rg, for an observer Bob at the finite radial coordinate r
from the event horizon. With the required initial condition, we will find the corresponding trajectory in the
following form,

r:’t—tin—i—ozlni (40)
H

So, the redshifted frequency ‘€2’ will be related to the initial frequency at r = ry + € by,

Q=Q, exp (—t_t’—"_r) (41)
2a
Similar to the computations before, we find the asymptotic frequency spectrum to be,
-1
12mrgw
|f (W) [exp - 1] (42)
A(rc — ) (rn — 1v)
which in terms of the energy modes becomes a Planckian power spectrum at the temperature,
T— e Are — ) (rw — 1v) (43)

27 67’1-1

This again coincides with the known result obtained through the conventional approach [25]. In the case of the
Schwarzschild-dS spacetime, one may also consider to apply the same approach to the modes which are initially
emanated from the cosmological horizon. This will be postponed to the next section when we consider Hawking
radiation from the observer-dependent horizons.

4.2. Schwarzschild-AdS horizons

In this section, we work out the example of the Schwarzschild horizon with the AdS asymptotics (i.,e A < 0).
Given the metric (37), the location of the event horizon in this case is determined by the zeros of the cubic
equation,

f(r)y=r>+b¥r —2mb>=0 ; 525—%- (44)

As the function f is strictly monotonic, this equation has only one root, given by [26, 27],

H= % sinh[% sinh‘1(3\/§ %)] (45)

Indeed, in this example a black hole horizon is always present. By expanding r5;in terms of m, with b > 3/m, we
haver, = 2m(1 — 4m?/b? + --), which shows thatthe A < 0has a shrinking effect on the horizon scale. For
the outgoing light rays, the radial geodesics adopt the simple form,
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dr 2M r? 1
—=1-"—=4 —==—@—me*+rm+p? 46
7 r B2 bzr( 1) ( "+ p°) (46)
The solution is given by,
b2ry r—ryg 1 2r + ry
t= In — —In(r®? + rmy + p?) + ytan | ——= 47
ZT]%I-F p2|: ( . 2 ( H p) Y 5 ( )
where

a=p /g BP=4p"— i y=Qa+m)/B; pP=2mb/y

Considering a light ray propagating from r;,, = r + eatt = t;, to the detecting event P(¢, r) where rg <
r < band e < ry, thelast equation becomes,
2
b In£ (48)

t—ti, = —
2rf + p2 oy

The redshifted frequency €2 will be related to the frequency at ;, by,
1/2

212 + p?
~ Q, exp[—gTer(t - m)] (49)

Q ~ Qm|:(rm - rH)(r2 + Ty + pz):|

bZTH

Asin the examples before, we find that the power spectrum for a wave packet scattered off the event horizon and
traveled to infinity has the Planckian form at the temperature,

_ LZrPZI + p?

= 50
4T b ry (50)

This again matches the result obtained in the conventional approach [28] and reduces to that of the
asymptotically-flat Schwarzschild horizon for b — oo.

4.3. Cylindrical horizons
The third example that we probe in this section is the case of black holes with cylindrical event horizon and with
the AdS asymptotics [21]. By a coordinate transformation, the metric can be brought to the form,

-1
ds? = (b2r2 - i)dtz - (b2 2 _ i) dr? — biridz? — ridg?
br br
where a = 4M and b* = —A /3. This is the metric of a static black hole whose event horizon is at br = a'/?,and

has a curvature singularity at r = 0. Similar to the examples before, we consider radially outgoing light rays
which propagate from the proximity of the event horizon ‘r;, = a'/3/b — ¢,att = t,, to the detecting event
P(t, r)whererb < a'/>and e < r,. The equation governing the radial outgoing light rays in this space, can be
written as follows,

% _ _(W - %) 51)
By solving this equation (using relation 2.145 in [8]), we obtain,
2.2 1/3 2/3 1/3
o 1 lln b*r? 4+ bra'/° + a —|—Ltan*1 2br + a 52)
al’?b| 6 (br — al/3)? J3 —al/33
Introducing ‘a’ = a'/¥,with ‘r < a”and ‘e < r.”, the above relation becomes,

7 o be
3ba’ 8 a3
The frequency Q2 will be related to the initial frequency €2;, at r;, by

B br(br} — a'/?) /2 br V2 (J3be )’ 3, 15
Qr <) = Qin[—br;n(ber Ve =~ (i, V) : b =~ (), eXP[—Eba (t — tin)] (54)

L=ty =

(53)

Now if we repeat the analyses of the compact-horizon cases for the cylindrical horizon at hand, the asymptotic
spectrum of the null rays will be thermally Planckian as follows,

5 47 ) _171' T— 3/iba'/3 55
|f (@] Oc[exP(—abaW w ; ™ (55)

which is again the same result obtained through the canonical formalism [21, 29] .
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5. Hawking radiation from the observer-based horizons

A distinct class of causal screens, in both classical and quantum gravity, is the category of observer-based horizons.
The Rindler horizon of an accelerated observer in Minkowski spacetime is of course the canonical example of
such horizons. A global spacetime can be deconstructed into, and in reverse re-assembled by, a sufficient
number of such causal observer-based causal patches. It should be highlighted that, this is far from being a mere
mathematical deconstruction of global spacetimes, because between these complementary causal patches there
can be physical interplay. For example, the vacuum properties of the Minkowski spacetime is directly related
with the maximal entanglements that interconnect the partnering pairs of the Rindler wedges. These ‘inter-
regional maximal entanglements’, once re-expressed in an underlying abstract quantum formulation of the
geometry, can be proposed as the fundamental fabricators of the physical spacetime [30]. Let us highlight that
the idea of constructing an entire spacetime by reassembling a sufficiently many number of observer-based
causal units can serve us as a natural, and also very productive approach in developing the complete theory of
quantum gravity for generic spacetimes, including those which are phenomenologically significant for us. A very
intriguing observer-based frame work of this kind, based on the identification of the causal diamonds as the
constituting causal units, has been already proposed and developed [24].

