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Abstract
Based on an observer-centric methodology, we pinpoint the basic origin of the spectral Planckianity of
the asymptoticHawkingmodes in the conventional treatments of the evaporating horizons. By
considering an observer who analyzes a causal horizon in a generic spacetime, wefirst clarify how the
asymptotic Planckian spectrum is imposed on the exponentially redshiftedHawkingmodes through a
geometric dispersionmechanismdeveloped by a semiclassical environment which is composed by all
themodes that build up the curvature of the causal patch of the asymptotic observer.We also discuss
the actualmicroscopic phenomenon of theHawking evaporation of generic causal horizons. Our
quantumdescription 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 radiatedHawkingmodes, initially as environmental quanta, and after a crossover time, as
quantumdefects. Planckian dispersion of themodeswould 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 howourmicroscopic 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 quantumgravity which is not only both self-consistent and non-
perturbative in a completely andmanifestly background-independent way, but alsomaximally generic in its
phenomenological coverage. Through the long course of the collaborative researchwhich have been conducted
so far, a number of extremely deep lessons have been learned on how conceptually distinguished the correct
formulation of quantumgravity theorymust be. Specially, the holographic trend throughwhich gravity and
(eventually the entire) spacetime are to emerge intrinsically is onemostmajor lesson, with theAdS/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 befinally led to a complete and consistent set of principles
forming the basis of a consistent, realistic theory ofQuantumGravity.

Up until now, in a void of direct or even indirect experimental data in quantum gravity, our advancement
hasmainly been guided by severalmethodologically 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 completemicroscopic 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 themicroscopic treatment of generic causal horizons is yetmissing.
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We should highlight that, our incomplete understanding of themicroscopic description of the generic black
holes and their quantumbehavior, is primarily not due to the lack of a proper description of their near-
singularity region, but instead fromnot 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, bymeans of the holographic principle,must be nothing but a decodification of a (non-gravitational)
microscopicmany-body physics associated with the holographic screen.

To obtain a consistentmicroscopic description of a generic horizon, the first arena fromwhichwe need to
clean up the inconsistencies of the semiclassical description, and replace themwith the consistentmicroscopic
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 theHawking evaporation of causal horizons, as the very first step, wemust correctly pinpoint the
fundamental origin of their illusory semiclassical Planckian losswhich is common to the conventional treatments
of black holes and other causal horizons. This root problem identification is themain subject of thefirst part of
this study. To this end, we single out the original observation in [3], whichwas inspired by [4], and by a thorough
re-analysis unfold its importantmessages. Let us highlight that the unique virtue of our study, in comparison
with themost 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 theNUThole and theKerr 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 horizonswith variations in geometry, topology and asymptotics ofmore
spacetimes in sections four andfive.

Second part of the paper, namely section six, which comes in three subsections, explores themicroscopic
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 andmathematical structure of a
holographicmicroscopic 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 thatmicroscopic formalism
with the fundamental observer-based theorywhichwill be developed in [5].We conclude in section seven.

2. AsymptoticHawkingmodes: 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 amuch broader family of spacetimes that will be explored later to confirm the generality and
robustness of both thismethodology and the conclusive statements wewill learn from it. This canonical example
sets up the basis of our novel understanding of the physical origin of the almost-Planckian spectrumof the
asymptoticHawking radiation. The information theoretic implications of this understanding will bemainly
addressed in second part.

We base our study here upon the observationally-direct approachwhichwas originally utilized in reference
[3].We take amost 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, wework out a thought experiment inwhich a sufficiently far
freely falling observer, named the famous Bob, receives and spectrally analyzes an initiallymonochromatic light
ray propagated from a freely falling source in the vicinity of the corresponding causal horizon. Using this same
thought experiment, wewill continue to explore a broad class of spacetimeswith 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, wewill 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. Themetric of a one parameter family of Schwarzschild black holes in
D�4 spacetime dimensions is given by [6],

ds
R

r
dt

R

r
dr dS1 1 1H

D

D
H
D

D D
2

3

3
2

3

3

1
2

2
2= - - - -

-

-

-

-

-

-

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ ( )( )

2

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



inwhich dSD−2 is themetric of a (D−2)-dimensional sphere, and
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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

initiallymonochromatic null beambegins to propagate radially from a freely falling source at t r,in in( ) in the
immediate vicinity of the horizon, say at t=tin, rin=RH+òwith ò/RH=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 t r,( ). It should be noted that neither Bob’s position nor ò isfixed in Schwarzschild coordinates (t, r).We
also assume that Bob’s location is far from the horizon’s vacuum-entanglement zone [7]. This is the horizon-
exterior regionwith awidth of the order of the horizon radius, which gives regional support to those of the
Hawkingmodes which are almost-maximally entangledwith their partnermodes in the black hole’s interior.

By the above assumptions, take the Bob’s receiving of the propagating null rays to be identifiedwith a late-
time spacetime event t r,( )with r/RH?1. The radial null trajectory is given by the null geodesics satisfying,
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leading to the following equation
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for outgoing null rays. Solving this equation [8], we end upwith the following two different solutions depending
on the spacetime dimension being odd or even,

D t r
R

n

r R

r R

R

n
P

k

n

R

n
Q

k

n
odd: ln

2
cos

2 2
sin

2
5H H

H

H

k

n

k
H

k

n

k
1

2 1

1

2 1

å åp p= = +
-
+

+ -
=

-

=

-⎛
⎝⎜

⎞
⎠⎟ ( )

P x x
k

n
Q

x1

2
ln 2 cos

2
1 , arctan

cos

sin
6k k

k

n
k

n

2

2

2
p

p

p
= - + =

-
⎜ ⎟⎛
⎝

⎞
⎠ ( )

D t r
R

n

r R

R

R

n
P

k

n

R

n
Q

k

n
even: ln

2
cos

2 1 2
sin

2 1
7H H

H

H

k

n

k
H

k

n

k
0

3 2

0

3 2

å åp p= = +
-

-
+

-
+

=

-

=

-⎛
⎝⎜

⎞
⎠⎟ ( )

( ) ( )

P x x
k

n
Q

x1

2
ln 2 cos

2 1
1 , arctan

cos

sin
8k k

k

n
k

n

2

2 1

2 1
p

p

p
= +

+
+ =

+ +

+
⎜ ⎟⎛
⎝

⎞
⎠ ( )

inwhich x≡r/RH and n=D−3.Nowupon employing the initial conditions and taking into account that
r?RH and ò=RH, wefind that to the leading order the trajectory is of the following form in both cases (up to
an irrelevant constant term),
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Nowwe use the fact that in a general spacetime for an emitter and an observer of null propagatingmodes
(photons) on two different worldlines with 4-velocitiesUi

e andU
i
o, the relation between the emitted and observed

frequencies, at the two events e and o , is given by [9],
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whereKi is thewave vector of the null beamwhich 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],
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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 g00. 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 themode frequencyΩin at the event r t,in in( ) and its frequency received at the event r t,( )
with r?RH (i.e where g 1o00  »( ) ), reduces to,
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which, as a consequence of the presence of the corresponding causal horizon, leads to an exponentially-redshifted
frequency of the following form,
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inwhich in the last equationwe substituted for ò (t) 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 (ò=RH) both the
radial null geodesic and radial timelike geodesic lead to e

t
RH µ - [12, 13]. The above result, which is pivotal in

our treatment of the asymptoticHawkingmodes, 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 themodesmeasured
by Bob at some r?RH does non-trivially varywith t. Bobwill not seemonochromaticmodes, even though they
were initially radiated-out as amonochromatic beam.

