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We argue that the origin of unitarity violation and the information loss paradox in our un-
derstanding of black holes (BHs) lies in the standard way of doing quantum field theory in
curved space-time (QFTCS), which is heavily biased on intuition borrowed from classical
general relativity. In this paper, with the quantum-first approach, we formulate a so-called
direct-sum QFT (DQFT) in BH space-time based on a novel formulation of discrete space-
time transformations in gravity that potentially restores unitarity. By invoking the quantum
effects associated with the gravitational backreaction, we show that the Hawking quanta
emerging outside of the Schwarzschild radius (r¢ = 2GM) cannot be independent of the
quanta that continue to be inside rg. This enables information to be carried by Hawking
quanta, but in the BH DQFT formalism, we do not get any firewalls. Furthermore, DQFT
leads to the BH evaporation involving only pure states. This means the quantum mechani-
cal effects at the BH horizon produce two components of a maximally entangled pure state
in geometric superselection sector Hilbert spaces. This construction enables pure states to
evolve into pure states, restoring unitarity and observer complementarity. Finally, we dis-
cuss how our framework leaves important clues for formulating a scattering matrix and
probing the nature of quantum gravity.

Subject Index E76, E31

1. Introduction

Ever since Hawking realized black holes (BHs) are unstable quantum mechanically, the
world of theoretical physics has taken a murky turn with conceptual conundrums such as
unitarity and information loss paradoxes [1-6]. Even classically, according to general rela-
tivity (GR), BHs are the most fascinating objects in the universe which awe-inspire us to
investigate and speculate. The former is arduously difficult, but the latter is a less com-
plicated task because it is based on our natural human intuition/imagination, which em-
anates from our extreme enthusiasm for understanding BHs. Our indelible quest for quan-
tum gravity in the last few decades has been most often doomed by the interference of
our natural imagination and speculations [7-12]. The main aim of this paper is to go very
meticulously through the popularly “accepted” calculation by Hawking [1] in quantizing a
Klein—-Gordon (KG) field in the “near-horizon” space-time of a Schwarzschild black hole
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(SBH). We embrace the well-known fact that “time” is a parameter (not an operator) in quan-
tum theory, and one must separate it from “time” as we know it from GR. In BH physics, we
point out that the origin of unitarity violation and the information paradox lies in the way no-
tions of time are treated in quantization. To be more precise, in the original Hawking treatment
of quantum field theory in curved space-time (QFTCS), classical intuitions regarding the ar-
row of time according to GR are put forward before understanding quantum fields in curved
space-time. However, we note that the direction of exploring nature is from quantum to clas-
sical limits rather than the opposite. Thus, we need the quantum -irst approach, which puts
forward the rules of quantum theory before our classical understanding of space-time [13]. It
is worth remembering that the arrow of time in quantum physics emerges from the way we im-
pose initial and final conditions on the quantum states [14]. Thus, classically, when we see an
arrow of time, we must understand it as the thermodynamic arrow of time. Since we carefully
go through the conceptual jurisdictions of quantum theory in understanding (quantum) BHs,
we request our readers to avoid any preconceived notions fixed in the literature, textbooks, and
also popular science articles.

As was elaborately discussed in a previous paper [15], the standard quantum field theory
(QFT) in Minkowski space-time is very well routed in the definition of a positive energy state
with respect to an arrow of time. We illustrate in this paper that a consistent QFTCS at the hori-
zon of the Schwarzchild BH involves two arrows of time, which challenges the foundations of
QFT in Minkowski space-time. For a consistent QFTCS, there are two criteria one must satisfy:
one is the unitarity, i.e. an asymptotic far-away observer must see pure states evolving into pure
states irrespective of what is falling into the BH; and the second is an infalling local observer at
the BH horizon should see a vacuum and no firewalls, satisfying the equivalence principle. We
argue that to achieve a consistent unitary QFTCS, we must step back to identify the discrete
space-time symmetries of the curved manifold, which tells us how to move forward with quan-
tization. In the context of the SBH, the question arises as the curvature invariants diverge near
the singularity at »r = 0. We stress that one really needs to work with spherical harmonics (with
the Kruskal-Szekeres (KS) metric) to understand quantum fields in BH backgrounds. Hawk-
ing’s original paper was about quantizing the KG field in Schwarzschild space-time by making
heavy use of spherical harmonics under the assumption that the background nature of space-
time remains almost the same under perturbations. Moreover, the effect of curved space-time
occurs for the modes whose wavelengths are comparable to that of the Schwarzschild horizon
radius (rs = 2GM). If, at these basic levels, we see a unitarity violation problem, which is the
fact that there will be an entangled mixed state that can be lost beyond the horizon, this re-
sults in the observer’s universe having mixed states. This is called the situation of pure states
evolving into mixed states (unitarity violation). It is a legitimate quest to save unitarity in the
low-energy effective theory, which is just GR and quantum mechanics (QM) (together, they
should lead to a consistent QFTCS). Thus, to clarify our agenda in the rest of the paper, we
restrict ourselves to refining some steps of Hawking’s original paper of 1975 [1] and forget, for
the moment, about all developments and the discussion of various possibilities proposed in the
name of quantum gravity approaches. We request the respected reader to stay with us in our
hunt for the resolution of paradoxes in BH (quantum) physics at the fundamental level within
perturbative QFTCS. Our assumption is that the solution to the unitarity violation must be
found in the initial approach of Hawking’s calculation.! We thus offer a new understanding

Of course, needless to say, we totally acknowledge Hawking’s amazing efforts of opening a door into
the world of (quantum) BHs back in that time. Hawking has shown nature’s most perplexing objects
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of the nature of Hawking radiation beyond those notions widely discussed in the literature
[16-18].

The paper is organized as follows. In Section 2, we present how we end up with equally possi-
ble descriptions of one physical world with two arrows of time in the context of Schwarzschild
BH space-time. We then present the viewpoint of our study regarding quantum physics at the
SBH horizon, which is physically different from existing formulations in the literature. In Sec-
tion 3, we describe the foundational construction of direct-sum QM where a single quantum
state can be described with two arrows of time at parity conjugate points. In Section 4, we re-
view the direct-sum QFT (DQFT) in Minkowski space-time established in Ref. [15]. DQFT of
Minkowski space-time gives us the most valuable inputs to understand BHs, basically static
curved space-times asymptotically Minkowski. The most important aspect of DQFT is the
explicit construction of quantum fields as two components which are parity (P) and time re-
versal (7)) mirror images of each other as per P7 symmetry of Minkowski space-time. DQFT
presents a (quantum) picture of a conformal diagram that exploits further our understanding
of time as a parameter in quantum theory. It lays a new foundation for understanding QFTCS.
In Section 5, we discuss the SBH geometry and the discrete symmetries. Then, we point to
the fact that the SBH in spherical coordinates is not the structure of metric space to use if one
wants to quantize a field in the background because of the coordinate singularity at the horizon
rs = 2G M. Thus, it is necessary to choose a good set of coordinates, such as KS. However, the
most crucial observation is that the KS coordinates replace the horizons with discrete transfor-
mations. With the status of time being a parameter in quantum theory, the discrete space-time
reflections need to be paid special attention here. We shall also comment on the assumptions
made by Hawking before quantizing the fields in SBH space-time and emphasize the need for
careful revision. In Section 6, we apply the DQFT formulation for the SBH in quantizing a KG
field, where we see an emergence of QFTCS that respects the discrete symmetries of SBH space-
time and gives us an entirely new understanding of Hawking radiation. We clearly show here
that, quantum mechanically, the SBH in KS coordinates presents us a picture of SBH space-
time where there cannot be a popularly assumed quantum entanglement between the interior
and exterior Hawking quanta. This is because the concept of time at the interior and exterior of
the SBH is not the same; one cannot use the same quantum theory rules everywhere. Moreover,
the SBH metric is known to be static for the exterior r 2 2G'M and physically analogous to the
Kantowski—Sachs metric in the interior r < 2G M as found in Ref. [19]. We witness a new struc-
ture of Fock space for SBH QFTCS, which separates (by the geometric superselection rule?) the
gravitational subsystem (SBH) from the environment, i.e. everything outside the SBH. Then a
question arises: Are the interior and exterior Hawking quanta independent of each other? To
answer this question, we must take into account how the motion of a particle in the exterior
of the SBH can gravitationally affect its interior counterpart. This presents an important is-
sue that requires detailed discussion and a derivation of its quantum mechanical implications
within the DQFT framework. Then we develop a new picture for understanding (quantum) BH

to be unstable quantum mechanically. Still, paradoxes emerged later on. Therefore, it is essential to ask
critical questions.

2According to this rule Hilbert spaces are defined corresponding to a target spatial region with an
arrow of time that defines a positive energy state in that region. Such Hilbert spaces are called geometric
superselection sectors. When we write a Hilbert space as a direct-sum of geometric superselection sectors,
we form a global quantum state as the direct-sum of components that correspond to the sectorial Hilbert
spaces.
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space-time and its implications for unitarity and observer complementarity, where we elucidate
how there cannot be a Page curve [5,6] and firewalls in the BH DQFT formalism. We add some
comments about the evaporating BH DQFT picture and open questions for future investiga-
tion. In Section 7, we demonstrate that the BHs cannot be thought of as ordinary quantum
systems, which is against the so-called central dogma [20]; at the same time with the BH DQFT
we show that three statements are true, i.e. (i) Hawking radiation is described by a pure state; (ii)
low-energy effective theory is valid; and (iii) there are no firewalls, so a free-falling observer sees
nothing unusual. Thus, our picture goes against the conjectural claims by AMPS [20]. Finally,
in Section 8, we discuss the implications of our QFTCS for the formulation of the S-matrix
in BH space-times and also for quantum gravity. In Section 9, we conclude with a brief sum-
mary of results and some comments on future explorations in (quantum) BH physics. In the
Appendix, we present DQFT in Rindler space-time [21] and discuss the similarities with the
BH case. Throughout the paper, we follow the metric signature (— + ++) and set ¢ = 1.