As the simplest model theory, one could begin with developing a microscopic theory of one Rindler patch
[31]. But a much more gratifying causal-unit theory would surely be the microscopic theory of the dS causal
patch, namely the static de Sitter patch proposed in [23, 24]. After obtaining the correct theory of static de Sitter
patch, we could then look for the microscopic theory of the global de sitter spacetime. But, the correct
microscopic theory of the dS causal patch is what we need phenomenologically. With this perspective, through
the rest of this section we will consider both of the aforementioned canonical observer-based horizons. The aim
as in previous sections is to employ our approach to study the semiclassical behavior of the distantly propagated
Hawking modes. This study will also clarify two more facts. First, as a by-product, it will independently
reconfirm the important statement that, the observer-based causal horizons do behave in the same way in their
semiclassically coarse-grained and fine-grained aspects of the Hawking radiation as event horizons do. Secondly,
there will be universal lessons on the mechanism of unitarity for the evaporation of observer-based causal
screens that we take from the analysis here, to be utilized in the second part of this study.

5.1. Hawking modes from the de sitter cosmological horizon

W begin the examples of this section with the de Sitter cosmological horizon, while for a discussion of the
comparative physics of the de Sitter spacetime in static and dynamic patches we refer to [32]. The static patch of
the de Sitter spacetime is defined by the metric,

-1
ds* = (1 - %rz)dtz - (1 - %rz) dr? — r2dQ?

The cosmological horizon is the causally encompassing S,-surface with the finite radius R = /3/A . Therefore,
the causal patch has also the finite radial extension r € (0, R). The late time observer Bob is located inside the
cosmological Horizon at a point sufficiently far from it. Employing our principal thought experiment, now
consider an ingoing radial ray which is emitted at r;,, = R — ¢, with ¢ < R, in a LIF in the proximity of the
cosmological horizon at the initial time # = ¢;,,, and so propagates toward the distantly located Bob who much
later receives those modes at the spacetime event P(r, t) withr < R = /3/A = H~. The trajectory of the
radial light ray can be written in the following form,

% _ (1 _ %ﬂ). (56)

The integrated trajectory, given the required initial condition, is,

2H 1 — Hr 1 — Hj,r

So, the relation between the Bob’s observed frequency and the initial frequency is given by,

1 — H2ri2

Qr < HY) = Qy,
(r ) (1 — H%*?

1/2
] ~ Qiy 2He)'/? =~ 2 Q;, e HO-ti) (58)

Now by repeating the same analysis we performed in the case of black hole horizons, we find in exactly the same
way that the spectrum of the modes received by Bob follows the distribution,
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) -1
@ o [exp(ﬂ) - l] (59)
H
which in terms of the energy quanta is a Planckian power spectrum at Hawking temperature,
o1
= . = 60
2r R (60)

which is the result initially obtained in [25]. As a follow up, let us go back to the example of the Schwarzschild-de
Sitter spacetime and redo the analysis we did there, but now for a monochromatic light ray which propagates
towards the interior observer from the near cosmological horizon. Trajectory of an ingoing null ray which starts
from a point very close to the cosmological horizon r;, = rc — ¢, takes the following form,

re—(t—t) + B In (61)
H

And so, the frequency §2 will be related to the initial frequency €2;,, at r;,, by

2€ 1/2 t—ty, — 1
Q<< r<re) ~ Qin(—) ~ Qi exp(*] (62)
c 203

Therefore, we will obtain a Planckian power spectrum defined at the temperature,

_ f A — ) (e — 1)
2 61’H

T

(63)
which could be compared with the temperature given by (43).

5.2. Rindler observer and Hawking modes

Now we come to our second canonical example, namely the Hawking radiation of the Rindler horizon. Besides
the highlights we briefly pointed out in the beginning of this section, another important fact about Rindler
horizon is that, for a large variety of phenomenologically interesting black holes, the near horizon region is given
by the Rindler spacetime. Assuming that the microscopic theory of all the causal horizons should be the same,
then this near-horizon similarity to Rindler may suggest one to postulate an intrinsic self-similarity in the
underlying microscopic theory of black holes. This point will be discussed elsewhere [5]. Applying our approach
to study the semiclassical spectral behavior of the Hawking modes for an evaporating Rindler horizon we
consider a congruence of worldlines corresponding to a family of observers moving with constant acceleration a
in Minkowski spacetime. Parametrizing this family of worldlines in terms of the conventional coordinates (7, &)
[18], the metric takes the form,

ds? = dt?> — dx?> = (1 + af)*dr? — d&?

In fact, the proper coordinate system is incomplete and covers only a quarter of the Minkowski spacetime

x > |t|, the so called Rindler wedge. Indeed, this is the subdomain of Minkowski spacetime which is causally
accessible to a uniformly accelerated observer, namely, it is the causal patch of the accelerating observer,
bounded by the corresponding observer-based causal horizon. The Rindler observer perceives this causal
horizon at proper distance a~'. Due to the presence of a causal horizon for the Rindler observer, one should
expect a typical Hawking emission associated with it. To this end, we consider a radial light ray which propagates

from¢&;,, = —a~ ' + eatT = 7;,to an observer located in the spacetime position (&, 7), where £ > a~'and e <
a~ . The trajectory of such radial light rays is given by the equation,
4 _ 1+ a€ (64)
dr
so that for the required initial condition the integrated trajectory will be,
1 1+ a¢ 1 (g)
T—T = —log| —— |~ —log| > |. 65
n ag(1+a§m) P b (65)
Hence, the observed frequency Qat € > —a ™' 4 € will be related to the initial frequency Q;, at &, = —a~ ' + eby,
1 .
Qe > —ah = Q[ L% ) 2 0, (€] = e (66)
1 4 a¢ i3

Now, by a similar procedure employed in the previous cases, the Planckian spectrum for the observed Hawking
modes is obtained to be,
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-1
e e (222) <1 (&)
a
corresponding to the Hawking temperature,
T= fa (68)
2T

Which is the standard Unruh temperature [33].