This nontrivial time-dependence of themode frequencies observed by Bob is a very crucial point. Obviously
starting from the null geodesic equationmeans 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 inflat 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 themode frequency on coordinate time shows that Bob can go beyond the geometric
limit by taking awave packet,
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to be centered on this null ray such that the instantaneous frequencywould be related to the phase by
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Now integrating (13)with respect to the coordinate time, the relevant wavemode is found to be,
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Since for the asymptotic observer at far distance from the horizon τ;t, he could use the coordinate time t to
Fourier decompose thesemodeswith respect to the frequencyω in the following form,
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where x D t t r Rexp 3 2in H= - - + +[( )( ) ]. Rotating the contour in the above integral to the imaginary axis,
i.e. x y ix = , we have,
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Nowusing representations of theGamma function and that ix x xsinh2 p pG =∣ ( )∣ ( ), the associated frequency
spectrum is found to be [3],
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Including the explicit dependence on the light speed c, spectrumof the distantly observedHawkingmodes
becomes,
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inwhich the characteristic frequency,
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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
thewhole procedure we followedwas a classical free field propagation inwhich no ÿ-dependence was included.
Obviously themicroscopicmechanismbywhich theHawkingmodes are created and propagated does
intrinsically belong to the realmof quantumphysics, and as such, in amore complete treatment, one should also
consider the backscatteringwhichmodifies the spectrumby 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 is, as far as the information is being accounted for, the asymptotically
observed Planckianmulti-chromaticity of the initiallymonochromaticHawkingmodes, is nothing but the
semiclassical information loss.

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

The Planckianmismatch of information between the initial and the asymptotic Hawkingmodes is due to a
classical geometricmechanismwhich 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 optimumdispersion 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 systemwith afinite 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
ÿ, namely, proportional to the ÿ itself. Therefore, the associated temperature would unavoidably be quantum-
sourced. This point is the second crucial fact whichwewill later take notice of in second part, in order to unfold
the actual information-theoretic physics underlying theHawking radiation. To see the quantum-thermal
character ofHawking 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 quantumbeeps. By doing so, his plot for the asymptotic power spectrumwill indeedfits the
formula found by re-expressing the spectrum (21) in terms of the energy quantaE=ÿω, namely [15],
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Therefore, the power spectrumof the asymptoticHawkingmodeswould be the Planckian blackbody
distribution at temperature (including the explicit dependences on the constants c andKB),
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which is indeed the same result obtained in the literature by differentmethods [16], and forD=4 does reduce
to theHawking temperature for a 4-d Schwarzschild black hole [3].

Beforemoving ahead to thenext sections, let us here bring to the reader’s attention an indirect insightful remark.
Itwas previouslyobserved in [4] that by Fourier decomposing the complexMinkowski planewave of amassless
scalarfield, t ex, i tk x.F µ w- -( ) ( ), with respect to the proper timeof a uniformly accelerated observer, one is
interestingly led to a similar Planckian spectrumas seenby the observer. Therefore on the basis of the equivalence
principle, which allows replacing an accelerated observerwith constant proper acceleration g inflat spacetimewith a
static observer in a gravitationalfield of the same characteristic strength, one shouldhave intuitively expected to
obtain the same classical result (21). Indeed, in ordinary (c.g.s)units, it was shown that [4],

P
g

c

g

1
exp

2
1 25

1

p
W µ

W
-

-⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥( ) ( )

where g is the proper acceleration of the observer andΩ is the frequency of the decomposedwave component
measured by the same observer. The Planckian spectrum (25) is also a classical result, with no ‘ÿ’ 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 theUnruh effect which is nevertheless a quantumfield theoretic effect. Nowonce
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more, by simply rewriting the frequency-spectrum formula (25) in the formof an energy-spectrum, being
expressed in terms of themassless quantumbits of energy one obtains,
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which is again a Planckian blackbody distribution at temperature,
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This result indeed resembles verywell, as it should, the closely-related case of the Rindler observer whichwewill
address later. Aswe 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 c andG)we obtain

g
c k

GM4
28B
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which is nothing but the surface gravity of a Schwarzschild black hole, fulfilling our intuitive expectation. Finally,
as a fact that wewill verify example-wise andwill also conceptually discuss later in this paper, let usmention 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. AsymptoticHawkingmodes in stationary spacetimes: theNUTHole and theKerr
black hole

The observer-based thought experimentmethod bywhichwe derived and analyzed the semiclassical asymptotic
aspects of theHawking 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, beyondmerely being a computational
coincidence or a simplest-casematching, we can trust this approach as a general, robustmethod in investigating
the physics of theHawking 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, wewould notwork out
every possible example individually. Neither wewould establish this verification by proving a formal theorem.
But instead, wewillmanifest the robustness and generality of this approach by verifying example-wise that it is
indeed stable undermajor physical deformations applied both on the spacetime geometry and on the virtues of
the causal horizons. To this end, wewill select a number of broadly different examples which aremarked 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 correctmicroscopic theory of the evolving horizonswhichwill be discussed in the
second part of this study. In this section, we examine our approach in obtaining the characteristics of the
asymptoticHawking radiation in the case of stationary spacetimes with event horizonswhich include two
characteristically different spacetimes, namely theNUThole and theKerr black hole.

3.1. TheNUThole
Webeginwith theNUT spacetimewhich is physically themost straightforward generalization of the
Schwarzschild spacetime. Concerning the symmetries of itsmetric tensor, theNUTgeometry is stationary and
axially-symmetric. But, in fact, from the physical point of view theNUThole is a spherically symmetric
spacetime. To support this assertion, wefirst note that the physical symmetries of a spacetime are primarily
defined by the transformations underwhich its physical gauge-invariant observables stay invariant. On the other
hand since the spacetimemetric itself is not directly a physical observable, its isometries should not necessarily
coincidewith the physical symmetries of the spacetime. TheNUThole realizes this distinction clearly, because
(unlike itsmetric) 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 definedwith 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 definedwith respect to a congruence of observer worldlines. Then
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inNUT spacetime besides themass parameterm, identifiedwith the gravitoelectric charge, the spacetime can
also be endowedwith a gravitomagneticmonopole chargeℓ.