2. One physical world with two arrows of time
In this section, we discuss how one has to end up with a requirement of quantum theory with
two arrows of time when we consider quantum effects in gravity. We review here parts of the de-
tailed investigation carried out in Ref. [22]. The Einstein—Rosen (ER) seminal paper of 1935 [23]
is the first work in history that concerned quantum effects in GR. ER attempted to construct
quantum theory near the SBH horizon. To do this, one must remove the coordinate singularity
in the the SBH metric,
ds2=—<1—2G—M)dz2+;
r (1 — ﬁ)

r

dr? 4+ r*d?, (1)

at r = 2G M, which can be done via the following coordinate transformations [24]:
2GM
r

ds? = — 2V o dmquav + Pdo?, (2)

where dQ? = d6? + sin® 0dp? is the line element of the S, sphere and

3)

UV = 16G> M e (1 R UV} ,

2GM 4er§
where r¢ = 2GM 1is known as the Schwarzschild radius and ¥ is the Lambert function. The
metric (2) can be rewritten as

), r:rS—i—rSW[—

2GM ,

ds* = e'"mm (—dT? + dX?) + r’d, (4)

r
where

=YYy VU reo6m

2./e 2./ e
V-U V+U

T = , X = + , for r<2GM. (5)

2./e N

Here, (U, V') or (T, X) are called KS coordinates. An immediate point to notice from Eq.
(5) is that the meaning of time 7 is not the same in the interior and exterior. There are two
possibilities to define the KS coordinates for the exterior r > 2GM (i.e. UV < 0) geometry of
the SBH:

U=—-4GMe wn <0, V =4GMewn > ()

2M u v 9
rE2OM S G AGMe = 0, V= —4GMewn <0

(6)
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where u=t—r,, v=t+r, with r, =r+2GM In ‘ﬁ — 1| being the tortoise coordinate.
Thus, there are two choices of U, V that can describe the exterior r > 2GM geometry of the
SBH, which means the following discrete transformation can describe the same exterior geom-
etry of the SBH:

U—-UV—>—-V=>T-—>-T. (7
The same is true for the interior space-time r < 2GM (i.e. UV > 0),
= 4GMe™ v = 4GMewn
< 2GM = U G e4fl>0, V G e4GM:0 ®)
U=—-4GMe wn <0, V =—-4GMeien <0
In the near-horizon approximation r ~ 2G M the metric (2) becomes
ds? ~ —dT* 4+ dX? + ridQ, )
r~2GM

which looks like a flat space-time at a fixed radius r¢ = 2GM. When we aim to understand
quantum fields in curved space-time, we must define a positive energy state that requires a
presumption of an arrow of time (7), i.e. a state with momentum k = |k| and energy £ should
evolve as

ial‘l’k>

oT

As we discussed before, we can describe the region r > 2GM with the opposite arrow of time
T:00—> —c0(U— —U, V— —VF), and then we end up with another physical world with a
negative energy state. There are two possibilities to deal with this:

= E|V) = W) = e ET1W0), T :—o00 > 0. (10)

* Choose an arrow of time: say, T : —oo — 0o, and consider the space-time region as the
physical world; then assume the alternative space-time region with the opposite arrow of
time T : oo — —oo is the parallel physical world (that is causally separated) or the unphys-
ical world.

* Describe one physical world (i.e. r > 2G M) with both arrows of time preserving the causal-
ity. ER [23] suggests this with a conjecture: “A particle in the physical world has to be de-
scribed by mathematical bridges between two sheets of space-time.”

The above two possibilities can also be applied to the interior » < 2G'M, in which case one
chooses the region of space-time with one arrow of time as the BH and treats the space-time
region with the opposite arrow of time as a white hole, which is usually treated as unphysical
or as a physical object somehow the opposite of the BH that exists somewhere in the uni-
verse. The first approach has an immediate conceptual difficulty: it is not clear where to find
another parallel physical world. If we declare the second world as unphysical, then it is not
clear why it appears as a possibility from the beginning and it is ambiguous which world we
should consider to be physical. This is a major conundrum in this picture as it involves the
individual human choice in fixing the arrow of time (7 : —oco — o0 or T : 00 — —o0) and,
correspondingly, the nature of the physical world. If we make a choice on the arrow of time
before quantization, the 7 — —7 symmetry of SBH space-time is broken by hand. However,
this first approach is what is widely followed in literature, and we will later see that it is what
Hawking adopted in his original calculation in 1974. Surely, the unitarity of quantum theory
(i.e. pure states evolving into pure states) is lost for an observer in this framework, and attempts
have been made in the frameworks of quantum gravity [11,25] to restore it. Furthermore, there
are other proposed ideas, such as Planck-scale BH remnants, which store information about
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what has formed a BH in the first place, and eventually, one does not have to worry about uni-
tarity and information loss [26]. It has also been thought that the two exterior realizations (6)
indicate two causally separated entangled BHs [8], which emerged from the Hawking-Hartle
wavefunction computed from the Euclidean path integral (complexifying Schwarzschild time)
with saddle point approximation [27]. Some investigations in recent years include considering
soft hair at the BH horizon to restore information [28,29], which are interesting on their own
but they do not address the loss of unitarity that inevitably emerges with the standard methods
of QFTCS.

Taking the second approach, on the other hand, demands we rethink and reformulate the
standard understanding of quantum theory with two arrows of time, which is what we do in the
next section. This is because since the SBH is asymptotically Minkowski, if we incorporate both
possibilities (6) in quantum theory, we must reunderstand how one can have a QFT formulation
in Minkowski space-time with two arrows of time. Notably, this second approach was also
suggested by Schrodinger in 1956 [30,31] in describing (quantum) de Sitter space-time and ’t
Hooft in 2016 [32,33] (following from the earlier work of Sanchez and Whiting [34]) in the
name of antipodal identification, i.e. parity and time reversal points in space-time to describe
one physical world. We will demonstrate that this second approach also directs us to construct
a unitary QFTCS. Thus, our framework is this second approach, where we aim to describe one
physical world with two arrows of time. It is entirely different from the first one, which either
admits a parallel world (or universe) or omits entirely regions with opposite arrows of time as
unphysical.

3. Direct-sum QM

Possibilities of describing one physical world with two arrows of time also exist with the
Schrodinger equation due to the fact that time is a parameter in quantum theory, not an op-
erator like spatial position, which dates back to Wigner’s realization that time reversal can be
understood with anti-unitary operation. In general, a positive energy (£ > 0) state in QM is
always defined with respect to an arrow of time,

(W), = e W), 1,1 —00 — o0, (11)

which emerges from the form of the Schrédinger equation,

O|W)
1
at,

= E|W). (12)

We can equivalently write the same (11) with the opposite arrow of time, which represents again
the same positive energy state due to the sign flip of i — —i,

|W), = | W)y, 1,:00—> —00. (13)

The state (13) follows from the Schrodinger equation

l.al‘lf)
at,

= E|W). (14)

Therefore, even in QM, there are two arrows of time that present a state in the physical world
(see also Refs. [35,36]).
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Direct-sum QM, which was developed in Refs. [15,37], incorporates both arrows of time in
the following way, by expressing a quantum state as the direct-sum of two components,’

NG 2\1vo)

that evolve with opposite arrows of time at the parity conjugate points of physical space corre-
sponding to geometric superselection sectors* of Hilbert space H = H_, @ H_. The time evo-
lution of the state (15) is governed by what we call the direct-sum Schrodinger equation given

by
. <|\v+>) _ (H+ 0 )(wg)’ 16)
Aty \|W_) 0 —-H_J\|v.)

where H = H, (X,, p.)® H_(%_, p_) is the total (time-independent) Hamiltonian written
as the direct-sum of two components H, which are functions of position and momentum
operators (X4, py). The eigenvalues of X1 are parity conjugate positions x; = x > 0 (i.e.
x; € (0, oo])and x_ = x < 0 (i.e. x_ € [—00, 0)). Note that any translation x — x + L would
result in the corresponding translations x. — x4 + L in the geometric superselection sectors.
Furthermore, a quantum state cannot be moved across geometric superselection sectors by any
set of local operations. And also, note that the operators of one superselection sector do not
act on the states of the other by construction [38], e.g.

Hly.) = Hy (R4, py) [Yy),
Hly_)=H_(X_, p_)|y-). (17)

The canonical commutation relations in geometric superselection sectors are given by:’

1 1
W) = —— (0, @ W) = —("m), (15)

A

d
[)2_’_, ﬁ+] = lh, P+ = —ih— y Xy =X > 0,
Jx+ (19)

[X_, p_1=—ih, p_=ih— , x_=x<0.
ox_

The factor of +/2 in Eq. (15) is a normalization to have the total probabilities add up to 1 as
> > v |W 0 U_|w_
/ dx (V| W) =/ dx+#+/ dx,% =1. (20)
—00 0 —00

In the direct-sum QM, a single quantum state (positive energy) is represented by the direct-
sum of two components where one evolves forward at position x according to the arrow of
time 7, : —0o — oo and the other evolves backward in time at position —x according to the

30ne must not confuse direct-sum @ with the usual summation +. When we take the direct-sum of
operators, they take the block diagonal form like Eq. (25), and a direct-sum of two state vectors becomes
a higher-dimensional vector (like Eq. (15)) [38-40].

4Superselection sectors are Hilbert spaces whose direct-sum forms the total Hilbert space. According
to this, states in the superselection sectors cannot form a superposition with each other [15,22,41,42].
In our context, the superselection sectors are associated geometrically with parity conjugate regions of
physical space, which is totally different from what is known in the algebraic QFT [15,22,41,42]. Thus,
we name our construction a quantum theory with geometric superselection sectors, and we will later see
it forms the basis for a unitary QFTCS.