6. Unitarity, holography and horizons

6.1. The unitarity of information processing in Bob’s view : the paradox
Suppose that an asymptotic observer Bob is monitoring the entire history of a well-defined physical event in
which alarge black hole is formed out of a sufficiently high-energy initial scattering, or from the gravitational
collapse of some sufficiently massive quantum matter. The so-formed black hole then evaporates, very softly but
continually, by radiating-out quantum-sourced Hawking modes until finally annihilates into the asymptotic
Hawking radiation, collectible by Bob. By the largeness of the black hole we mean that the radius of the initially-
formed horizon, to be called the primal horizon, is so enormous in Planck units that no quantum gravitational
corrections would matter at the horizon scale (up until the horizon becomes of the Planck size, sufficiently-close
to its total evaporation). To have the right setting for the information paradox, we also assume that the initial
state of the quantum matter is set to be, and does stably remain to be, in a pure state, before the primal horizon is
being formed. That is, as an initial-state condition, we take the von Neumann entropy of the total quantum
system in the pre-horizon era to be zero,

S( Initial State =0 ( 69)

von Neumann) —

Now let us see, from Bob’s information-theoretic view, the post-horizon-formation era. Bob’s main assumption
is that the evolution of the black hole, from the initial scattering or collapse to its total annihilation, is
microscopically processed in a way that is completely ‘consistent with’ all the structure and the laws of quantum
physics. Indeed, given all his experiences in string theory and quantum gravity, he does not have any serious
evidence or even any significant motive to postulate any statement in contradiction to this assumption. on the
other hand he does have a good number of evidences for this one assumption. For example, all black holes which
are addressable by the AdS/CFT correspondence are confirmed to be so. Bob will so be assuming that this
quantum gravitational phenomenon evolves in consistency with the unitary dynamics of a quantum system. A
unitary dynamics preserves the information, so, all the information that identify the exact initial state of the pre-
horizon quantum system should be indestructible. The delicate central question to be addressed is whether or not
unitarity of the information processing is validated by Bob. To the asymptotic observations of Bob, the so-formed
horizon behaves by all means as a thermal physical membrane to which a thermodynamical entropy, the
Bekenstein-Hawking entropy, equal to one quarter of its area in Planck units, is associated,

Spr = AZT (70)
P
since a quantum-finite positive entropy has developed in the gravitational system, Bob should be immediately
concerned if the principle of information indestructibility is being held, due to the defining relation between
entropy and information. Fortunately, by simply recollecting and utilizing the very defining virtue of a black hole
he gets the right clue out of this worry. A black hole is a maximally entropic gravitating system, entirely enclosed
by a spacetime hypersurface, the horizon, that acts as a causal boundary to all the events in the complementary
part of the spacetime geometry. As such, the internal system of the black hole, which is localized inside the
horizon, is causally disconnected from the asymptotic Bob, and so does not belong to his own causal patch. Now,
merely by this defining criterion, Bob concludes that the indestructibility of the initial-state information
becomes exactly equivalent to the following statement:

The Bekenstein-Hawking entropy (70) associated to the primal horizon, now interpreted as the holographic
statistical entropy of the horizon-interior system, should necessarily count the total number of black hole’s microstates
to be exactly equal to the total number of the initial-state information bits. Let the integer N, which is taken tobe a
sufficiently large number, denote the total number of the initial-state information bits,

N = [ Initial State_ (71)
Then, in Bob’s view, the principle of information indestructibility is given by,

S Primal Horizon = I Initial State (72)
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A Primal Horizon — 415 - N (73)

Asimplied by the principal equalities (72), (73), Bob also concludes that, the initial-state information was built up,
‘bit by bit’, the total Hilbert space of the primal black hole, by a one to one mapping that takes those bits to the black
hole microstates, that is,

dim [H Primal Black Hole] = dim [H Primal Horizon] = exp (I Initial State] =eN (74)

Butin fact as Bob experimentally confirms by his detector, the primal black hole is quantum unstable.,it decays
and shrinks in size and mass, very very softly but monotonically, by a continual emission of Hawking modes. As
the horizon decays such, the dimension of the black hole’s Hilbert space, H Interior 4150 shrinks in accordance
with the Bekenstein-Hawking entropy formula. But then after this evaporation process is completed, once more
the entirety of the spacetime geometry becomes causally connected. Therefore, Bob will be able to check whether
the initial-state information are all preserved, upon collecting the totality of the final-state asymptotic Hawking
modes. Now, to manifest the core of the problem, let us see how the dimension of H(%‘)‘teri(’r at an arbitrary time t
after the formation of the primal horizon would shrink upon the release of a typical Hawking mode. Also, to be more
specific, let us consider the case of a Schwarzschild black hole in four spacetime dimensions in the rest of this
study, knowing that an obviously similar analysis goes through in other spacetime dimensions, or for more
complicated geometries. At time ¢ of this quantum evaporation process, the horizon-interior system and the
exterior spacetime geometry can be sufficiently-well described by those of a Schwarzschild geometry which is
endowed with a very-slowly varying time-dependent mass M(%), together with its corresponding quantities for
the horizon radius R(), for the temperature T(#), and for the black hole entropy Styerior(¥)