Within the threading formalism, one can show that inNUT spacetime, all the physical observables,
including the gravitoelectric and gravitomagnetic fields, are indeed spherically symmetric. Themetric of the
NUT spacetime can bewritten in the following form [17],
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The spacetime being physically spherical has radial null geodesics which are given by [18],

dr

dt

r mr l

r l

r r r r

r l

2
30

2 2

2 2 2 2
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+

º
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inwhich r m m l2 2 1 2=  + ( ) are the two event horizons of theNUT solution. The above equation integrated
leads to,

t r r
r

r
r

r

r
ln 1 ln 1 . 31= + - + -+

+
-

-
( )

which are the physically-anticipated radial null geodesic of the spacetime. It should be highlighted that in the
case of theNUTmetric there are no intrinsic singularities hidden behind the horizon, justifying the given name
NUThole. Also, it is to be noted that, the two horizons of the geometry, separate the stationaryNUT regions
(r<r− and r>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 beamof initially-monochromaticmasslessHawking
modes that propagate radially in the immediate proximity of the outer event horizon (r++ ò) at time t=tin, to
be received by the asymptotic observer Bob at the late-time event t r,( ), with r?r+ and ò= r+. The equation
of such trajectory has the following form,

r t t r
r

ln 32in
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+
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The redshifted frequencyΩwill be related to the initial frequencyΩin in at rin by
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By applying the very same detailed procedure used in the Schwarzschild example now toNUT spacetime, we
finally obtain the following power spectrum for awave packet which has scattered off the outer event horizon of
theNUThole reaching the observer Bob at late times and at r?r+,

f
m m l

exp
1
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1 342

2 2 1 2
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⎛
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( ( ) )
( )

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

T
m m l4

35
2 2 1 2



p
=

+ +[ ( ) ]
( )

whichmatches the standard result in the literature [19, 20].

3.2. TheKerr black hole
The second example is the Kerr black hole. Themethod has already beenworked out in [3]. Kerr black hole is a
two-parameter stationary spacetime, which being axially symmetric bothmathematically and physically, does
not have radial null geodesics and so one should use principal null congruences to apply the Fourier
decompositionmethod. 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 insidewhich 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],
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at the temperature,
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which indeed reduces to the result for the Schwarzschild black hole for a=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
spectrumof outgoing null rays propagated from the vicinity of causal horizons is a robust and general
procedure. To show this robustness in amuch broader settingwhich includes variations in geometry, topology
and asymptotics of the spacetimes as well as the inclusion of spacetimeswith observer-based horizons, wewill
considermore examples in following sections.

4. AsymptoticHawkingmodes in amuch broader setting : variations of geometry,
topology and asymptotics

In this sectionwe examine our approach under other deformations in the physical andmathematical settings
whereHawking 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 holewith the dS and the AdS asymptotics, respectively. In the third example, we consider the opposite
setting inwhich the asymptoticss of the spacetime are freezed, but the horizon topology ismaximally deformed.
By amaximal deformation of the horizon topology, wemean that its physicallymost relevant topological
characteristic, namely the compactness of the causal screen, will be deformed.Wewill address spacetimeswith
non-compact causal surfaces, namely, causal domainwalls of infinite area, which are event horizons offinite
temperature, and so radiate-outHawkingmodes. The specific spacetime that we choose, is the simplest and best
representative of this class of examples, namely the asymptotically-AdS cylindrical black holewhose solution
and thermal behavior were initially obtained in [21]. Tomake the presentation compact, let us beginwith the
general formof a class ofmetrics that collectively encodes the solutions of these three examples. This general
metric, in terms of themass parameterm and the cosmological constantΛ, is given by [22],

ds k
m

r
r dt k
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r
r dr r d

2

3

2
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37k

2 2 2 2
1

2 2 2= - -
L

- - -
L

- W
-

⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠ ( )

The curvature parameter k takes the values 1, 0, 1- +{ }, so that d k
2W( ) is themetric on aRiemann surfaceΣ(k) of

constant Gaussian curvature k. The surfaceΣ(k), 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 (θ,f), the area element d k

2W( ) takes the following forms,

d

d d k

d d k

d d k

sin , 1

, 0

sinh , 1
k

2

2 2 2

2 2

2 2 2

q q f
q f
q q f
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( )

TheAdS cylindrical black hole corresponds to the abovemetric with k=0 andwith a negativeΛ, while both the
Schwarzschild AdS and the Schwarzschild dS spacetimes are given by this samemetric with negative and positive
values of ‘Λ’ respectively, upon taking the choice ‘k=1’.

4.1. Schwarzschild horizon in de Sitter phase
The de Sitter phase of quantumgravity (i.eΛ>0), is drastically distinguished from the other two phases with
Λ�0, for two reasons. First, the physical supersymmetric enhancements are not possible in the de Sitter phase.
Second, the de Sitter phase of quantumgravity 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,
but also serves as a precious laboratory in developing the full theory of the de Sitter quantum gravity. Herewe
employ our principalmethod to the de Sitter phasewith themotivation 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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we restrict our attention to the caseΛ>0 and 9M2G2Λ<1 [25] so that the above equation is integrated as,
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are the roots of the equation dr dt 0= . In fact, both rH and rC have positive values, thereby defining the two
horizons of the spacetimewhich are albeit of very different physical natures. The larger root rC is the de Sitter
cosmological horizon but the smaller root ‘rH’ is the black hole event horizon. The negative root rU is not
physical. Under the condition M3 1L < , the Schwarzschild black hole is sitting inside the cosmological
horizon.Naturally, we should be able to obtain theHawking radiation from either of the horizons.Here, we only
consider the case of the emission from the event horizon, and later in the next sectionwill come back to that of
the cosmological horizon. Utilizing the same approach employed in the previous sections, we consider an
outgoing radial light raywhich propagates from a point very close to inner horizon (rin=rH+ò) at t=tin to
the detecting event t r,( )where rH=r=rC and ò=rH, for an observer Bob at thefinite radial coordinate r
from the event horizon.With the required initial condition, wewill find the corresponding trajectory in the
following form,

r t t
r

ln 40in
H


a- + ( )

So, the redshifted frequency ‘Ω’will be related to the initial frequency at ‘r=rH+ò’ by,

t t r
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Similar to the computations before, wefind the asymptotic frequency spectrum to be,
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which in terms of the energymodes becomes a Planckian power spectrum at the temperature,

T
r r r r
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p
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This again coincides with the known result obtained through the conventional approach [25]. In the case of the
Schwarzschild-dS spacetime, onemay also consider to apply the same approach to themodeswhich are initially
emanated from the cosmological horizon. This will be postponed to the next sectionwhenwe considerHawking
radiation from the observer-dependent horizons.