SFurthermore, note that

(£ %] = [ 5] = [$0. -] = [ 2] = 0. (18)
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|'¥_)

V2 V2

Fig. 1. Schematic representation of a quantum harmonic oscillator in direct-sum QM. We can see the
two components of a single quantum state of harmonic oscillators evolving with opposite arrows of time
at parity conjugate points of physical space governed by a direct-sum Schrodinger equation.

arrow of time z, : 00 — —o0,

L (1w )oe "
vy, = — . , 21
| )tp \/E( |\If_)oelgt” ( )
where £ is the energy eigenvalue in the case of the time-independent Hamiltonian. The wave-
function is:°
— — W) — 1 —ifty 1 it,
W(x, 1p) = (x|r) = (x| (x| woy ) = 7 Ve )e™™r 4 SW(x-_)e™. (22)

With the above construction, we revisualize the quantum harmonic oscillator through two com-
ponents of a state, which are “quantum mirror (P7)” images of each other (see Fig. 1). Note
that any observable in QM is now split into two parts:

. . A 1 A 1 A
(WIOIY) = (V|0 @ O_|¥) = §<‘I’+|O+|‘P+) + 5(‘1’4(94‘1’7)- (23)

%See Refs. [37,43] for the explicit form of the wave function for the quantum harmonic oscillator.

8/35

G20z Atenuer g1 uo Jasn yayjoljqiqienusz-As3d Ad z+8L L62/L03€Z L/ LIyZ0Z/e10ne/de1d/woo dno-ojwepeoe//:sdiy wolj pepeojumod



PTEP 2024, 123E01 K. Sravan Kumar and J. Marto

4. DQFT in Minkowski space-time

In this section, we present the construction of direct-sum quantum fields in Minkowski space-
time,

ds* = —dr* + dx>. (24)
P

First of all, it is worth noticing that Minkowski space-time is symmetric under 7 : ¢, — —1,
and P : x — —x. Let us begin by outlining the implementation of the direct-sum quantization
scheme for the KG field: We divide the physical space by parity (say, x and —x), and when the
KG field operator acts on the direct-sum vacuum ¢|0)7, a component of the quantum field
gives quantum state(s) evolving forward in time at position x while the other component of the
quantum field leads to state(s) evolving backward in time at position —x.

The KG field operator in the DQFT formulation is represented as a direct-sum of two com-
ponents, as written below:

. 1 . 1 .
¢ (X) = _2¢+ (tp, X) (S5) —2¢_ ( tp, X)
w7
_ (- 0 (25)
20  o_
where
. k1 : :
ty, X) = [& gt e_’k'x],
¢+ (1. X) / )" oon +k Yk
A k1 : .
ety =X) = [ e ], 26
d) ( 14 ) /(27‘[)3/2\/2_0)1( k —k ( )
where k - x = —t,ko + k - x. Here, the components of field ¢ are in the parity conjugate spatial
regions x > 0 denoted by “+” and x < 0 denoted by “—7, respectively, where they evolve with

opposite arrows of time. Here the operatorsa,, a_ and ai, a' are the annihilation and creation

operators, respectively, satisfying the canonical commutation relations (in this section we use
the units of A = 1):

[ d ] = [ d' ] =89k~ K).

[d+ka a’\,k/] = [d+k’ d—r_k/] = [aAz_ka aAik’] = 0’ (27)
and we demand the mixed commutation relations, i.e. the second line of Eq. (27), such that
[¢+ (x), ¢ (—x)] =0. (28)

Furthermore, the commutation relations of the field operator components ¢, ¢_ and the cor-
responding conjugate momenta are defined by

[ (tp, x) , Ty (lp, x/)] =18 (x — x/) . b (—tp, —x) , A (—tp, —x/)] = —i8 (x — x/) ,
(29)

where

T_ (tp, x) = —M—KG. (30)

_ 0Lkc
melieX) =3 3 (0,0

(3,0+)
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The Fock space (Minkowski) vacuum in the DQFT is the direct-sum of two:’
0
007 = 10)+ ®10)- = (:O;+) (31)
defined by
apkl0)y =0, a_l0)- =0. (32)
The total Fock space is also the direct-sum of the two Fock spaces (geometric superselection
sectors) as
Fr=F, ®F, (33)

where

o0
Fr(H)=PH, =CoOH1 & Hy1 @H2) S H ®Hp®@Hiz) D+,
i=0

FH)=PH =CoH 106H 10H)NBH 1@H ,@H D, (34
i=0
where #H_, and #_, are n'! particle geometric superselection sectors. When we have the KG
field operator act on the total vacuum, we obtain

A L fé- 0)\[l0)s 1 (4104
0)r = — A =—"% . 35
oo ﬁ(o ¢>(|0>> fz<¢|0>> >

This representation gives a creation of quantum field as a positive energy state at positions x
and —x according to the positive energy state definition in vacuums |0) . and |0) _, respectively.
Due to the fact that both ¢, |0), and ¢_|0)_ are supposed to describe a single quantum field
(i.e. single degree of freedom) at two different spatial regions that are parity conjugates, we de-
mand that Eq. (28) respects locality and causality. A generalization of Eq. (28) to any operators
corresponding to regions + and — should commute:

[(’)+ (1 X), O-(— 1, —x’)] — 0. (36)
This is a new condition in addition to the usual demand of causality conditions that operators

corresponding to space-like distances should vanish. Here in DQFT, it holds for both Fock
space operators:

[O+(X), O+(y)]=0, (X—J/)2>0,
[0 (=x), O (=] =0, (x—y)*>0. (37)

Recall that the Fock space of DQFT is a direct-sum of geometric superselection sectors F =
F. @ F_leading to the description of quantum fields in parity conjugate regions of Minkowski
space.® The two-point function of quantum field operators in DQFT is given by

A A 1 . . 1 ~ A
(06 (x) ¢ () 10) = 5(0+1¢+ () ¢+ (') 104) + 5(0-1¢- (=x)¢- (=x)10-). (3%)

"We stress that our construction is not a description of two copies of Minkowski space-times (like it
is done in Ref. [44]), but rather it is a description of a quantum field in one Minkowski space-time with
two different vacuums joined by a P7 -based geometric superselection rule.

$Note that Parity operation takes a point at a radial distance r to its antipode, i.e. (0, ¢) —
(r — 0, w + ¢), which cannot be achieved by rotations.
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Now, we can easily deduce the Feynman propagator, which is a time-ordered product of two
field operators. According to this, the Feynman propagator of a quantum field between any
two points in Minkowski becomes the sum of two terms,

X A 1 o A A 1 ~ A A
01T¢ (x)¢ (x) 10) = 5041 T (x) ¢ (*) 104) + 5 (0-1T - (=x) - (—=x)10-), (39)

each describing the field component ¢, propagations in parity conjugate regions of physical
space. The 7T in Eq. (39) denotes time ordering.
Note that ¢, and ¢_ never get mixed by any interaction because of the definition of direct-

sum (25). For example,
A A Mo 0
Eint = —§¢3 = _§< 0+ $3) (40)
As a natural consequence of P7 symmetry in Minkowski space-time, all QFT computations
extend seamlessly into the framework of DQFT without altering the results (for a detailed dis-
cussion, refer to Refs. [15,21]). In the context of DQFT, the degrees of freedom in the standard
model (SM), including particles |[SM) and antiparticles [SM), are represented through a direct-
sum structure of the SM vacuum state:

O L(ISM0) gy _ 1 (1S
Osm) = SM) = — SM) = — =—— . | 41
o (|05M_>> o ﬁ(ISM_>> o ﬁ(|SM_>> “b

The geometric superselection rule is applied consistently across all Fock spaces corresponding
to the SM’s degrees of freedom, ensuring a uniform definition of parity-conjugated regions for
every state. Although this work focused on the DQFT quantization of a real scalar field, the
methodology extends seamlessly to complex scalars, fermions, and gauge fields. In DQFT, every
quantum field is represented as a direct-sum of two components, which serve as P77 mirror
images of one another, covering the entirety of Minkowski space-time. As a result, the standard
techniques of field quantization are straightforwardly adaptable to the DQFT framework.

« The complex scalar field operator ¢, = % (qSCJr @ dSC_) in DQFT is expanded as

. d*k 1 . .
Qey = / [a(i)keﬂ:tk‘x + bzi)keq:lk.x]’ (42)

27 )" 2kl
[qg(‘+’ (:567] = Oa

i T
a(i)k and b(:l:)k» b(:l:)
parity conjugate regions (denoted by subscripts (1)) attached with the geometric superse-
lection sector. All the cross-commutation relations of a4, aI 4 and b, bI 4 vanish.

+ The fermionic field operator ¥ = % (V- ® ¥_) in DQFT becomes

where a4, « are canonical creation and annihilation operators of the

3
s = Z f ﬁm[%)w(k)eﬂ“ ol i)™, (43)
where §=1,2 correspond to the two independent solutions of (£ + m)u; =0 and
(=K + m)v; = 0 corresponding to spin-i%. The creation and annihilation operators of
the Fock space geometric superselection sector satisfy the anticommutation relations
{csame C§(:|:)k} =1, {csk cg(i)k} = {5k sk} = 0, leading to the new causality con-

~

dition {yr4, ¥_} = 0.
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« The vector field operator 4, = %@ (A4, ® A_,,) in DQFT is expressed as

. d*k , . .
Ay, = / —e(”[c LokeT T 4 ol eyk'x], (44)
1 (27_[)3/2 2|k0| n (£2) (£2)k
where eff) is the polarization vector satisfying the transverse and traceless conditions. The
creation and annihilation operators ¢k, cf 10k satisfy similar relations to Eq. (27).
All SM calculations remain unchanged, as the interaction terms are decomposed into a direct-
sum structure in the following manner:

O3 0 O} 0
L.~ OgM = ( SOM+ 03 ) ﬁq ~ OgM = ( SOM+ O ) (45)
SM_ SM_

Here, Ogy is an arbitrary operator involving any SM fields and their derivatives.” The S-matrix
also becomes the direct-sum with two parts,

Sr=8S,®S_, (46)
where
S+ — Tl{e_i./;oooc Hing dl}’ S_ — Tz{eif;x Hiy dt}’ (47)
with 77, T representing the time orderings attached to the respective Fock space arrow of time.
Clearly, the DQFT framework leaves QFT calculations in Minkowski space-time unaffected,
as the space-time itself is P77 symmetric. For instance, if we compute any scattering amplitude,
such as the transition from N particles to M particles, the result remains the same under DQFT,
namely
AV7M (par —pp) + AYNM (= pas pb)
2 b

AT (pay—pp) = AN (= pa, po)
(48)

where p,, pp witha=1,---N and b =1, --- M represent the 4-momenta of all the states in-
volved in the scattering. 4. represent amplitudes as a function of the 4-momenta of the initial
and final states computed in both vacuums |Osp+). Notice that the in (out) states in |Ogpy+)
come with the opposite sign, which is due to the arrow of time being opposite in both the vacu-
ums. The amplitudes A are equal at any order in perturbation theory due to the P7 symmetry
of Minkowski space-time. The famous CP7 (Charge conjugation, Parity, and Time reversal)
invariance of scattering amplitudes [45] also holds in both vacuums, which means

AT M (pay —pp) = AY "N (=pas ), AYTM(=pas pp) = AY TN (pay —pp). (49)
This is attributed to the fact that the CP7T operation of any scattering process would turn the
outgoing antiparticles into ingoing particles and vice versa [45].