1

=212 ;5 T =611 = —;
R(1) = 21; M(1) (H=p"(1) 87rl§M(t)

Staterior (£) = 4771; Mz(t) (75)
Now, let us suppose that at about this time ¢ a typical Hawking mode is emitted. The emission of this quanta
reduces the entropy of the interior black hole system by the following amount,

68 mterior (1) = —B() - € um (D) (76)

in which ‘eyy Mm(#)’ denotes the energy of the emitted Hawking mode at the emission time ‘¢. Having a thermal
spectrum, the emitted Hawking mode is of the energy,

enm(t) = T(¥) (77)
and so from (76) we learn that,
651nterior(t) =-1 (78)

Namely, each typical Hawking mode, once being radiated, carries away one unit of entropy from the black hole.
Combining this with the unitarity conditions (72), (73), we obtain,

S Interior(t) =N - N/(t) (79)
dim[Hinterior(t)] = eN_N/(t) (80)

with N'(f) denoting the total number of the Hawking modes radiated-out up until a time ‘¢ after the formation of
the primal horizon. Of course we know that the emitted Hawking modes obey the Planckian spectrum, mostly
carrying O(1) entropy. However, doing a statistically more careful analysis with all details included, we would get
the same result for Sy erior(f) as stated above. From (79), (80) Bob concludes that, the primal black hole will be all
annihilated after radiating out a total number of N thermal Hawking quanta, namely as many as the total number of
the initial-state information. Now, let us suppose that Bob monitors the black hole for along time scale which
turns out to be of the order of 7 o« M? ¢ N2 [34], until the primal black hole evaporates entirely. If so, then the
final state of the system would be an asymptotic radiation characterized by a thermal density matrix p defined at
the temperature,

T = (4/7l,) N2 (81)
whose von Neumann entropy, S = —Tr[p log(p)], is equal to,
hermal State
S[X(gfmptoticslt{atdgation =N (82)

and whose expectation value of the total number-operator is also equal to the same N. Now, in such a quantum
many body system, in which the von Neumann entropy saturates its upper bound in being equal to the total
number of the microscopic degrees of freedom of the system, the nal state would be information-free, namely

1 Final State _ 0, (83)

which means that all the initial-state information, in a maximum violation of unitarity, is lost. This ‘quantum
information mismatch’ does clearly call Bob for a resolution.
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6.2. Geometric Planckianity and the optimal disperser: the microscopic theory

To resolve this quantum information mismatch, which violates unitarity as maximally as possible, one should
begin with pinpointing the exact origin of the (almost-) Planckianity of the asymptotic Hawking radiation, as the
very first step. In the first part of this study, we approached the above issue in an observer-centric method whose
generality and stability was verified by scanning over a broad class of causally-nontrivial spacetimes that
collectively constituted a landscape of all the major deformations. The general physical theorem, which we
validated by probing broad examples, is the following statement:

An initial-state system of the near-horizon single-frequency Hawking modes becomes a final-state system of
Hawking modes with Planckian spectrum, merely as the direct result of the geodesic propagation of the frequency
modes through the curved background of the asymptotic observer’s causal patch. Now, to further advance this
understanding, we should first appreciate that, this maximal dispersion of the frequency modes is equivalent to
the quantum-information mismatch itself. As we found there, this maximal dispersion of the frequency modes
is a characteristically classical geometric effect which disturbs a microscopic quantum system. Having known
the basic points, we are finally at the right stage here to pinpoint the correct origin of the information paradox.
The final picture will become transparent in several steps. Let us first ask the following question.

What is the underlying microscopic mechanism of this conversion of the initial system of the near-horizon
single-frequency modes into a final system of the asymptotic modes with Planckian spectrum?

In answering this question, this much of the microscopic mechanism is known that operating on the
quantum system of frequency modes, and maximally disperses them, it should be the classical limit of a
geometric environment. In a better wording, the frequency modes constitute an open quantum system which
interact with the quantum environment of some characteristically-geometric degrees of freedom. The collective
outcome of this environment-system entanglement, in a certain classical limit, is the geometric effect by which
the modes are optimally dispersed. We call this optimally-dispersing environment, the optimal disperser. Now as
the next step forward, we should develop the structure of an associated Hilbert space scheme which
microscopically formulates the above mentioned physical picture. First, at any arbitrary time during the horizon
evaporation, there is one Hilbert space accounting for the totality of the emitted Hawking modes denoted by
H(gawking Modes+ T his Hilbert space, representing an evolving open quantum system, should be accommodated
into a total Hilbert space defining an entire closed quantum system. Let us highlight that we are defining this
total Hilbert space for the smallest set of the microscopic degrees of freedom which can be consistently treated as a
closed system in Hawking evaporation. So,

(t) (Minimum)
H Hawking Modes C®(r) H Total (84)

Asour H(gawking Modes defines all the Hawking modes available in the Bob’s causal patch up until a time ¢ after the
formation of the primal-horizon, its dimension is increasing as far as the black hole evaporation continues.
Therefore, in (84), the left-hand side is explicitly time-dependent, but the right-hand side is static. Next by (84),
we identify the subsystem complementary to the Hawking Modes,