4.2. Schwarzschild-AdS horizons
In this section, wework out the example of the Schwarzschild horizonwith the AdS asymptotics (i.eΛ<0 ).
Given themetric (37), the location of the event horizon in this case is determined by the zeros of the cubic
equation,

f r r b r mb b2 0 ;
3

. 443 2 2 2= + - = º -
L

( ) ( )

As the function fis strictlymonotonic, this equation has only one root, given by [26, 27],

r
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2

3
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3
sinh 3 3 45H
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⎠

⎤
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Indeed, in this example a black hole horizon is always present. By expanding rH in terms ofm, with b?3/m, we
have r m m b2 1 4 2 2= - ++ ( ···), which shows that theΛ<0 has a shrinking effect on the horizon scale. For
the outgoing light rays, the radial geodesics adopt the simple form,
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The solution is given by,
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2 2 2 2 2 2a r b r g a b r= = - = + =( )

Considering a light ray propagating from rin=rH+ò at t=tin to the detecting event t r,( )where rH=
r=b and ò=rH, the last equation becomes,
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The redshifted frequencyΩwill be related to the frequency at rin by,
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As in the examples before, we find that the power spectrum for awave packet scattered off the event horizon and
traveled to infinity has the Planckian form at the temperature,

T
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50H
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2p
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This againmatches the result obtained in the conventional approach [28] and reduces to that of the
asymptotically-flat Schwarzschild horizon for b  ¥.

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

ds b r
a

br
dt b r

a

br
dr b r dz r d2 2 2 2 2 2

1
2 2 2 2 2 2f= - - - - -

-
⎜ ⎟ ⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

where a M4º and b2≡−Λ/3. This is themetric of a static black holewhose event horizon is at br=a1/3, 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 bin

1 3 = - , at t=tin, to the detecting event
t r,( )where rb=a1/3 and ò=r+. The equation governing the radial outgoing light rays in this space, can be

written as follows,
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By solving this equation (using relation 2.145 in [8]), we obtain,
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Introducing ‘a a1 3¢ = ’, with ‘r a¢ ’ and ‘ò=r+’, the above relation becomes,
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The frequencyΩwill be related to the initial frequencyΩin at rin by
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Now if we repeat the analyses of the compact-horizon cases for the cylindrical horizon at hand, the asymptotic
spectrumof the null rays will be thermally Planckian as follows,
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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

Adistinct class of causal screens, in both classical and quantumgravity, is the category of observer-based horizons.
The Rindler horizon of an accelerated observer inMinkowski 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 frombeing amere
mathematical deconstruction of global spacetimes, because between these complementary causal patches there
can be physical interplay. For example, the vacuumproperties of theMinkowski spacetime is directly related
with themaximal entanglements that interconnect the partnering pairs of the Rindler wedges. These ‘inter-
regionalmaximal 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 sufficientlymany number of observer-based
causal units can serve us as a natural, and also very productive approach in developing the complete theory of
quantumgravity for generic spacetimes, including thosewhich are phenomenologically significant for us. A very
intriguing observer-based framework 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 simplestmodel theory, one could beginwith developing amicroscopic theory of one Rindler patch
[31]. But amuchmore gratifying causal-unit theory would surely be themicroscopic 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 themicroscopic theory of the global de sitter spacetime. But, the correct
microscopic theory of the dS causal patch is whatwe need phenomenologically.With this perspective, through
the rest of this sectionwewill 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
Hawkingmodes. This studywill also clarify twomore facts. First, as a by-product, it will independently
reconfirm the important statement that, the observer-based causal horizons do behave in the sameway in their
semiclassically coarse-grained and fine-grained aspects of theHawking radiation as event horizons do. Secondly,
therewill be universal lessons on themechanismof 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.Hawkingmodes from the de sitter cosmological horizon
Wbegin the examples of this sectionwith the de Sitter cosmological horizon, while for a discussion of the
comparative physics of the de Sitter spacetime in static and dynamic patcheswe refer to [32]. The static patch of
the de Sitter spacetime is defined by themetric,

ds r dt r dr r d1
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The cosmological horizon is the causally encompassing 2 -surface with the finite radius R 3= L . Therefore,
the causal patch has also thefinite radial extension rä (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 raywhich is emitted at rin=R−ò, with ò=R, in a LIF in the proximity of the
cosmological horizon at the initial time t=tin, and so propagates toward the distantly located Bobwhomuch
later receives thosemodes at the spacetime event r t,( )with r R H3 1= L º - . The trajectory of the
radial light ray can bewritten in the following form,
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The integrated trajectory, given the required initial condition, is,
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So, the relation between the Bob’s observed frequency and the initial frequency is given by,
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Nowby repeating the same analysis we performed in the case of black hole horizons, wefind in exactly the same
way that the spectrumof themodes received by Bob follows the distribution,
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which in terms of the energy quanta is a Planckian power spectrum atHawking temperature,
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which is the result initially obtained in [25]. As a followup, let us go back to the example of the Schwarzschild-de
Sitter spacetime and redo the analysis we did there, but now for amonochromatic light raywhich propagates
towards the interior observer from the near cosmological horizon. Trajectory of an ingoing null raywhich starts
from a point very close to the cosmological horizon rin=rC−ò, takes the following form,
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And so, the frequencyΩwill be related to the initial frequencyΩin at rin by
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Therefore, wewill obtain a Planckian power spectrumdefined at the temperature,
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which could be comparedwith the temperature given by (43).

5.2. Rindler observer andHawkingmodes
Nowwe come to our second canonical example, namely theHawking 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 themicroscopic theory of all the causal horizons should be the same,
then this near-horizon similarity to Rindlermay suggest one to postulate an intrinsic self-similarity in the
underlyingmicroscopic theory of black holes. This point will be discussed elsewhere [5]. Applying our approach
to study the semiclassical spectral behavior of theHawkingmodes for an evaporating Rindler horizonwe
consider a congruence of worldlines corresponding to a family of observersmovingwith constant acceleration a
inMinkowski spacetime. Parametrizing this family of worldlines in terms of the conventional coordinates (τ, ξ)
[18], themetric takes the form,

ds dt dx a d d12 2 2 2 2 2x t x= - = + -( )

In fact, the proper coordinate system is incomplete and covers only a quarter of theMinkowski spacetime
x t> ∣ ∣, the so calledRindler wedge. Indeed, this is the subdomain ofMinkowski spacetimewhich 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−1. Due to the presence of a causal horizon for the Rindler observer, one should
expect a typicalHawking emission associatedwith it. To this end, we consider a radial light raywhich propagates
from ξin=−a−1+ò at τ=τin to an observer located in the spacetime position (ξ, τ), where ξ?a−1 and ò=
a−1. The trajectory of such radial light rays is given by the equation,
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so that for the required initial condition the integrated trajectory will be,
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Hence, the observed frequencyΩ at ξ?−a−1+òwill be related to the initial frequencyΩin at ξin=−a−1+ò by,
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Now, by a similar procedure employed in the previous cases, the Planckian spectrum for the observedHawking
modes is obtained to be,
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corresponding to theHawking temperature,

T
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Which is the standardUnruh temperature [33].