In summary, we introduced a novel approach to QFT by establishing a direct-sum mathe-
matical framework that bridges P7 -conjugate sheets of space-time. Through the use of geo-
metric superselection rules defined by parity conjugate regions of physical space, we integrated
the concept of two distinct arrows of time within a unified quantum state description. While
DQEFT preserves the practical outcomes of SM particle physics, it offers a deeper insight into
the role of “time” in quantum theory, providing a fresh perspective on its fundamental nature.

AN%M =

“Remember that any derivative operators must be split into components joined by direct-sum opera-
tion.

12/35

G20z Atenuer g1 uo Jasn yayjoljqiqienusz-As3d Ad z+8L L62/L03€Z L/ LIyZ0Z/e10ne/de1d/woo dno-ojwepeoe//:sdiy wolj pepeojumod



PTEP 2024, 123E01 K. Sravan Kumar and J. Marto

Fig. 2. Minkowski space-time in the DQFT construction; we call it a “(quantum) conformal diagram”
as it does not represent classical space-time. The right (red) and left (blue) triangles are P77 conjugates
of each other. The quantum field operator ¢ in DQFT is the direct-sum of ¢, ¢_ defined on the right
and left, respectively, which follows from Eq. (25). The orange arrows represent the time direction.

4.1.  Conformal diagram of DQFT in Minkowski space-time
Minkowski space-time (24) is written in terms of the compactified coordinates by [24]:

4
ds* = - (=dT2 + AR + sin’ (R)dQ?) (50)
S(Tp’ R) r
where -=m + R< T, <m —Rand0 <R <7, &(T,,R) = (cos T, + cos R)2 is a positive func-
tion, and d2? represents the line element of a two-sphere.

T, = arctan (1, + r) + arctan (1, — r) ,
R = arctan (1, + r) — arctan (1, — r).. (51)
We can notice that under time reflection operation 7, we get
T:t,— —t,=1,—- -T,, R— R (52)

Figure 2 represents the DQFT description of Minkowski space-time where we divide the space
by Parity and assign opposite time evolution regions to the quantum fields in the spatial regions.

We have several lessons from DQFT of Minkowski space-time which we need to keep in mind
for QFTCS:

e There is no global arrow of time in Minkowski space-time; in QFT, we follow a convention
on the arrow of time 7, : —00 — oo.

e Direct-sum is a useful mathematical operation to represent the full Hilbert space of physical
systems spanned by subphysical regions with different arrows of time. On the other hand,
direct-product (which is used to define entanglement in QM) is a mathematical operation
of composite systems where the arrow of time is the same in both the subsystem and the
environment.
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5. SBH and the discrete symmetries

The aim of this section is to discuss the dicrete space-time transformations of the SBH metric
in different coordinates. Although this may be thought to be usual standard textbook material
[24], our sincere appeal to the reader is that we specially pay attention to the discrete space-time
symmetries of SBH space-time, which are pretty important for the understanding of quantum
fields in such space-time. Therefore, every small detail of this section is extremely important for
the latter understanding and formulation of QFTCS.

We can clearly notice that Eq. (1) is static, and it has the following discrete symmetries:

T:t—>—t, P:0,¢)—> (xr—0,7+09), (53)

which correspond to time reversal and parity operations. Notably, the P77 transformations (53)
remain the same in the asymptotic Minkowski limit of the SBH metric (1), i.e. r — oo.

But the form of metric (1) is not suitable everywhere to define quantum fields. It is because
of the apparent coordinate singularity at » = 2G' M which is certainly not a physical choice. Co-
ordinate singularities are those where the curvature invariants are regular;'° thus, they are not
the physical ones. An appropriate choice of coordinates is KS coordinates (2) as we discussed
in Section 2.

First of all, one may think that since Eq. (1) is spherically symmetric, the common wisdom
is to ignore angular coordinates (6, ¢), which we strongly request our reader not to do.

Now, we aim to understand the nature of SBH space-time (1). One of its peculiarities is that
the discrete set of points on the horizon

(0’¢) ,(7T—0,7T+§0)

r=2GM r=2GM
are space-like separated (see Fig. (3)), and it takes an infinite amount of energy for anything

to cross r = 0 and reach the other point [32]. This explains why one must be careful when
suppressing the angular coordinates in the SBH metric when one tries to make sense of space-
time quantum mechanically. Following Egs. (6) and (8), the near-horizon approximation (r, —
—00) gives

(54)

U—0F V> 05for r>2GM

. 55
U— 0t V- 0tfor r<2GM (33)

r—>2GM:>{u—> 00, v—>—oo}=>[

5.1.  An essential need to revise Hawking’s calculation
The idea of this subsection is to highlight the importance of revising Hawking’s original cal-
culation of 1975 [1]. Putting aside the remarkable result of Hawking’s paper, the need to save
unitarity is important, and, in fact, Hawking himself kept working on it for several decades
[46,47]. Hawking pointed out, based on the success of anti-de Sitter/conformal field theory
(AdS/CFT) correspondence, that there should be a unitary evolution in (quantum) BH physics
and he investigated the subject in the context of Bondi-Metzner-Sachs (BMS) symmetries in
collaboration with Perry and Strominger [29,48]. In the later Hawking works, the need for a
careful analysis of the subject he initiated in 1975 with his seminal paper is suggested.

As we discussed previously in this section, there are discrete symmetries of the SBH, and one
must pay careful attention from a quantum mechanical point of view. We note that in the con-
texts of QFTCS and quantum gravity, there can be a concept of time with no classical analog,

0For example, the Kretschman scalar K = R*"* R,,,,, = 48(5,26M > for Eq. (1).
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(71'-9,11'+go)

Fig. 3. How the SBH (1) rips apart the parity conjugate points on the sphere of radius r = 2GM to
space-like distances.

as is explicitly discussed in the book by Carlo Rovelli [49]. One indication for this would be that
the famous Wheeler—DeWitt (WDW) equation, the most basic equation in the scope of (quan-
tum) GR, is grappled with in the problem of time because the time variable does not explicitly
appear in the equation [50-52]. Therefore, the unitarity problem arising from the Hawking cal-
culation signals a caveat to us that we are missing notice of an unforeseen feature related to
the concept of time in the basic assumptions that are made at the beginning of understanding
(quantum) BHs. This is precisely what this paper is about. In a previous section, we noticed sev-
eral definitions of KS coordinates (Egs. (6) and (8)) that would leave the metric (2) invariant. In
the original Hawking calculations, only the first line of Eq. (6) was taken into account and re-
garded as the BH formed by gravitational collapse (the most popular classical Penrose diagram
of it is depicted in Fig. 4). This is the most important primary caveat in Hawking’s calculation
because the classical and intuitive choice of coordinates and their values are put forward be-
fore quantization, regardless of the fact that “time” is a parameter in quantum theory. We know
and understand so far the gravitational collapse from macroscopic physics, especially from the
GR point of view, and also some insights from microscopic physics in the sense of at which
point gravity would dominate over other fundamental forces of nature. But the whole process
of collapse, and formation of a singularity (or formation of an object that closely resembles
the BHs of GR [53,54]), requires a clear understanding of scattering of fundamental degrees
of freedom in the dynamical space-time. It is because of this reason that several investigations
have been studying the high energy scattering during the collapse, especially quantum gravity
frameworks that ask the question of ultra-high energy scattering of strings and formation of
BHs [55-60]. Thus, we perhaps require a full understanding of quantum gravity before we can
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(;

Fig. 4. The (classical) Penrose diagram of a BH formed by gravitational collapse. Given that the concept
of time in quantum physics is entirely different from the classical concept (according to GR), making an
assumption on “time” before quantization is the origin of the unitarity problem in BH physics.

certainly answer what microscopic physics is involved in the formation of BHs. But the ques-
tion of unitarity, in the context of quantum fields in curved space-time, takes precedence over
the complete renormalizable theory of quantum gravity [13].

Having said all these things, we return to the (classical) assumption made by Hawking in his
work [1], which is restricting to a very particular definition of KS coordinates (5) and cutting by
hand all the discrete symmetries of the KS metric (2) which are Egs. (6) and (8). This result of
making a classical assumption of space-time and fixing it as depicted in the (classical) Penrose
diagram of a BH formed by dynamical collapse (see Fig. 4) is the origin of the unitarity prob-
lem. We have been institutionalized to think that time reversal in gravitational physics reverses
whole dynamics, such as expanding the universe to contracting the universe and the BH to the
so-called white hole [24]. However, one first needs to separate the concept of time classically
from time quantum mechanically. The classical understanding of space-time only instructs us
whether there is an event horizon or an apparent horizon (i.e. a horizon changing with time). In
recent works, it has been shown how quantum fields can evolve backward in time in an expand-
ing universe [15,37,61,62]. In the next section, we describe how quantum fields in the SBH can
respect its full discrete symmetries of the KS metric (2) and how unitarity emerges from there
naturally. This follows from how we have constructed the DQFT of Minkowski space-time,
which is explicitly P77 symmetric from its construction of quantizing fields.