Complementary (Minimum)
He Cow Hironl (85)

and in accordance with the physical description given before, it has to develop the optimum dispersion in a
specific environmental limit. As a marked note, let us clarify a point of foundational importance. By thinking
more fundamentally one may begin the formulation with H o, which defines the Hilbert space of the total
microscopic system of this scenario to be any, or a smallest choice, of the Bob’s causal diamonds which
accommodates the entire history of the evolution of the black hole, from the initial high-energy scattering or collapse
to the completion of its Hawking emission [5, 35]. Because a causal diamond should be physically treated as a
consistent closed universe [24], the Hilbert space of Bob’s causal diamond defines the Theory of Everything, the
TOE, for his causal universe in which H(I%/[;glmum) is set as a sub-theory. In what follows we will restrict our analysis

tothe H(l}/[;‘:;fn“m)—theory, and refer the interested readers to consult the forthcoming study on Bob’s unified
theory [5]. Let us simply restate that in such a theory, the relation (84) will be replaced by,

Mini Bob
HYm™™ Ce H 1oE) (86)

Now, let us go back to the defining relation (85), and ask the following important question:

What is the physical identity of the microscopic degrees of freedom defined by H(Somplememary? To answer this
question, we need to understand more clearly the fine-grained, microscopic nature of the classical geometric
mechanism which, in the coarse-grained collective way of the first part, disperses the initial system of single-
frequency Hawking modes into a final system of Planckian modes. It is expected that the underlying fine-grained
structure is inversely obtainable by deconstructing the background curvature of Bob’s causal diamond with a
null-horizon causal boundary down to a Hilbert space of quantum curvature modes which build up that
geometric environment. Being translated and promoted into an exact statement about the Hilbert space systems
defined by the relations (84), (85), we are led to the following principal identification:
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H(Somp lementary  defined by relations (84, 85) at any time t of Hawking evaporation process, should be identified
as the Hilbert space of the microscopic degrees of freedom’ that build up the curvature of the asymptotic-observer’s
causal diamond with a null-horizon causal boundary, at the corresponding time t. That is,

Complementary __ 4 s[Causal Diamond] — Bobby Causal Curvature
H(t) =H Bobby Curvature Modes (t) — H(t) (87)

According to this principal identification, we call the degrees of freedom of H(g"bby Causal Curvature 46 the Bobby
curvature modes. From the above identification together with the relations (85) and (84), we learn that our total
Hilbert space admits the following tensor decomposition,as an exact equality which should hold at any time
during the entire Hawking evaporation,

H(1}4;{;ifnum) — H(gobby Causal Curvature ® H(i—)[awking Modes ( 88)
In the rest of this paper, we will be referring to the quantum many body system which is defined by the triplet
system of “(H 'Y ing Modes H PPy Covsal Carvature sy (inimum)> the Hilbert space triplet, or simply the quantum
triplet. Introducing the physical identification (87), and the Hilbert space structure (88), now we should revisit
the optimum dispersion demand which we introduced earlier, and examine carefully its defining physical
conditions. Let us first restate the demand as follows:

Optimal disperser: 3 A Specific Semiclassical Limit of The Quantum Triplet s.t:

Optimal disperser =

Bobby Causal Curvature
(H(t) 4 ) In That Specific Semiclassical Limit (89)

So then we ask: what physical conditions do identify the optimum dispersion Limit as phrased in the demand
(89)2 The question, in better wording, is the following: what are the necessary and sufficient conditions to be
imposed on the quantum many body system defined by our Hilbert space triplet so that the optimum dispersion
limit of the demand (89) is realized?

To answer this question, first we note that the Planckian dispersion of the propagating modes requires as a
necessary condition that the Bob’s causal geometry should be curved in the presence of a null causal screen.
Therefore, by implementing this basic understanding into the exact microscopic physics of the Hilbert space
triplet, we now state the first necessary condition for the realization of the specific semiclassical limit that
corresponds to the optimal disperser as follows:

C.1. The semiclassical optimum dispersion limit can be realized by the triplet
(H awking Modes H PPy Cousal Carvature sy (inimum) if a5 the first necessary condition, this triplet corresponds
to a quantum many body system that consistently defines the curved geometry of the sufficiently large causal
diamond of an asymptotic observer which has as its causal boundary the null horizon. But, this necessary
condition is not yet a sufficient one. Namely, based on the major lessons we took from the analyses of the first
part of this study, we still need to impose one more condition on the triplet system for the optimum dispersion to
be realized by it. This second necessary condition will be the direct quantum microscopic implementation of the
following statement into the Hilbert space triplet:

The optimal disperser of the frequency modes of an open quantum system, can be actualized only in the strict
thermodynamic limit of the quantum environment defined and constituted by the Bobby curvature modes.

Here, the thermodynamic limit, or the continuum limit, is meant exactly as in the (classical or quantum)
statistical physics of many body systems, namely the exact limit in which the total number of the microscopic
degrees of freedom of the system goes to infinity. Accordingly, the second necessary condition for the
microscopic realization of the optimal disperser limit is stated as follows:

C.2. The optimal disperser can be realized by the triplet quantum system (88) only in the strict
thermodynamic limit of the environment of the Bobby Curvature Modes,

: Bobby Causal Curvature 7 __
dim [H( Optimal disperser Limit)] = (90)

Therefore, for the Bobby-bulk geometry of a spacetime possessing a quantum-evaporating horizon to disperse
the initial-state information to the Planckian effect (with or without the grey-body factors or all the other
perturbative corrections included in it), both of the conditions C1 and C2 should be simultaneously realized by the
quantum triplet. But a careful examination reveals the following fact:

Fact: Once the Hilbert space triplet (7'l(ﬂawking Modes? H(?)Obby Causal Curvature | gy (Minimum)y 55 risfies the condition
C1, then the condition C2 can not be realized.