6.Unitarity, holography andhorizons

6.1. The unitarity of information processing inBob’s view : the paradox
Suppose that an asymptotic observerBob ismonitoring the entire history of awell-defined physical event in
which a large black hole is formed out of a sufficiently high-energy initial scattering, or from the gravitational
collapse of some sufficientlymassive quantummatter. The so-formed black hole then evaporates, very softly but
continually, by radiating-out quantum-sourcedHawkingmodes until finally annihilates into the asymptotic
Hawking radiation, collectible by Bob. By the largeness of the black holewemean that the radius of the initially-
formed horizon, to be called the primal horizon, is so enormous in Planck units that no quantum gravitational
correctionswouldmatter 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 quantummatter 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 vonNeumann entropy of the total quantum
system in the pre-horizon era to be zero,

S 0 69von Neumann
Initial State = ( )( )

Now let us see, fromBob’s information-theoretic view, the post-horizon-formation era. Bob’smain assumption
is that the evolution of the black hole, from the initial scattering or collapse to its total annihilation, is
microscopically processed in away that is completely ‘consistent with’ all the structure and the laws of quantum
physics. Indeed, given all his experiences in string theory and quantumgravity, he does not have any serious
evidence or even any significantmotive 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. Bobwill so be assuming that this
quantumgravitational phenomenon evolves in consistencywith 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 iswhether or not
unitarity of the information processing is validated by Bob. To the asymptotic observations of Bob, the so-formed
horizon behaves by allmeans as a thermal physicalmembrane towhich a thermodynamical entropy, the
Bekenstein-Hawking entropy, equal to one quarter of its area in Planck units, is associated,

S
A

l4
. 70B H

p
.

Horizon
2

= ( )

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 amaximally 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 systemof 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’smicrostates
to be exactly equal to the total number of the initial-state information bits. Let the integerN, which is taken to be a
sufficiently large number, denote the total number of the initial-state information bits,

N I . 71Initial Stateº ( )

Then, in Bob’s view, the principle of information indestructibility is given by,

S I 72Primal Horizon
Initial State= ( )
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A l N4 73pPrimal Horizon
2= · ( )

As implied by the principal equalities (72), (73), Bob also concludes that, the initial-state informationwas built up,
‘bit by bit’, the total Hilbert space of the primal black hole, by a one to onemapping that takes those bits to the black
holemicrostates, that is,

dim dim exp I e 74Primal Black Hole Primal Horizon
Initial State N = = =[ ] [ ] [ ] ( )

But in fact as Bob experimentally confirms by his detector, the primal black hole is quantumunstable.,it decays
and shrinks in size andmass, very very softly butmonotonically, by a continual emission ofHawkingmodes. As
the horizon decays such, the dimension of the black hole’sHilbert space, Interior , also shrinks in accordance
with the Bekenstein-Hawking entropy formula. But then after this evaporation process is completed, oncemore
the entirety of the spacetime geometry becomes causally connected. Therefore, Bobwill be able to checkwhether
the initial-state information are all preserved, upon collecting the totality of the final-state asymptoticHawking
modes. Now, tomanifest the core of the problem, let us see how the dimension of t

Interior( ) at an arbitrary time t
after the formation of the primal horizonwould shrink upon the release of a typical Hawkingmode. Also, to bemore
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 formore
complicated geometries. At time t 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
endowedwith a very-slowly varying time-dependentmassM(t), together with its corresponding quantities for
the horizon radiusR(t), for the temperatureT(t), and for the black hole entropy SInterior(t),

R t l M t T t t
l M t

S t l M t2 ;
1

8
; 4 75p

p
p

2 1
2 Interior

2 2b
p

p= º = =-( ) ( ) ( ) ( )
( )

( ) ( ) ( )

Now, let us suppose that at about this time t a typical Hawkingmode is emitted. The emission of this quanta
reduces the entropy of the interior black hole systemby the following amount,

S t t t 76Interior H.Md b e= -( ) ( ) · ( ) ( )

inwhich ‘εH.M(t)’ denotes the energy of the emittedHawkingmode at the emission time ‘t. Having a thermal
spectrum, the emittedHawkingmode is of the energy,

t T t 77H.Me =( ) ( ) ( )

and so from (76)we learn that,

S t 1. 78Interiord = -( ) ( )

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

S t N N t 79Interior = - ¢( ) ( ) ( )

t edim 80N N t
interior = - ¢[ ( )] ( )( )

withN′(t) denoting the total number of theHawkingmodes radiated-out up until a time ‘t’ after the formation of
the primal horizon.Of course we know that the emittedHawkingmodes obey the Planckian spectrum,mostly
carryingO(1) entropy.However, doing a statisticallymore careful analysis with all details included, wewould get
the same result for SInterior(t) 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 thermalHawking quanta, namely asmany as the total number of
the initial-state information.Now, let us suppose that Bobmonitors the black hole for a long time scalewhich
turns out to be of the order of M N3 3

2t µ µ [34], until the primal black hole evaporates entirely. If so, then the
final state of the systemwould be an asymptotic radiation characterized by a thermal densitymatrix r̂ defined at
the temperature,

T l N4 81p
1 1

2p= - -( ) ( )

whose vonNeumann entropy, S Tr logr rº - [ ˆ ( ˆ )], is equal to,

S N 82Asymptotic Radiation
Thermal State = ( )( )

andwhose expectation value of the total number-operator is also equal to the sameN. Now, in such a quantum
many body system, inwhich the vonNeumann entropy saturates its upper bound in being equal to the total
number of themicroscopic degrees of freedomof the system, the nal state would be information-free, namely

I 0, 83Final State = ( )

whichmeans that all the initial-state information, in amaximumviolation of unitarity, is lost. This ‘quantum
informationmismatch’ does clearly call Bob for a resolution.
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6.2. Geometric Planckianity and the optimal disperser: themicroscopic theory
To resolve this quantum informationmismatch, which violates unitarity asmaximally as possible, one should
beginwith pinpointing the exact origin of the (almost-)Planckianity of the asymptoticHawking radiation, as the
very first step. In thefirst part of this study, we approached the above issue in an observer-centricmethodwhose
generality and stability was verified by scanning over a broad class of causally-nontrivial spacetimes that
collectively constituted a landscape of all themajor deformations. The general physical theorem,whichwe
validated by probing broad examples, is the following statement:

An initial-state system of the near-horizon single-frequencyHawkingmodes becomes a final-state system of
Hawkingmodes 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, thismaximal dispersion of the frequencymodes is equivalent to
the quantum-informationmismatch itself. Aswe found there, thismaximal dispersion of the frequencymodes
is a characteristically classical geometric effect which disturbs amicroscopic quantum system.Having known
the basic points, we arefinally at the right stage here to pinpoint the correct origin of the information paradox.
Thefinal picturewill become transparent in several steps. Let usfirst ask the following question.