6. Application of DQFT for the SBH

This section uplifts the DQFT formalism to the context of SBH space-time in the KS metric,
which is the suitable metric (2) for quantization. The idea of DQFT based on the discrete space-
time transformations P7 makes use of the full description of the metric (2) with all realizations
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in Egs. (6) and (8). The physical interpretation of this emerges accordingly, which we shall
discuss in detail in the later parts of the section. Here, the BH with the horizon at r = 2GM
can be regarded as a gravitational subsystem, and thus, we expand the KG field in terms of two
sets of creation and annihilation operators corresponding to the interior and exterior of the
SBH (still restricting to the approximation r ~ 2GM). To be clearer about this, let us start with
a KG in the SBH space-time,

1
Sko =3 / J=gd*x¢0p. (56)

Since the SBH space-time (2) is spherically symmetric, it is useful to express the KG scalar field
in terms of spherical harmonics:

_ 1 ¢Em
p(U. V,0,¢)= E%TYM ©, ¢). (57)

Computing the d’Alembertian for the metric (2) and integrating out on the S, sphere, Eq. (56)
can be rewritten as

Sk = %/dUquSem (—aUaV + %BI?SV - A(r)a(ri i U) o, (58)
where we used the orthogonality of spherical harmonics
/0221 /Oﬂ Yo Yo Sin0dOde = 8¢ 8y (59)
and A(r) = @el_zoﬁ. Note that our interest lies in the near-horizon limits (55), which means
A
roUuav UV <1 W [_%])4
A 1 LUV . (60)

_@ a 16er¢

which we can neglect together with the effective mass term in Eq. (58) for the BHs whose
mass is significantly heavier than the Planck mass ~ 10~>g. Then, we are left with an effec-
tively massless scalar field in 1+1 dimensions. Note that by using near-horizon approximation
and expanding the scalar field as Eq. (57), we obtained an effective scalar ¢, which prop-
agates effectively in 2D space-time. We may be tempted to see it as local Minkowski space-
time, but we must distinguish it from the asymptotic Minkowski space-time of Eq. (1) in the
limit r — oo.

To quantize the scalar ¢y,,(U, V') which is a field component of the original field ¢ (see Eq.
(57)), we need to promote it as an operator. Since we are quantizing a relativistic spherical wave
(57) in the SBH space-time (2), we must not think about it in terms of (localized) particles, a
common practice in the context of QFT of Minkowski space-time. Nevertheless, the concept
of a particle in curved space-time is a subject of separate investigation [63].

It is well-known from the classical understanding of the SBH that the concept of time is to-
tally different inside and outside the Schwarzschild radius rg = 2GM, in the sense that light
cones of a classical point-like object would get rotated by 90° at r¢ = 2G M. Also, it has been
shown that the exterior Schwarzchild metric is static, whereas the interior metric is related to
Kantowski—Sachs, which is a cosmological metric [19]. Before we do any quantization, we must
take every observation and lesson from classical physics. Then, when we do quantization, we
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must respect aspects of discrete symmetries and leave aside the intuitions borrowed from clas-
sical physics. Since the nature of the metric in the BH interior and exterior is different (the
concept of time is different), we apply the geometric superselection rule when we quantize the
field. Now, what we do is to separate the spatial region of the SBH (2) by the horizon

A

P = c’I\)int ® (i)ext; (61)

where

s Cbext = ¢£m
r<2GM

o= (ﬁﬁm, (i)int = (ﬁém (62)

r22GM

are the quantum fields defined for the interior and exterior (with the notation r < 2GM and
r 2 2G'M indicating near-horizon approximation) of the SBH (1) represented by the KS metric
(2). The KS metric has (discrete) symmetries that are intrinsic to quantum theory (once more,
we recall that time is a parameter in quantum theory). The exterior of the SBH (1) is given by
Eq. (6), whereas the interior of the SBH (1) is described by Eq. (8). Both in the interior and
exterior, we have the discrete symmetries (7), which we use to formulate a direct-sum QFT for
the interior and exterior regions of the SBH. Therefore, we associate the above field operators
to the two Fock spaces that describe the interior and exterior of the SBH. The direct-sum of
these Fock spaces shall “bridge” the interior and the exterior:

]:BH = JT:int ® -Fext- (63)

This is exactly the place where we differ from Hawking’s construction which uses a normal
summation, i.e. ¢g, = Af;} + @‘}nt see. Eq. (2.7) of Hawking’s paper [3]. The simple change of
normal summation to direct-sum operation has profound implications in resolving the problem
of unitarity, which we shall discuss in Section 6.2.

Quantum theory is built on defining commutation and noncommutation relations, e.g. Eqs.
(28), (29), (36), and (37), in the context of Minkowski DQFT. The most important lesson from
QFT construction in Minkowski space-time is that the causality condition, which means the
operators corresponding to spacelike distances, must vanish. In the context of the SBH, we
need to impose that the operators corresponding to the space-like separated points (which
are Parity conjugates; see Fig. 3) must commute. We shall show how one can achieve this in
a while.

Then another question that arises here is what should be the commutator of
[ bines b | =2. (64)

According to Hawking’s conjecture, the above commutator is zero (see Eq. (2.8) of Ref. [3]).
Note that our terminology of interior (r < 2G M) and exterior (r 2 2G M) parts of the quantum
field corresponds to “ingoing” and “outgoing” modes in Hawking’s paper (in the near-horizon
approximation) [3]. So Hawking assumes that the quantum fields created in the SBH interior
(just inside the horizon) are totally independent of what is created in the exterior (just outside
the horizon), and it is exactly the origin of the information problem. This has truly emerged
from the “classical” intuition of the BH no hair theorem according to classical GR [64,65]. If
the information paradox is to be solved, or at least the first solution towards it, it has to emerge
from the nonzero commutation of Eq. (64), which can be determined by a rather remarkable
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calculation of Dray and ’t Hooft on the gravitational backreaction of (classical) point particles
in GR [66]. We discuss this point further, based on the recent calculations of ’t Hooft [32,33,67—
73], which will help to determine Eq. (64).

6.1.  Gravitational backreaction and quantum algebra

QFT has emerged with a clear understanding of classical special relativity and QM. Both are
brought together by a simple demand of commuting operators for space-like distances (37).
Similarly, when we speak about quantum states created at r < 2GM and r = 2G'M in the con-
text of BH evaporation'! [16-18], it is essential to know from GR whether a (classical) particle
atr < 2GM can gravitationally affect its counterpart at r 2 2G M. The answer is “Yes” and this
is called the gravitational backreaction effect due to the shock waves created by (classical) par-
ticles in motion at the exterior and interior of the SBH (near horizon). This is the most famous
calculation by Dray and ’t Hooft [66] (see also works by Lousto and Sanchez [75]), which is
well-summarized in Section 2 of Ref. [76]. The calculation of Dray and 't Hooft has been the
central subject of investigation over the years in the context of gravitational memory effects,
ultra-Planckian energy scatterings, gravitational collapse, and ultimately the formation of BHs
[48,77-87]. Despite the importance of Dray—"t Hooft’s paper highlighted in these later investi-
gations about BHs, Dray—"t Hooft’s result actually modifies the way we understand (quantum)
BHs.!? The remarkable efforts of ’t Hooft on the subject of gravitational backreaction and
the corresponding quantum algebra [32,33,67-69,71-73,92] together with our DQFT formal-
ism give us the more complete and concrete picture of (quantum) BHs. Below we shall discuss
briefly the result of the Dray—"t Hooft paper [66] and also a few relevant parts of ’t Hooft’s re-
cent remarkable noncommutative algebra associated with positions and momenta of the quan-
tum mechanical particles in the interior and exterior of the SBH. In this paper, we explain this
within our context and notations to avoid confusion.

Note that we are interested in the near-horizon limits given by Eq. (55) and how a (classi-
cal) massless particle at » < 2GM can gravitationally affect the (classical) massless particle at
r 2 2GM. This is the meaning of gravitational backreaction. Understanding this would tell us
about the RHS of Eq. (64). Below, we apply the results of gravitational backreaction and the
corresponding quantum algebra to our context [33,57,66,76].

Suppose we have a massless (classical) point particle with momentum (density) P; at an angle
Q moving in the direction of V near the horizon r < 2G'M. It creates a shock wave f (22, Q') in
the transverse direction of its motion described by [57,66,76]:

ds* ~ —16G*M* (dUdV + s(U)f (2, Q) dU?) + 2GM Y d2?, (65)

Tt is well-known that Hawking quanta are the result of particle pair creation at r < 2GM and r >
2GM and it is the effect of the so-called stretched horizon as explained in detail by Mathur [16]. It is
worth mentioning that the seminal work of Starobinskii [74], a precursor to Hawking’s paper, already
mentions boson pair creation at the BH horizon.