One can see that a microscopic validation of CI invalidates C2 by simply applying the universal statements of
holography[1], as well the Jacobson’s rederivation of the Einstein’s equations [36], to the Bobby-causal type
configurations as phrased in the statement of CI. It is being concluded that, for the quantum many body system
defined by the Hilbert space triplet to realize the condition CI, it should satisfy the following holographic demand

on the dimension of the total quantum system,
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. A pri , . )
dim[H primal Horizon] = €xp —P“"EZH"“ZO“ = N = dim[H}inimum)] 91)
P

Now, although the right hand side of the ‘holographic equality’ (91) can be arbitrarily large, it has to be a finite
integer. Indeed, the area of the primal horizon in Planck units can be taken as large as one wishes, but it should
always be finitely large, simply because the strict limit of an infinite horizon radius is physically inconsistent with
the presence of an asymptotically far observer ‘Bob’ to collect and analyze the asymptotic Hawking radiation.
Because of this strict finiteness, and by utilizing the equalities (85) and (87) which identify 7 Bobby Causal Curvature
as a subspace of HMinimum) oo conclude that,

Total
dim [H(?)obby Causal Curvature] < oo; V¢ (92)

This does contradict (90) which is the statement of the necessary condition C2. This proves that a simultaneous
validation of the two necessary conditions CI and C2 of an optimal disperser environment for the radiated
Hawking modes, is physically impossible. Therefore we have learned the following lesson:

A holographically correct H Bobby Causal Curvature oy peyer be an optimal disperser. Therefore, the unitarity of the
information processing in the Hawking evaporation of the causal horizons is guaranteed if ‘holography’ is
implemented microscopically.

Itis interesting to highlight one independent point. We have been explicit in the condition C2 on the
statement that, the optimal disperser can only be realized if the Bobby curvature environment is infinitely large
in its microscopic degrees of freedom. This point may deserve a distinct attention. By naturally taking this
statement beyond its specific quantum gravity context into quantum information theory, it becomes an
information theoretic conjecture which we do propose. This information theoretic conjecture’ is the abstract
general statement that, the Planckian-effect dispersion of any set of frequency modes in any subsystem of a given
total closed system can not happen as far as the total system is finite dimensional. By the term Planckian-effect
dispersion here, we collectively mean any environmentally sourced dispersion of frequency modes which is of the
Planckian type, incorporating the possible grey-body factors and any possible type of perturbative quantum
corrections in it. We should also note that this information theoretic statement is consistent with the Page
phenomenon which is generic to the finitely-large quantum many body systems [37]. Now, let us get back to the
central subject of this section, and restate our main conclusion. In short, we have learned that, the optimum
dispersion can only be realized in a limit of Bob’s causal-curvature environment that is holographically illicit.
Therefore, there can never be any information loss in holographic microscopic systems.

6.3. The holographic way to quantum gravitational unitarity

Finally, we are at the right stage to clarify in more details how holography should be implemented into the
observer-centric microscopic theory of the triplet quantum many body system (’H(?Iawking Modes?

H PPy Covsal Carvature sy (inimum)) which formulates the minimum total system of a quantum-evolving causal
horizon during its entire history.

Naturally anticipated, it becomes manifest that the correct microscopic theory of the Hawking-evaporating
horizons as described in the asymptotic observer’s causal patch is being formulated based on an intrinsically-
holographic quantum duality between the horizon-interior system and the causally-independent system of
Bobby curvature modes. That, in one way or another, the quantum systems in the interior and the exterior of a
causal horizon should be physically mirroring one another is a major idea in quantum gravity that dates back to
the seminal papers which proposed the principle of observer complementarity [33]. Indeed, the quantum duality
known as observer complementarity is rooted in the black hole information physics. It was shown that for
consistently joining the natural postulate of the quantum unitarity of the Hawking evaporation process with the
equivalence principle, one should also postulate a quantum duality between a defining pair of Hilbert spaces in
the interior and in the exterior of the causal horizon. However, many physical and mathematical details of the
corresponding duality map have been a matter of both minor and major revisits up until present [33], which is
yet to be discovered. Here we state and utilize our distinct version of this inside-outside duality. The duality that
we frame here will also be at the level of an exact equivalence between a pair of Hilbert spaces in the two causal
sides of the horizon, but the detailed duality map between the degrees of freedom on both sides will be an
interesting theme for future works. The exact foundation of this inside-outside duality proposal will be unfolded
from first principles in the forthcoming paper [5]. Here, we will briefly elaborate on the reasoning behind this
proposal. Let us remember that H(?)Obby Causal Curvature i 1, definition the quantum system of all the Bobby
curvature modes at the given time, namely it is the system of all those degrees of freedom that microscopically
build up the time-t curvature of the causal patch of an asymptotic observer Bob who is monitoring the entire
evolution of the horizon. Let us also remember that, the evolving horizon monotonically shrinks by the slow
radiation of Hawking modes into the Bob’s causal patch, so that the black hole’s mass continually decreases up

until it vanishes entirely. Accordingly the curvature of the Bob’s causal geometry, which is directly sourced by the
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decreasing mass of the black hole, is also being driven to vanish monotonically. For example, in our canonical
model, the bulk spacetime curvature is simply modeled by that of the Schwarzschild metric with a
monotonically-decreasing time-dependent mass profile is it. Now, it is holographically clear that the total
number of the Bobby curvature modes should be counted by the area in Planck units of the causal horizon,
monotonically decreasing from its initial value N to zero. Therefore, let us introduce a one-parameter family of
integers that serve as a holographic measure of the time-dependent area of the evaporating horizon in Planck
units,

Horizon Area(t)