What is the underlyingmicroscopicmechanismof this conversion of the initial systemof the near-horizon
single-frequencymodes into afinal systemof the asymptoticmodes with Planckian spectrum?

In answering this question, thismuch of themicroscopicmechanism is known that operating on the
quantum systemof frequencymodes, andmaximally disperses them, it should be the classical limit of a
geometric environment. In a better wording, the frequencymodes constitute an open quantum systemwhich
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 bywhich
themodes 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 associatedHilbert space schemewhich
microscopically formulates the abovementioned physical picture. First, at any arbitrary time during the horizon
evaporation, there is oneHilbert space accounting for the totality of the emittedHawkingmodes denoted by

t
Hawking Modes( ) . ThisHilbert space, representing an evolving open quantum system, should be accommodated

into a totalHilbert space defining an entire closed quantum system. Let us highlight that we are defining this
totalHilbert space for the smallest set of themicroscopic degrees of freedomwhich can be consistently treated as a
closed system inHawking evaporation. So,

84t
Hawking Modes Total

Minimum
t

 ÌÄ ( )( ) ( )
( )

As our t
Hawking Modes( ) defines all theHawkingmodes available in theBob’s causal patch up until a time t 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 theHawkingModes,

85t
Complementary

Total
Minimum

t
 ÌÄ ( )( )

( )
( )

and in accordancewith the physical description given before, it has to develop the optimumdispersion in a
specific environmental limit. As amarked note, let us clarify a point of foundational importance. By thinking
more fundamentally onemay begin the formulationwith Total which defines theHilbert space of the total
microscopic systemof 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 itsHawking emission [5, 35]. Because a causal diamond should be physically treated as a
consistent closed universe [24], theHilbert space of Bob’s causal diamond defines theTheory of Everything, the
TOE, for his causal universe inwhich Total

Minimum( ) is set as a sub-theory. Inwhat followswewill restrict our analysis
to the Total

Minimum( )-theory, and refer the interested readers to consult the forthcoming study onBob’s unified
theory [5]. Let us simply restate that in such a theory, the relation (84)will be replaced by,

86Total
Minimum

TOE
Bob ÌÄ ( )( )

( )

Now, let us go back to the defining relation (85), and ask the following important question:
What is the physical identity of themicroscopic degrees of freedomdefined by t

Complementary( ) ? To answer this
question, we need to understandmore clearly thefine-grained,microscopic nature of the classical geometric
mechanismwhich, in the coarse-grained collective way of the first part, disperses the initial systemof single-
frequencyHawkingmodes into afinal systemof Planckianmodes. It is expected that the underlying fine-grained
structure is inversely obtainable by deconstructing the background curvature of Bob’s causal diamondwith a
null-horizon causal boundary down to aHilbert space of quantum curvaturemodes which build up that
geometric environment. Being translated and promoted into an exact statement about theHilbert space systems
defined by the relations (84), (85), we are led to the following principal identification:
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t
Complementary( ) , defined by relations (84, 85) at any time t of Hawking evaporation process, should be identified

as theHilbert space of themicroscopic degrees of freedom’ that build up the curvature of the asymptotic-observer’s
causal diamondwith a null-horizon causal boundary, at the corresponding time t . That is,

87t t t
Complementary

Bobby Curvature Modes
Causal Diamond Bobby Causal Curvature  º º ( )( ) ( )

[ ]
( )

According to this principal identification, we call the degrees of freedomof t
Bobby Causal Curvature( ) as the Bobby

curvaturemodes. From the above identification togetherwith 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 entireHawking evaporation,

88t
t

Total
Minimum Bobby Causal Curvature

Hawking Modes  = Ä ( )( )
( )

( )

In the rest of this paper, wewill be referring to the quantummany body systemwhich is defined by the triplet
systemof ‘ , ,t

tHawking Modes
Bobby Causal Curvature

Total
Minimum  ( )( )

( )
( ) ’ theHilbert space triplet, or simply the quantum

triplet. Introducing the physical identification (87), and theHilbert space structure (88), nowwe should revisit
the optimumdispersion demandwhichwe introduced earlier, and examine carefully its defining physical
conditions. Let usfirst restate the demand as follows:

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

Optimal disperser 89t
Bobby Causal Curvature

In That Specific Semiclassical Limit

$

= ( ) ( )( )

So thenwe ask: what physical conditions do identify the optimumdispersion Limit as phrased in the demand
(89)? The question, in better wording, is the following: what are the necessary and sufficient conditions to be
imposed on the quantummany body systemdefined by ourHilbert space triplet so that the optimumdispersion
limit of the demand (89) is realized?

To answer this question,first we note that the Planckian dispersion of the propagatingmodes 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 exactmicroscopic physics of theHilbert 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 optimumdispersion limit can be realized by the triplet
, ,t

tHawking Modes
Bobby Causal Curvature

Total
Minimum  ( )( )

( )
( ) , if, as the first necessary condition, this triplet corresponds

to a quantummany 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 themajor lessonswe took from the analyses of the first
part of this study, we still need to impose onemore condition on the triplet system for the optimumdispersion to
be realized by it. This second necessary conditionwill be the direct quantummicroscopic implementation of the
following statement into theHilbert space triplet:

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

Here, the thermodynamic limit, or the continuum limit, ismeant exactly as in the (classical or quantum)
statistical physics ofmany body systems, namely the exact limit inwhich the total number of themicroscopic
degrees of freedomof 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 BobbyCurvatureModes,

dim 90Optimal disperser Limit
Bobby Causal Curvature = ¥[ ] ( )( )

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 orwithout the grey-body factors or all the other
perturbative corrections included in it), both of the conditions C1 andC2 should be simultaneously realized by the
quantum triplet. But a careful examination reveals the following fact:

Fact: Once theHilbert space triplet , ,t
tHawking Modes
Bobby Causal Curvature

Total
Minimum  ( )( )

( )
( ) satisfies the condition

C1, then the conditionC2 can not be realized.
One can see that amicroscopic validation ofC1 invalidatesC2 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 ofC1. It is being concluded that, for the quantummany body system
defined by theHilbert space triplet to realize the conditionC1, it should satisfy the following holographic demand
on the dimension of the total quantum system,
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⎠
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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 onewishes, 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 asymptoticHawking radiation.
Because of this strict finiteness, and by utilizing the equalities (85) and (87)which identify Bobby Causal Curvature
as a subspace of Total

Minimum( ), we conclude that,

tdim ; 92t
Bobby Causal Curvature < ¥ "[ ] ( )( )

This does contradict (90)which is the statement of the necessary conditionC2. This proves that a simultaneous
validation of the two necessary conditionsC1 andC2 of an optimal disperser environment for the radiated
Hawkingmodes, is physically impossible. Thereforewe have learned the following lesson:

Aholographically correct Bobby Causal Curvature can never be an optimal disperser. Therefore, the unitarity of the
information processing in theHawking evaporation of the causal horizons is guaranteed if ‘holography’ is
implementedmicroscopically.