12In this context ’t Hooft in recent years emphasized the role of gravitational backreaction in under-
standing Hawking radiation [33,71] and presented his new interpretation of (quantum) BH with antipo-
dal identification [88] (i.e. classical topological change [32]) and later the reformed proposal with quan-
tum clones [71]. We do not endorse these interpretations because they involve quite unusual boundary
conditions and create problems for understanding the collapse and evaporation of BHs. Furthermore,
the 't Hooft proposal completely removes the discussion about the SBH interior and claims it is unimpor-
tant. However, we argue that the interior region of the SBH is very important, and it plays a nontrivial
role in the way we understand unitary BH radiation. The importance of the BH interior from a quantum
mechanical point of view is shown in recent works by Norma G. Sanchez [§9-91].
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U_ V=Y are dimensionless KS coordinates. The delta function in the met-

where U = ;, ot
ric 8(U) signifies the location of the source at U ~ 0 corresponding to the energy-momentum

tensor

Top = PS(U)8(Q). (66)

Here, P, is (ingoing) momentum density, which we rescale with P, = Z.
I's

The function f(Q2, €') is determined by solving the GR equations of motion in the near-
horizon approximation, and it gives

(As — DIE(Q, Q) = —167Grg’e ' Ps* (Q, ), (67)
where Ag is the sphere Laplacian, and 82 (Q, @), Q = (6, ¢), Q' = (0/, ¢’) is the delta func-
tion. It was found that the massless (classical) point particle at the position ¥, (at an angle )

near the horizon (r < 2G M) experiences the shock wave (65) (backreaction), and consequently,
its position gets shifted by an amount given by

V.= V. +1(Q Q). (68)
Now, if we perform a similar exercise with a massless particle with momentum P, moving along
the direction U near the horizon (r 2 2GM) at an angle 2, then it creates its own gravitational

field with a shock wave; it causes a shift in the position of the massless (classical) point particle
at the position U; near the horizon (r < 2GM):

U—U+f(Q Q). (69)
Since we are speaking about the near-horizon approximation (|U| — 0, |V| — 0) (55), we ap-

proximate ¥, = U; ~ 0 before the gravitational shift and rename the new positions as ¥, and
U;. Following Ref. [33] we express
81 G

81 G ~ - - ~ _
T2 eet(e )b, U=-—2 | Pet(e )R, (70)
Is Is
where f (Q, Q') satisfies (As — 1)f = —82 (2, Q). We can expand positions (¥, ;) and mo-
menta (P, P;) with the spherical harmonics as
I7€_>Zl7enm(99 ¢)a Uz*ZUzYKm(Q’ ¢)a
l,m

L,m

7, =

Po—> Y BYiw(®, ¢). P> ) PYin(. ¢). (71)
l,m tm

As a result of the above steps, we can map the position of the massless point particle ¥, with
the momentum of the massless (classical) particle P, and similarly map U; with P, as
AL R U ) (72)
12 (2 +e+1) ri(C+e+1)

Note that in the above steps, we ignore all the effects of transverse momenta since for suffi-
ciently large spherically symmetric SBHs, the transverse effects can be negligible [71,73]. The
gravitational backreaction of the interior state on the exterior state, and vice versa, can be
schematically depicted as in Fig. 5.

Given now that GR clearly teaches us how a (classical) massless particle moving along the
direction of ¥ can gravitationally affect the particle moving along the direction of U through
gravitational backreaction due to shock waves (it is also known as the Shapiro effect), *t Hooft
has applied the rules of QM to find the following commutation relations which form the basis
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Fig. 5. SBH interior and exterior particles affecting each other gravitationally. An interior (r < <S2GM)
(classical) particle with momentum P gravitationally causes a shift AV, =f(Q, ) in the position of
the exterior outgoing (r > 2G M) particle at V,. Similarly, an exterior (classical) particle with momentum
P, causes gravitationally a shift AU; = f(Q2, Q') in the position of the interior classical particle at Uj.
Applying position and momentum uncertainty relations (73), we arrive at the quantum backreaction
algebra (74) that exposes the quantum gravitational connection between interior and exterior quantum
states.

of BH QFT construction and ultimately allow us to find an answer to our question (64):

’“Un
Ql)

[V., P]=in, [U, P]=ih. (73)
As a consequence of Eq. (72) we end up with a most curious relation that forms the basis for
the combined effect of gravity and QM:

PN (P +e+1
lhzgﬂ—G’ [P, P.] = ihu.
ri(C+e+1) 87 G

ﬂl)

[T, V. (74)

Recalling that QFT is nevertheless an extension of QM with relativistic concepts [45], we can
already read the RHS of Eq. (64) from the RHS of Eq. (74). The very curious thing about the
relation (74) is that it involves a combination of G, h, ¢ and also the Schwarzschild radius rg,
which signals that BHs are the key to understanding quantum gravity [92].

6.2. BH DQFT, unitary Hawking radiation, and conformal diagram

In Egs. (61) and (63), we have the field operator and the respective Fock space written as a direct-
sum of the two components corresponding to the exterior and interior of the SBH (1), i.e.r =
2GM and r < 2GM. Now, in a similar way to how we have DQFT of Minkowski space-time,
based on the discrete symmetries of the Minkowski metric (Section 4), we can formulate BH
DQEFT based on the discrete space-time transformations (7) for both the interior and exterior
of the SBH as follows.

In the view of Egs. (7), (6), and (8) and BH DQFT, we expand Eq. (61) as

D = (Dmt @D DPext
1 . R 1 . n
ﬁ (cDiInt @ cDiIr{t) ® E (cbéxt ©® q)g;t) ’ (75)
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where

ext

o V2 2]

&l :/oo dic 1 [b e 1|k|T+1kX+bT ik T~ zkx]

< d 1 N )
_ / [0 I:blwe—za)U + b[ wefza)V + b Ia)U + waele],
0

NN
s 7 dk 1 [

ext — x/_\/2|7k

l\k|T lkX_i_bJr

—ilk| T+ikX
1K€ ]

® dk 1 - . n . R
=/ __I:buwele +b”_wele +b;[ —iwU +b" . _M)V]s
0

V21 A 2w
. dk 1 . . .
& — e KT =X gt o=ilkIT+ikX |
mt — \/_\/2|7|: I/ Ik ]
. dk 1 . . . )
7 _ A —ilk|T+ikX AT ilk|T—ikX
o= Criie + ¢ e , 76
t FW[ 11k ] ( )
where w = |k|. Here,
T:U+V, X:V_U, r>2GM,
2./e NG
U+V V-U
x=2"7 r_"=Y _a6m (77)
2./e 2./e

The creation and annihilation operators above satisfy the following commutation relations:

[blk, b;k,_
[blk, brri
A A
Clk, Clk’

lér e

it By =16 (k= K),

_Blk’ lek/] = [Z’le’ Z’nk/] =0.

C‘[[k, cIIk’] =h 5(3) (k k/)

_élk’ éjlk’] [erk’ c[]k] 0. (78)

Here, the second and fourth lines of commutation relations (78) lead to

[qA)Iext’ cIA)Ilext:| = 07

[ci)lint’ ci’mm] =0, (79)

which is similar to Eq. (36). This condition takes care of operators at space-like distances that

should commute (see Fig. 3).

As a consequence of Eq. (74), the exterior and interior quantum field operators should be

noncommutative as

[&)Iinta ci>Iext:| =ih

I:ci)IIinn qs]]ext] =ih

8 G
rs(+e+1)
8qn G

2@ 1) =0

It is worth noticing that in the limit g — oo the commutators (80) tend to vanish. The same
thing happens in the limit £ >> 1. This would mean that the bigger the BH, the more the gravi-
tational backreaction effects tend to be negligible. The low-£ modes are key for understanding
the quantum effects BH horizon, as was also highlighted by recent related investigations [59].
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T — (6.9)
— (71'—9,71’+(p)

Fig. 6. Conformal diagram of BH DQFT. Here /.y describes an exterior region of the SBH spanned by
(6, @) where a component of the quantum field D ext|0) fext evolves forward in time while /1. describes
the exterior region spanned by the parity conjugate points (7 — 6, & + ¢) where the second component
@7 ex]0) 77ext Of the quantum field evolves backward in time. Similarly, f,, describes the interior region
of SBH where ®;i|0)/ex; evolves forward in time while /i, describes the interior region where the
second component of the quantum field ®;7int]0) 7ine evolves backward in time. The arrows represent
the direction of the time evolution of a quantum field in each region. Every point in the yellow shared
area represents the points (6, ¢), whereas the green shared regions represent the parity conjugated points
(r — 0, ™ + ¢). The red line represents the r = 0 singularity and is identified in the upper and lower
halves of the interior regions.

So, Egs. (80) and (91) imply

A 7 . - , drG ,
[Clk, b]k/] = [an, bllk/] = lﬁmam (k - k), [Clk, b;’k/] =0,
[rk, Brre] = [é,k, 13},,(,] — [éjk, 13},,{,] —0. 81)

In the near-horizon limit (55) the quantum vacuum of the SBH as per the decomposition (76)
is a direct-sum as (see Fig. 6):

10)Br = (10) it @ 10) 77in¢) D (10) 7ext D 10) 7ext) (82)

where the components of vacuum (82) are defined by

b0 rext = 0, Dy7icl0) rrexe = 0,
¢iel0) rine = 0, C17kl0) 77ine = 0. (83)

Note that the decomposition of field components in Eq. (78) is done with an approxima-
tion whereby space-time is locally “flat” (9). This means the vacuum is chosen by imposing
a Hadamard condition [93] such that an infalling observer would not see any quantum states
or firewalls at the horizon. Since our vacuum structure is a direct-sum of two, each describ-
ing parity conjugate regions with opposite arrows of time, we impose Hadamard conditions to
match the direct-sum Minkowski vacuum (31).
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The total Fock space is again a direct-sum corresponding to the different spatial regions and
arrows of time (r < 2GM and r 2 2GM):

JrBH = -Flint S ]:Hint S ]:Iext @ fllext- (84)

Thus, there are four geometric superselection sectors because there are four discrete transfor-
mations (6, 8).
In all the above expressions, the following meaning is implicit in the notations:

» Region /iy is the interior spatial region of the SBH r < 2GM with U > 0, V' > 0, i.e. half
of the interior. The vacuum in this region is |0) i;.

» Region /1 is the interior spatial region of the SBH r < 2GM with U < 0, V' < 0, i.e. the
remaining half of the interior. The vacuum in this region is |0) j7int.

» Region /. is the exterior spatial region of the SBH r > 2GM with U < 0, V' > 0, i.e. half
of the exterior. The vacuum in this region is |0) jext.

» Region /1. is the exterior spatial region of the SBH r 2 2GM with U > 0, V' < 0, i.e. the
remaining half of the exterior. The vacuum in this spatial region is |0) jex;.