N@) = > ; N@)eN ; Vt (93)
4lp

Now, the dimension of the Hilbert space of the curvature modes is given by,
dim [H(gobby Causal Curvature] _ eN(t) V¢ (94)

which evolves in accordance with the following boundary conditions on N(¥),
N(©0) = N = I'nitial State; N({E >1t*) =0 (95)

with t* denoting the time when the evaporation is completed. Indeed, on the account of the to-be proposed
inside-outside duality, there is another Hilbert space, which although is defined independently of the triplet
(H(ﬂawking Modes? H(f)(’bby Causal Curvature gy (Minimum)) "5 4 does not belong to it directly, has the exact same
dimension at any time during the entire evolution of the horizon. Obviously, by the first statement of holography
[1], this independent Hilbert space is that which defines the microstates of the black hole in the interior of its

causal horizon. That is, one has this all-time valid holographic equality of dimensions,

dim [H(t) ] _ eN(t) — dim[H(?)Obby Causal Curvature]; V¢ (96)

Horizon Interior

This holographic equality of dimensions for two independently-defined Hilbert spaces which belong to a pair of
causal-complementary regions of the same global spacetime, signals that there may be also a much deeper
physical connection between them. This anticipation turns out to be indeed credential, and all that it takes to
unfold its physical statement is to pinpoint yet another instrumental role played by holography for the physics of
horizons. The central holographic point is that we have a setting in which the same holographic screen [1] is

shared by the two quantum theories definedby H®) . | . and H(’B)Obby Causal Curvature- OT ONE hand, the

quantum system of black hole microstates living on H%) ... 1nterior POSSESSES as its holographic screen the causal
boundary of the horizon interior, which is identical with the horizon surface. On the other hand, Bob’s TOE
which includes the complete quantum gravitational physics of his causal patch is also an intrinsically holographic
theory [24]. Namely, Bob’s TOE which lives on ’H(TBSE) and is defined on the basis of holographic screen of any
sufficiently-large causal diamond that accommodates the entire evolution of the horizon. As Bob’s holographic
screen, whose area in Planck units should be at least of the order of N2, will be enormously larger that the primal
horizon whose holographic size is N, we may initially think that it should have nothing to do with the primal
horizon which is the holographic screen for the the theory of black hole microstates. In fact the correct physics is
going to be fruitfully different [5] and it will be shown that the basic conclusion is the following statement,

The two holographic quantum theories livingon H', . . . and H(gobby Causal Curvature b oine q pair of
causally-independent quantum many body systems which nevertheless share the same system-defining holographic
screen, are quantum dual to one another, and so their exact Hilbert space physics could be mapped to one another.
That is, the following statement of inside-outside duality does hold,

H(t) = H(gobby Causal Curvature; V¢ (97)

Dual Horizon Interior

Based on the above duality, the internal degrees of freedom that microscopically construct the time-dependent
system of the black hole in the horizon interior, and the quantum curvature modes in the causal patch of the
asymptotic observer Bob, are mapped to one another and are reconstructible from each similar to what has been
shown in [33]. One point to be highlighted here is that, this pair of systems in the inside and in the outside are
always holographic subsets of the total microscopic degrees of freedom that define the primal horizon. Now,
what about the open quantum system of the Hawking modes living in the Bob’s bulk? Because the two quantum

systems living on HG, g Modes a0 H(gobby Causal Curvature 16 complementary pairs of our quantum triplet

whose dimension is fixed by (91), and given that the time-dependent dimension of H(g"bby Causal Curvature

the equality (94), we learn that the total dimension of the Hawking-mode subsystem evolves as follows,
dim [7—[(;)1,‘“”king Modes) = €XpIN — N (1)] = eN'®

With The Boundary Conditions:
N'(0) =05 N'(t > t*) = N = I njtial State (98)

is set by

According to the time-dependent dimension (98), as the horizon evaporates, the subsystem of the emitted
Hawking modes expands in population from zero to a total number of I S gnce the horizon becomes
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entirely annihilated. In other words in the process of horizon evaporation, the initial Bobby curvature modes
Iitial state Will be converted into the asymptotic I a1 state Hawking modes as the final state of the system. The
extremely important point is that, as was holographically proved in the previous section, during this holographic
conversion of the modes the initial-state bits of information are all indestructibly preserved, and so are being unitarily
processed as the horizon evaporates. Because of this holographic unitarity, the final state of this evolving system
will be a pure quantum state, that is, in terms of its von Neumann entropy it is characterized by the following
condition,

Final State _
S(von Neumann) — 0

1 Initial State __ I Initial State (99)

Next, let us describe in some more detail how this purity of the final state of the Hilbert space triplet is processed
in the form of a quantum many body system of the N = "9 $t¢ i croscopic modes live in the Bobby causal
bulk. To this end we describe how the projected distribution of the microscopic modes evolve in different
patches. The Hilbert space triplet (7‘l(ﬁawkirlg Modes? H(g"bby Causal Curvature H(l}/I(i{lailmum)) identifies a total number
of Nmicroscopic degrees of freedom in the Bob’s causal patch which are distributed among its interacting,
simultaneously evolving, complementary quantum subsystems H(g"bby Causal Curvature H Qawking Modes IN @
unitarily-driven (N (¢), N’(t) = N — N (¢))-profile. The point is that the (holographically projected) localiza-
tion of these N degrees of freedom is done in a way that characteristically distinguishes between the modes
distributed in the two complementary subsystems. Let us see this characteristic difference. The