It is interesting to highlight one independent point.We have been explicit in the conditionC2 on the
statement that, the optimal disperser can only be realized if the Bobby curvature environment is infinitely large
in itsmicroscopic degrees of freedom. This pointmay deserve a distinct attention. By naturally taking this
statement beyond its specific quantumgravity context into quantum information theory, it becomes an
information theoretic conjecturewhichwe do propose. This information theoretic conjecture’ is the abstract
general statement that, the Planckian-effect dispersion of any set of frequencymodes in any subsystemof a given
total closed system can not happen as far as the total system isfinite dimensional. By the termPlanckian-effect
dispersion here, we collectivelymean any environmentally sourced dispersion of frequencymodeswhich 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
phenomenonwhich is generic to thefinitely-large quantummany body systems [37]. Now, let us get back to the
central subject of this section, and restate ourmain 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 holographicmicroscopic systems.

6.3. The holographic way to quantumgravitational unitarity
Finally, we are at the right stage to clarify inmore details how holography should be implemented into the
observer-centricmicroscopic theory of the triplet quantummany body system ,t

Hawking Modes( ( )

,t
Bobby Causal Curvature

Total
Minimum  )( )

( ) which formulates theminimum total system of a quantum-evolving causal
horizon during its entire history.

Naturally anticipated, it becomesmanifest that the correctmicroscopic theory of theHawking-evaporating
horizons as described in the asymptotic observer’s causal patch is being formulated based on an intrinsically-
holographic quantumduality between the horizon-interior system and the causally-independent systemof
Bobby curvaturemodes. That, in oneway or another, the quantum systems in the interior and the exterior of a
causal horizon should be physicallymirroring one another is amajor idea in quantumgravity that dates back to
the seminal papers which proposed the principle of observer complementarity [33]. Indeed, the quantumduality
known as observer complementarity is rooted in the black hole information physics. It was shown that for
consistently joining the natural postulate of the quantumunitarity of theHawking evaporation process with the
equivalence principle, one should also postulate a quantumduality between a defining pair ofHilbert spaces in
the interior and in the exterior of the causal horizon.However,many physical andmathematical details of the
corresponding dualitymap have been amatter of bothminor andmajor 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 herewill also be at the level of an exact equivalence between a pair ofHilbert spaces in the two causal
sides of the horizon, but the detailed dualitymap between the degrees of freedomon both sides will be an
interesting theme for future works. The exact foundation of this inside-outside duality proposal will be unfolded
fromfirst principles in the forthcoming paper [5]. Here, wewill briefly elaborate on the reasoning behind this
proposal. Let us remember that t

Bobby Causal Curvature( ) is by definition the quantum systemof all the Bobby
curvaturemodes at the given time, namely it is the systemof all those degrees of freedom thatmicroscopically
build up the time-t curvature of the causal patch of an asymptotic observer Bobwho ismonitoring the entire
evolution of the horizon. Let us also remember that, the evolving horizonmonotonically shrinks by the slow
radiation ofHawkingmodes into the Bob’s causal patch, so that the black hole’smass 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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decreasingmass of the black hole, is also being driven to vanishmonotonically. For example, in our canonical
model, the bulk spacetime curvature is simplymodeled by that of the Schwarzschildmetric with a
monotonically-decreasing time-dependentmass profile is it. Now, it is holographically clear that the total
number of the Bobby curvaturemodes should be counted by the area in Planck units of the causal horizon,
monotonically decreasing from its initial valueN to zero. Therefore, let us introduce a one-parameter family of
integers that serve as a holographicmeasure of the time-dependent area of the evaporating horizon in Planck
units,

N t
l

N t t
Horizon Area t

4
; ; 93

p
2

º Î "( ) ( ) ( ) ( )

Now, the dimension of theHilbert space of the curvaturemodes is given by,

e tdim 94t
N tBobby Causal Curvature = "[ ] ( )( )

( )

which evolves in accordance with the following boundary conditions onN(t),

N N I N t t0 ; 0 95Initial State
= = > =( ) ( ) ( )

with t  denoting the timewhen the evaporation is completed. Indeed, on the account of the to-be proposed
inside-outside duality, there is anotherHilbert space, which although is defined independently of the triplet

, ,t
tHawking Modes
Bobby Causal Curvature

Total
Minimum  ( )( )

( )
( ) , and does not belong to it directly, has the exact same

dimension at any time during the entire evolution of the horizon.Obviously, by thefirst statement of holography
[1], this independentHilbert space is that which defines themicrostates of the black hole in the interior of its
causal horizon. That is, one has this all-time valid holographic equality of dimensions,

e tdim dim ; 96t N t
tHorizon Interior
Bobby Causal Curvature = = "[ ] [ ] ( )( ) ( )

( )

This holographic equality of dimensions for two independently-definedHilbert spaceswhich belong to a pair of
causal-complementary regions of the same global spacetime, signals that theremay be also amuch 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 inwhich the same holographic screen [1] is
shared by the two quantum theories defined by t

Horizon Interior( ) and t
Bobby Causal Curvature( ) . On one hand, the

quantum systemof black holemicrostates living on t
Horizon Interior( ) 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 quantumgravitational physics of his causal patch is also an intrinsically holographic
theory [24]. Namely, Bob’s TOEwhich lives on TOE

Bob( ) 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 N

3
2 , will be enormously larger that the primal

horizonwhose holographic size isN, wemay initially think that it should have nothing to dowith the primal
horizonwhich is the holographic screen for the the theory of black holemicrostates. 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 living on t
Horizon Interior( ) and t

Bobby Causal Curvature( ) , being a pair of
causally-independent quantummany body systems which nevertheless share the same system-defining holographic
screen, are quantumdual to one another, and so their exactHilbert space physics could bemapped to one another.
That is, the following statement of inside-outside duality does hold,

t; 97t
tDual Horizon Interior
Bobby Causal Curvature º " ( )( )

( )

Based on the above duality, the internal degrees of freedom thatmicroscopically construct the time-dependent
systemof the black hole in the horizon interior, and the quantum curvaturemodes in the causal patch of the
asymptotic observer Bob, aremapped to one another and are reconstructible from each similar towhat 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 totalmicroscopic degrees of freedom that define the primal horizon.Now,
what about the open quantum systemof theHawkingmodes living in the Bob’s bulk? Because the two quantum
systems living on t