All this means is in the exterior, i.e. r 2 2GM, the quantum state

A | BN .
cDext|0>ext == (q)lext 2] cDllext) (|O>Iext D |0>Hext)
V2

1 . .
== ((I)Iext|0)lext 2] qDIIext|O>IIext) (85)

V2
is described by two components D ext|0) rext and P 7ext|0) frext- Similarly, in the interior, i.e. r <
2G M, the quantum state is described by two components:
qBintl())ext = % (q’\)]int & (i)llint) (|O>1int 57 |O>11int)
= % (@ 7intl0) fine ® P r7intl 0) 77ime) - (86)
We represent these quantum fields in the conformal diagram (Fig. 6), which illustrates the SBH
DQEFT, very similarly to how we represented DQFT of Minkowski space-time in Fig. 2.
From Egs. (81) and (78), we can easily deduce the relation between the interior and exterior
creation and annihilation operators as
A dr G i . 8 G 5t
8 G - 81 G .
E;k = i—ré (62 Ny l)blkv 5;11« = i—ré (62 v l)buk- 87)
The above relations establish the following connection between the vacuums of the I and fiy
regions:
. . G
¢rkl0) ring = —lm
) 87 G
lrg, (2+e+1)
Similar relations can be derived for the Il and I [, regions. The physical meaning of Eq. (88)
is as follows. The creation operator of the exterior (r = 2G M) vacuum acts as the annihilation
operator of the interior (r < 2G M) vacuum. This would imply that interior and exterior compo-

Bl 10) fing = 0,

&l 10} rext = br110) zext = O. (88)
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nents of a single quantum state correspond to positive and negative energies as first envisioned
by Hawking [3], and here we obtained this with DQFT, which leads to unitarity.'* This is due
to the fact that the states in the interior and exterior SBH space-time interact gravitationally.

This presents a new picture of understanding how the geometric superselection rule in our
theory gets transformed in a nontrivial way as the following:

) R ¢ 0 0)in
<C]k ® blk) (10} rint @ 10) 7ext) = (Cé)k E{k) <||0>> t)
ext

l' 87 G bT |0> O
_ r2 (024241 mt ) __
— ( % ( 6+ )1 lm) <|O>m) (o)' (89)

This means the exterior I region is a vacuum with respect to by ;, whereas the interior [y
region is a vacuum with respect to bﬁ - The relations (87) in Eq. (76) would imply

. dk 1 . . . A
I _ A k| T —ikX At —ilk| T+ikX
int _\/E —2|k| [C1k€ +cpe ]
8qn G dk 1
= bl pilkIT—ikX + b e—rlk\T+sz
rs(@+e+1)) Van ,/2|k|[ 1 ]
87 G .
#i " ! (90)

—— ..

(e +e+1) ™

Combining Eq. (87) with the canonical relations (81), we obtain
[&)Iint’ qA)l]ext] = 0’
[®17int: Prext] = 0. o1

For an observer at r — oo (r, — 00) of SBH space-time (1), the quantum field is in Minkowski
space-time, and according to the DQFT formalism, we have

A 1 . A
Doyt = E (cDIoo 2 q)lloo) s (92)
where
A ® do 1 .
¢Ioo — [alwe lwu + a _we l(l)V + a1~ le + al Q)V]’
O / / Cl)

|:Cl1] we + Cl I wesz 4 a]re—zwu + Cl” —zd)v]’ (93)

éw:/
" OMJ_

where the creation and annihilation operators satisfy
|:d15)a aAjd)/] = I:dlldn d;[&/] = h8(3) (CT) - 67)/) ’

[&,@, a,m] - [a,;), &jm] - [&j@, a},@,] —0. (94)
This asymptotic Minkowski vacuum is given by
10)oo = 10} 100 @ 10) 1700, 95)
where
a1310) 100 = 0, @11510) 1100 = 0. (96)

By applying the technique of Bogoliubov transformation, we obtain the number density of
particles created by operators &;w, &; 1 10 the vacuum |0)gy, which is exactly what an asymp-

B3Which will be discussed in the next section.
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totic observer would see as Hawking particles. Following Ref. [94] we can compute

arp = /000 dw (aw@blw + ,ng)bjw) ;

are = / dw (dwd)bllw + Ew&b3[w> , 7
0

\/7 / zwu sz’ Iwa \/7 / zwu—i—sz’
(98)
o - =7 —ioutioU . — - - —zcbu—ich‘
i \/; /0 27 o Puo \/; /0 27

Given all the above relations, the asymptotic observer sees the number density

where

1 R . . .
N = EBH<O| (aj,;) ® a;,,;)> (are ® drre) 10)BH

_l * 12 2 o_12
_ 2/0 do> (1B + 1Bos )

1

= ATGMa/h _ |’ (99)

where the prefactor % is because of the prefactor in Eq. (92). It is worth noting that the result
in Eq. (99) remains unchanged when derived using the Bogoliubov transformation between
the vacuum states of Minkowski space-time (representing an infinitely long time before the BH
formation) and KS space-time (representing an infinitely long time after the BH formation) [94],
as originally outlined in Hawking’s seminal work [1]. This consistency is expected, as Hawking
radiation fundamentally arises from the Bogoliubov transformation between the vacuum states
in the KS metric of an SBH (2) and the asymptotic Minkowski metric at (r — 00).

Applying thermodynamics, the Hawking temperature of the BH is (in the units of G = 1):
_h
=Sl

Note that once we derive the number density of the particles that a distant observer can see,
we can apply (classical) thermodynamics to understand how the BH evaporates following the
footsteps of Hawking and Bekenstein [1,95]. Following the Stefan—Boltzmann law, the mass of
the BH decreases as

(100)

dM I'n,
=— , 101
dt 153607 M? (101)
where n,, denotes the number of degrees of freedom and I" is a coefficient associated with the
grey body factors [94]. Applying the first law of thermodynamics, the entropy of the BH is

estimated to be [94]:

Spn = 4w M. (102)

In the next sections, we show that the Hawking radiation we derived here with DQFT gives
a thermal spectrum with pure states. This is what is needed to achieve unitarity and observer
complementarity. In a recent paper, we have studied DQFT in Rindler space-time [21], and we
have shown that one can achieve a thermal spectrum for every observer in Rindler space-time,
preserving unitarity. Some of these details are briefly presented in the Appendix. It is especially
interesting to notice similarities between Figs. Al and 6, which elucidates universal features of
DQFT in different space-times with horizons.
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6.2.1.  Unitarity and BH DQFT solution to the information paradox. From the beginning of
understanding (quantum) BHs [1,3], it has been assumed that the Hawking radiation is a pair
production of particles in the interior (very near to the horizon r < 2GM) and the exterior
(very near to the horizon r 22 2G M) and their combined Hilbert space is the direct product of
individual Hilbert spaces [16,18,96]:

HP = Hint &® Hext- (103)

This originates an external particle that a distant observer sees in a mixed state. This has been
projected to originate the unitarity violation, given the assumption of BH formation with pure
states [5,9,11]. Furthermore, it was shown by Don Page that the entanglement entropy between
the particle pair grows and can exceed the entropy of the SBH when half of the BH mass has
evaporated [5,6]. To save unitarity, Don Page proposed that the entanglement entropy of the
Hawking radiation must start to decrease after some time (Page time) so that the unitarity is
recovered after the complete evaporation of the BH [5,6]. This is called the Page curve [20]
and to obtain the Page curve, several quantum gravity proposals have emerged in recent years
[11,97].

From our point of view, the failure of unitarity, in the sense of Hawking radiation, is a mixed
state, and the growth of entanglement entropy completely relies on the Hilbert space structure
of the Hawking pair (103). The BH DQFT proposal leads to the direct-sum-Fock space (63)
and it leads to the Hilbert space of the Hawking pair as

7'[73 = %int ® Hext- (104)

This leads to a pure (maximally) entangled state that becomes the direct-sum of two pure states
of the geometric superselection sectors (’Him, Hext) as

G = 3 ) ©12) = 3 3 e (19500 @150 @ (16530 @ 16320

nm,n m,n

=—Zcmn (I85) @ 1853) @ (10 © 1613

=YY @ Y3, (105)

where Gy # CuCm, |P1) = Y, Culdm1) and [¢2) = Y C4l¢uo), and the superscripts “ext” mean
the field component for r 2 2GM whereas “int” mean the field component for r < 2GM.
This implies Hawking’s pair of quanta |,) (pure state) is divided into two pure state com-
ponents, |1pe’“) and |1ﬂmt) of the geometric superselection sectors. Thus, the density ma-
trix (pg) of the Hawking (pair) quanta becomes the direct-sum of the exterior and interior
components:

PH = Pext D Pint- (106)

Since exterior and interior are geometric superselection sectors, the Von Neumann entropies
of the exterior and interior (pure) state components (Sex, Sint) Vanish,

Sext =-Tr (pext In pext) = Os Sint =-Tr (pint In pint) = 07 SH = Sext + Sint = O,
(107)

which means every observer witnesses pure states, which results in BH complementarity. Note
that the way we achieve this is different from what was proposed in Ref. [20] because our
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approach has no firewalls,'* Hawking radiation is in a pure state, and there is observer comple-
mentarity, and everything is done within GR and QM. In our picture, a single quantum state
is spread across the interior and exterior as a direct-sum of two components, which is different
from the standard quantization applied by Hawking, which assumes the notion of time (and
its arrow) is the same everywhere.

The rule of direct-sum separates the Hilbert spaces into two separate spatial regions (su-
perselection sectors), and we cannot have a superposition of states between those regions.
This is very similar to the superselection rule proposed by Wick, Wightman, and Wigner [41].
Due to the Hilbert space structure (104), we do not have any Page curve and no unitarity
violation. We get unitary physics for quantum states in the interior and exterior. A similar
thing happens when one does DQFT in Rindler space-time [21], which we briefly discuss in
the Appendix.