H(f obby Causal Curvature_g 1 v stem is constituted from the modes that by definition build up the curvature of the
Bob’s causal patch. So, simply by their physical identification, it is clear that those modes should have a radially
inhomogeneous distribution in the Bob’s bulk. That the localization of the N(#) Bobby curvature modes should
be regionally marked with a radially-decaying profile of the mode-density is manifested by the fact that the
curvature-invariants of the spacetime are radially enhanced by nearing the horizon. The most familiar example
of this behavior is the Kretschmann invariant of Schwarzschild spacetime with a 1/7° profile. Moreover, the
distribution of the Bobby curvature modes should be dominantly concentrated in a non-asymptotic subregion
near the horizon which we will discuss below. Not only the rapidly decreasing power-law profile of the curvature
invariants shows this near-horizon dominance of the Bobby curvature modes, but also we will see a reaffirmation
of this fact in the discussion below on the semiclassical finite-distance spectrum of the Hawking modes. In
contrast, the H(ﬁawkmg Modes-SUbsystem is composed of the N'(f) = N — N() radiated Hawking modes which
are dynamically classified into two sub-groups of modes with complementary patch localization, and also distinct
Pphysical behavior. To see this inter-grouping of Hawking modes in our observer-centric approach, we should go
back to the principal analysis of the first part, but this time redo it for an observer who is located in an arbitrarily
finite distance from the horizon. By the geometric mechanism with which these modes become semiclassically
dispersed while propagating in the observer’s bulk, the following fact is clear. Given a spacetime with a null
causal horizon, there should be a finite crossover scale R, so that the emitted Hawking modes which propagate
to distances beyond this characteristic scale are observed by the local observer Bob to be (semiclassically)
dispersed to a Planckian spectrum (up to unimportant finite-size corrections). In a single-scale Schwarzschild
spacetime, R¢ can only depend on the horizon radius, and therefore it should be simply proportional to it,
namely, Rc x Ry x N >. But even in multi-scale spacetimes, it is still obvious that, the most dominant
dependence of R¢ should be carried by the horizon scale in the same linear manner. Moreover, being mainly a
result of the extremely dominant role that the exponential redshift virtue of the null horizon plays in the
semiclassical dispersion, we expect that (modulo some sub-leading dependences), Rc ~ a - Ry ~a - I, N 2,
with a being a constant, typically of order-one. To fix a, we will need the microscopic theory, but its value is not
important to us. Let us name the horizon region R < R the non-asymptotic region (NAR), and the region
beyond it, the asymptotic region. Now, the fact that the semiclassical dispersion of Hawking modes is being
developed already in the NAR, does reconfirm that the Bobby curvature modes are also concentrated in the
NAR. So, we conclude that the dominant distribution patch of the modes of the quantum triplet is of the form,

H Bobby Causal Curvature ~_ H NAR Curvature Modes
0 = tw

() ~ H® ®
Hawking Modes = H NAR Hawking Modes ®H Asymptotic Hawking Modes (100)

The quantum triplet system begins its unitary evolution in the pre-Page time during which an enormous
environment of the NAR curvature modes interacts with the NAR Hawking modes. Then at a time scale of about
the the Page time [37], the system turns to its post-Page time era during which the NAR curvature modes become
asmall system of interacting defects among the radiated Hawking modes in the NAR. The system evolves
unitarily, until a time scale of the order N2, it ends up with N = [ $t2€ 50y totic Hawking modes at Bob’s
disposal, defining a pure final state. Recollecting and joining all the stated points so far, we obtain the following
structure for the triplet Bobby quantum many body system that holographically formulates the unitary evolution
of the quantum-evaporating causal screens,
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(dim=e") _ (dim=eN®) (dim=eN—-N®)
H Minimum Total H Dual Horizon Interior ®(f) H Hawking Modes
~ (dim=eN®) (dim=eN-N®O-Nr() (dim=¢eNr®)
~H NAR Curvature Modes ®(t) H NAR Hawking Modes ®(t) H Asymptotic Hawking Modes (101)

This separation of scales which is seen in the holographic projection of the microscopic modes into the Bob’s
bulk should have a very meaningful impact on the quantum many body system of the primal horizon, which
calls for further study [5].

7. A brief conclusion: an observer-centric causal holography

By utilizing an entirely observer-centric methodology, we have shown how, for generic black holes and causal
screens beyond the AdS/CFT family of such objects, the Hawking evaporation is indeed protected against any
loss of the information by the virtue of a must-be-held holography which is defined in the causal patch of a
sufficiently far observer. Indeed, in this same sense, the best route towards the ultimate and precise resolution of
the information paradox turns out to be an entirely observer-centric causal holography which is to be implanted in
the very root-foundation of Quantum Gravity.Based on this approach, we have explored and detailed the
microscopic physics of an observer-centric holography that does realize the unitarity of information processing
in the quantum evolution of generic causal horizons. However, the corresponding triplet quantum many body
system, summarized in (101), clearly needs to be improved to become a complete microscopic description. In
particular, still there are three main aspects of this microscopic system yet to be known. First, the detailed
microscopic interactions between all the different sets of modes needs to be fixed. Second, the exact unitary
operator that drives the dynamics of the entire system, together with the individual dynamics of each one of the
evolving subsystems should be determined. Third, we still need to unfold how the purity of the final state of the
system is imprinted on the fine-grained quantum correlations of the Hawking modes. As a hint forward, by the
holographic procedure in which Bobby curvature modes are being dynamically converted into the Hawking
modes, and also by their holographic origin as the identical microscopic degrees of freedom of the many body
system of the primal horizon as the Holographic screen, it is very natural to anticipate that, in the triplet
quantum system there should be an underlying scheme of impartial physical unification between all those sets of
modes. Namely, the fundamental microscopic description of the system should be such that all the modes are
being physically considered as identical entities. Moreover, both from this study, and from several independent
quantum gravitational reasonings, it becomes clear that this fundamental holographic microscopic formulation
should be observer-centric in its very conception and formulation.
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