Hawking Modes( ) and t
Bobby Causal Curvature( ) are complementary pairs of our quantum triplet

whose dimension isfixed by (91), and given that the time-dependent dimension of t
Bobby Causal Curvature( ) is set by

the equality (94), we learn that the total dimension of theHawking-mode subsystem evolves as follows,

N N t e

N N t t N I

dim exp

With The Boundary Conditions:

0 0; 98

t N t
Hawking Modes

Initial State





= - º

¢ = ¢ > = =

¢[ ] [ ( )]

( ) ( ) ( )

( ) ( )

According to the time-dependent dimension (98), as the horizon evaporates, the subsystemof the emitted
Hawkingmodes expands in population from zero to a total number of IInitial State once the horizon becomes

18

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



entirely annihilated. In other words in the process of horizon evaporation, the initialBobby curvaturemodes
IInitial State will be converted into the asymptotic IInitial State Hawkingmodes 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 themodes 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 vonNeumann entropy it is characterized by the following
condition,

S

I I

0

99

von Neumann
Final State

Initial State Initial State

=

= ( )
( )

Next, let us describe in somemore detail how this purity of thefinal state of theHilbert space triplet is processed
in the formof a quantummany body systemof theN=IInitial Statemicroscopicmodes live in the Bobby causal
bulk. To this endwe describe how the projected distribution of themicroscopicmodes evolve in different
patches. TheHilbert space triplet , ,t

tHawking Modes
Bobby Causal Curvature

Total
Minimum  ( )( )

( )
( ) identifies a total number

ofNmicroscopic degrees of freedom in the Bob’s causal patchwhich are distributed among its interacting,
simultaneously evolving, complementary quantum subsystems t

Bobby Causal Curvature( ) and t
Hawking Modes( ) in a

unitarily-driven N t N t N N t, ¢ = -( ( ) ( ) ( ))-profile. The point is that the (holographically projected) localiza-
tion of theseN degrees of freedom is done in away that characteristically distinguishes between themodes
distributed in the two complementary subsystems. Let us see this characteristic difference. The

t
Bobby Causal Curvature( ) -subsystem is constituted from themodes that by definition build up the curvature of the

Bob’s causal patch. So, simply by their physical identification, it is clear that thosemodes should have a radially
inhomogeneous distribution in the Bob’s bulk. That the localization of theN(t)Bobby curvaturemodes should
be regionallymarkedwith a radially-decaying profile of themode-density ismanifested by the fact that the
curvature-invariants of the spacetime are radially enhanced by nearing the horizon. Themost familiar example
of this behavior is the Kretschmann invariant of Schwarzschild spacetimewith a 1/r6 profile.Moreover, the
distribution of the Bobby curvaturemodes should be dominantly concentrated in a non-asymptotic subregion
near the horizonwhichwewill discuss below.Not only the rapidly decreasing power-law profile of the curvature
invariants shows this near-horizon dominance of the Bobby curvaturemodes, but alsowewill see a reaffirmation
of this fact in the discussion below on the semiclassicalfinite-distance spectrumof theHawkingmodes. In
contrast, the t

Hawking Modes( ) -subsystem is composed of theN′(t)=N−N(t) radiatedHawkingmodeswhich
are dynamically classified into two sub-groups ofmodeswith complementary patch localization, and also distinct
physical behavior. To see this inter-grouping ofHawkingmodes 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 geometricmechanismwithwhich thesemodes become semiclassically
dispersedwhile propagating in the observer’s bulk, the following fact is clear. Given a spacetimewith a null
causal horizon, there should be a finite crossover scaleRC, so that the emittedHawkingmodeswhich 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,RC can only depend on the horizon radius, and therefore it should be simply proportional to it,
namely, R R NC H

1
2µ µ . But even inmulti-scale spacetimes, it is still obvious that, themost dominant

dependence ofRC should be carried by the horizon scale in the same linearmanner.Moreover, beingmainly 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), R a R a l NC H p

1
2~ ~· · ,

with a being a constant, typically of order-one. Tofix a, wewill need themicroscopic theory, but its value is not
important to us. Let us name the horizon regionRRC the non-asymptotic region (NAR), and the region
beyond it, the asymptotic region. Now, the fact that the semiclassical dispersion ofHawkingmodes is being
developed already in theNAR, does reconfirm that the Bobby curvaturemodes are also concentrated in the
NAR. So, we conclude that the dominant distribution patch of themodes of the quantum triplet is of the form,
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t t

t t t

Bobby Causal Curvature NAR Curvature Modes

Hawking Modes NAR Hawking Modes Asymptotic Hawking Modes

  

   Ä ( )
( ) ( )

( ) ( ) ( )

The quantum triplet systembegins its unitary evolution in the pre-Page time duringwhich an enormous
environment of theNAR curvaturemodes interacts with theNARHawkingmodes. Then at a time scale of about
the the Page time [37], the system turns to its post-Page time era duringwhich theNAR curvaturemodes become
a small systemof interacting defects among the radiatedHawkingmodes in theNAR. The system evolves
unitarily, until a time scale of the order N

3
2 , it ends upwithN=IInitial State asymptoticHawkingmodes at Bob’s

disposal, defining a purefinal state. Recollecting and joining all the stated points so far, we obtain the following
structure for the triplet Bobby quantummany body system that holographically formulates the unitary evolution
of the quantum-evaporating causal screens,
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This separation of scales which is seen in the holographic projection of themicroscopicmodes into the Bob’s
bulk should have a verymeaningful impact on the quantummany body systemof the primal horizon, which
calls for further study [5].

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

By utilizing an entirely observer-centricmethodology, we have shown how, for generic black holes and causal
screens beyond theAdS/CFT family of such objects, theHawking evaporation is indeed protected against any
loss of the information by the virtue of amust-be-held holographywhich 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 holographywhich is to be implanted in
the very root-foundation ofQuantumGravity.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 quantummany body
system, summarized in (101), clearly needs to be improved to become a completemicroscopic description. In
particular, still there are threemain aspects of thismicroscopic system yet to be known. First, the detailed
microscopic interactions between all the different sets ofmodes needs to befixed. 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 theHawkingmodes. As a hint forward, by the
holographic procedure inwhich Bobby curvaturemodes are being dynamically converted into theHawking
modes, and also by their holographic origin as the identicalmicroscopic degrees of freedomof themany body
systemof the primal horizon as theHolographic 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 fundamentalmicroscopic description of the system should be such that all themodes are
being physically considered as identical entities.Moreover, both from this study, and from several independent
quantumgravitational reasonings, it becomes clear that this fundamental holographicmicroscopic formulation
should be observer-centric in its very conception and formulation.
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