Coming to the information problem question, it basically arises from the fact that the creation
and annihilation operators of the interior and exterior field operators are taken to commute
(see Egs. (2.8-2.10) of Ref. [3]). But assuming 't Hooft’s quantum commutation relations, de-
rived from gravitational backreaction (74), we arrived at Eq. (80) which relates interior and
exterior fields in a very nontrivial way. This is the first step to solving the information prob-
lem. This means that by observing Hawking radiation from outside, we should be able to make
computations to probe the interior. This subject needs further investigation of BH DQFT and
we leave it for future investigations.

6.2.2.  BH is not an ordinary quantum system. According to the so-called central dogma [20],
a BH must be an ordinary quantum system. Actually, this means the Hilbert space of the de-
grees of freedom of the subsystem and the environment must be entangled by direct-product
operation (103). This means the concept of time should be the same in the subsystem and the
environment. This is not the situation for a BH, and we argue that a BH cannot be an ordinary
quantum system, and our proposal goes against the central dogma.

If the central dogma is not true, it was conjectured that we should see so-called firewalls
[20], i.e. a freely falling observer should see particles that violate the equivalence principle. We
ascertain that this is not so in our case because, in the near-horizon limit (55), vacuum (82) is
locally Minkowski as explained after Eq. (83). Therefore, BH DQFT leads to unitary quantum
physics without firewalls and without any Page curve and Page time.

7. Questions of (quantum) BH formation and evaporation

The idea of this section is to make a logical guess on what a conformal diagram of BH DQFT
can look like. Classically, the diagram describing the BH space-time formed by collapse looks
like Fig. 4 as Hawking initially described [1]. However, it is very unclear how to give a quantum
mechanical (microscopic) description of collapse. During the collapse, we have matter implod-
ing, and the horizon of the BH (i.e. the time-dependent Schwarzschild radius) grows with time,
which is expected to be a much more rapid process than evaporation when the horizon size (the
time-dependent Schwarzschild radius) starts to shrink. Of course, for the high energy modes,
collapse can be described as an ultra-high energy superplanckian scattering [58—60,78,89-91].

14Since we assume the local Minkowski vacuum for an infalling observer.
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It is still an open question to understand the transition between Minkowski space-time QFT
and the context when gravitational effects on quantum fields cannot be neglected. To be pre-
cise, the scattering of particles under the effect of dynamical space-time is the key issue to be
understood. Collapse or evaporation of a (quantum) BH means that, macroscopically, there is
a direction of the system time evolution encoded in the growing or shrinking of the dynamical
horizon. The macroscopic dynamical effects will break the P77 symmetry of the metric, which
would affect the evolution of microscopic degrees of freedom. A violation of time reversal sym-
metry happens for an evaporating SBH or during the gravitational collapse. This should distort
the conformal diagram of the SBH (Fig. 6), where the regions with the different components of
field that evolve backward in time &;; ext|f) 11ext) behave differently from the components of field
that evolve forward in time & Iext|6] ext). This is because quantum fields in DQFT always have
evolution with opposite arrows of time at parity conjugate points. If the classical space-time
breaks the time-reversal symmetry, the quantum fields respond accordingly in DQFT. This is
similar to the recent study of how quantum fields in an expanding universe would create parity
asymmetry in the cosmic microwave background (CMB) [22,37,61,62]. We anticipate a similar
effect for BH physics, but we seriously lack any machinery to do such computations. Therefore,
we leave this for future investigations.

8. BH DQFT implications for S-matrix and quantum gravity

The S-matrix is the most important notion in QFT, and it is supposed to describe the scattering
of particles. The notion of the S-matrix has varied meanings in curved space-time, and most
often, it is not considered as a required concept. However, some questions remain, such as: How
do the SM particles we know in nature react to curved space-times with horizons? How does a
particle get affected by the presence of curved space-time, including if it decays? Therefore, if
not the S-matrix, we need something similar to describe particle scatterings. There is another
notion of the S-matrix that has to do with the complete formation and full evaporation of the
BH, which definitely requires a full understanding of quantum gravity, and currently we do not
have any definite candidate for that. Given we have multiple frameworks of quantum gravity
[10,98], currently we essentially need quantitative ideas to test quantum gravity with astrophysi-
cal and gravitational wave observations to anchor what direction is correct for quantum gravity.
Even to make significant advancements in quantum gravity research, we do need to address the
issue of quantum fields in curved space-time.

BH DQFT quantization gives an elegant way to separate the BH interior from the exterior
without violating unitarity and, at the same time, thanks to the 't Hooft quantum backreaction
algebra, we do know now how interior and exterior degrees of freedom are connected with
each other nontrivially (80). With this, we can aim to understand first particle interactions,
scattering, and decays near the horizon. To an exterior observer, all the particle interactions
expected happen unitarily; of course, if degrees of freedom disappear in the interior of the BH
they would definitely leave an imprint in the behavior of the degrees of freedom outside by Eq.
(80) or its modification when we include interactions.

9. Conclusions and outlook

In this section, we aim to give a quick summary of what was done in this paper. Since the
proposal of Hawking’s seminal paper on BHs, we have been mightily grappling with issues re-
lated to information paradox, unitarity violation, and breakdown of predictability. All of these
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emerged from quantizing a scalar field in SBH space-time. The identification of this problem
even dates back to 1935, when Einstein and Rosen pointed out the “Particle problem in Gen-
eral Relativity” [23] (and also see Ref. [22]), which exposes the fundamental problem between
gravity and QM. Several developments have happened in the last several decades under the
scope of quantum gravity to understand BHs and the several enigmas associated with them.
Don Page’s calculation of the entanglement entropy growth beyond the BH entropy has bol-
stered even more the puzzles associated with BHs. In this paper, we paid very critical attention
to the origin of the inconsistencies in our understanding of BHs with QM. We noticed the im-
portance of CPT in the standard QFT and the questions related to the status of CP7T in BH
physics which were consistently asked by Hawking’s and ’t Hooft’s seminal works in the last
few decades. This has caught our attention in building QFT with special emphasis on discrete
space-time transformations, which are vital in quantum theory. Acknowledging the fact that
time is a parameter in quantum theory, in this paper, we formulated a direct-sum QFT with
geometric superselection rules in the context of BH space-time based on our previous study in
the context of Minkowski, de Sitter, and inflationary space-times [15,37].!°> We showed that our
DQFT quantization does preserve the unitarity and observer complementarity in a nontrivial
way which is different from the earlier proposals of AMPS [11,20].

Our prescription of quantization, together with 't Hooft gravitational backreaction effects,
has revealed a new structure for understanding quantum fields in BH space-time. Note that
all our study is restricted to the SBH in this paper. Our BH DQFT implies no entanglement
between interior and exterior Hawking particle pairs; at the same time we obtained that the
exterior radiation is not independent of the interior due to the new set of noncommutative
relations originated from 't Hooft’s gravitational backreaction effects. This effect is absent from
Hawking’s original 1975 paper. The highlight of our construction is that Hawking radiation is
in a pure state, with no firewalls at the BH horizon, and we achieve observer complementarity.
We have discussed in detail the implications of our result for further explorations in treating
quantum fields in the collapse and evaporation of BHs and for future research in quantum
gravity.
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Appendix. DQFT in Rindler space-time
In this section, we briefly review the formulation of DQFT in Rindler space-time, which we
worked out in Ref. [21]. This section will complement the understanding of DQFT in BH space-
time in Section 6.2 with the DQFT in Rindler space-time.

Rindler space-time is the coordinate transformation of Minkowski space-time. Here, we con-
sider (1+1)-dimension Minkowski space-time represented by

ds* = —dt* +dz* (A.1)

) iez"g L )7= le® coshan, t=1le®sinhan (Right Rindler)
N = —Lle® coshan, t=1e®sinhan (Left Rindler)

= |ds* = & (—dn* + d&?)

_ 1 an — Llgan g
22 lzez‘"’ N {l = e coshaé, z= _e"sinhaé (Future Kasner)
a

f = _% e“mcoshat, z= éean sinha&  (Past Kasner)

= |ds® = & (—dn* + d&?) (A.2)

The description of this space-time is presented pictorially in Fig. Al.

Fig. Al. The Rindler space-time with the Left, Right (z> > ¢?), and Future, Past (> > z?) regions in
the Minkowski plane (¢, z). The curved lines with arrows in the Left and Right regions depict a constant
acceleration ae~ in the direction  : co — —ocandn : —oo — oo, respectively. Future and Past Rindler
wedges are the degenerate Kasner Universes where the arrows are changing z : 00 — Foo, which means
n : Foo — £oo. The fuzzy colored lines indicate Rindler Horizons for Left (Yellow), Right (Green),
Future (Cyan), and Past (Pink).
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The Rindler coordinates can be rewritten as

1 1
Up=——e"<0, Vrg=-¢">0 (Right Rindler),
a a
1 1
Up=-e%">0, Ve =——e <0 (LeftRindler),
51’ 1 a (A.3)
Urp=-e%">0, Vr=-¢"">0 (Future Kasner),
a a
1 1
Up=—e"<0, Vg=-—-e"<0 (PastKasner),
a a

where
u=n—=§&, v=n+E,
Up=t—2z, Ve=t+z (A4
These coordinates (A3) define the Left, Right, Future, and Past Rindler regions separated by
horizons carried through discrete transformations on (Ug, Vy). These are analogous to the KS
coordinates of the SBH in Egs. (6) and (8). Comparing Figs. 6 and A1, we can draw similarities
between DQFT in BH and Rindler space-times.

According to DQFT in Rindler space-time [21], a (maximally) entangled pure state (for
22 — 12 > 0) is a direct-sum of two pure state components in Left Rindler and Right Rindler

1 (l1¢r1) ® [¢r2)
= — ) A5
V=75 <|¢L1> ® |¢Lz>> (A

Similarly, one can also deduce the same for Future and Past regions. Since each component in
Eq. (AS5) is a pure state, the Von Neumann entropy for each component vanishes; thus, both
observers (Left and Right) perceive pure states evolving into pure states.

regions:
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