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We generalize the vacuum-Unruh effect to arbitrary excited states in the Fock space and find that the Unruh
mode at the horizon induces coherent excitation on the canonical background ensemble measured by an
accelerated observer. When there is only one type of Unruh mode in the system, for example, the ones
outgoing from a black hole horizon, the mapping from an arbitrary density matrix on the maximal foliation to
a vector space spanned by the pseudothermal density matrix on the partitioned spacetime wedge is one-to-
one. Hence, we propose that the information of the particles that is inside a collapsing shell; thus, inside the
asymptotic black hole horizon is at least partially retrievable by measuring the deviation of the Hawking
radiation from the blackbody radiation spectrum. This work shows that the long-standing black hole
information confusion might come from overlooking the possibility that the information could be preserved
much better than we have expected in a seemingly nonunitary process when the partitions of the system are

strongly entangled.
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I. INTRODUCTION

In Ref. [1], W. G. Unruh first demonstrated a mechanism
now called the Unruh effect, which states that a uniformly
accelerating observer would detect a thermal bath from
expressing the stationary vacuum state in terms of a different
set of generator/annihilation basis defined along the timelike
killing vector in their relatively accelerating coordinate
system. The Unruh effect is a direct result of the nonunique
canonical quantization of a field living in a Riemannian
spacetime [2]. Following the original derivation on a vacuum
state, the Unruh effect has been mainly quoted and discussed
in the originally proposed scenario of a vacuum state, in the
past decades [3-5]. Most famously, the Unruh effect has
helped understanding the Hawking radiation [6,7] and is
sometimes quoted as an alternative way for interpreting the
black hole radiation/evaporation phenomenon. In recent
years, the field has seen a growing number of works utilizing
the Unruh effect to understand the entanglement generation
and degradation in curved spacetime [8—14].

Schematically, the Unruh effect prescribes that under a
Bougoliubov basis transformation, the Minkowski vacuum
is transferred into a thermal ensemble on left for a right
Rindler wedge; likewise, the Kruskal vacuum is transferred
into a thermal ensemble living outside or inside the horizon
of a Schwartzschild black hole metric. However, when we
scrutinize what lies in the core of the derivation of the
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Unruh effect, we can easily see how it can be applied to
much more general scenarios. First of all, the mixture of
positive and negative frequency modes is not only happen-
ing in Minkowski-Rindler observer pairs and Kruskal-
Schwarzschild observer pairs. Although a unified theory
has not been developed, in recent decades, we have seen
many examples of positive and negative frequency modes
mixing in noninertial frames, usually investigated by a tool
called Bogoliubov transformation [15]. A common feature
those scenarios share is the local partition of the spacetime
manifold by a particle horizon, which could be induced by
acceleration, gravitation, or inflation [16—18]. The second
direction of generalizing the Unruh effect is that
Bogoliubov basis transformation is essentially a basis
transformation that can be applied to arbitrary states in
the Hilbert space, not just the vacuum state. In fact, given
that in quantum field theory in curved spacetime framework
the vacuum is defined based on the local timelike Killing
vector, it is not that special from the point of view of
quantum field theory in the curved spacetime. Vacuum is
just one among infinitely many other states in the Fock
states. The calculation in this paper is mainly dedicated to
the generalization of the Unruh effect onto nonvacuum
states. We start from Minkowski metric, then further into
asymptotic Schwarzschild black hole scenarios depicted by
collapsing shell metric. By the end of this paper, as we go
into a discussion of the wider application of the generalized
Unruh effect from the perspective of view of the first point
made in this paragraph, we will see that a new definition of
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vacuum modulo any canonical ensemble might be in call
for further development of quantum field theory in curved
spacetime, and possibly for an inclusive description of
quantum gravity.

Unruh effect calculations are usually done in these
three steps:

(1) Firstly, we secure two complete sets of orthonormal
modes for the solution of classical field theory on a
four-dimensional Lorentzian manifold. They each
correspond to a maximal Cauchy surface foliation of
the complete Lorentzian manifold. Each one of the
orthonormal basis modes sets gives a complete
expression of the solutions to the classical field
equation of motion. Their positive and negative
frequency modes would be mixed, in the mutual
transformation due to different time foliations that
only coincide on one slice.

(ii) Secondly, we canonically quantize the field and obtain
the creation and annihilation operators corresponding
to the two sets of modes, which are the equation of
motion solutions secured in the previous step. For a
given state in the Fock space of one type of the
quantized equation of motion eigenmodes, we carry
out Bougoliubov transformation to map the state onto
another set of the basis of the quantum field.

(iii) Lastly, due to the existence of a horizon, for an
observer living on one of the partial foliations of the
spacetime manifold, we contract out the states living
on the other partition of the spacetime manifold.

Notice that the last step by its nature breaks the unitarity:
we partition an entangled quantum system into two parts
separated by a horizon then trace out one of them. However,
information is not necessarily lost, at least might not be at an
as severe extent as thought before, in this nonunitary process,
thanks to the strong entanglement across the horizon. This
point has been made previously in the series of works by
Lochan and Padmanabhan [19,20]. We formulate this idea in
a more explicitly quantum mechanical way by adopting the
density matrix representation of countably infinite dimen-
sional Hilbert space of the scalar field eigenmodes. We also
would like to point out a more radical implication of this
phenomenon on the approach to quantum gravity/unification
of general relativity and quantum field theory.

The above summary might seem too abstract as a starting
point. In the main body of this paper, we actually begin
with this rather concrete question: given a pure state in the
Fock space of Minkowski metric, what an observer accel-
erating along a parabolic worldline on a Rindler wedge
would see. The answer is seemingly simple and has been
treated straightforwardly so far, that they will see particles
accelerating in the opposite direction, sitting in a thermal
bath. Such approximation is adopted in, for example, [21]
in relative scenarios. This straightforward picture works
well in most cases, but this paper may reveal more of the
story through a deeper contemplation and more detailed
calculation.

One of the highly intriguing interpretations of the
generalized Unruh effect is its application to the “Black
Hole Information Paradox” [22-24]. By scrutinizing the
evolution of plane wave modes inside the shell of a
collapsing shell metric, we found a nontrivial mapping
between arbitrary density matrix generated by the in shell
plane wave Fock states and the pseudothermal density
matrix generated by the positive frequency modes living at
the asymptotically flat region outside the Schwarzschild
black hole horizon. We thus draw the following implication
from our calculations: we may restore the information of
the amplitudes and frequencies of the infalling particles
collapsed into a black hole event horizon, that exists only
for a finite time due to Hawking radiation, by measuring the
deviation of the Hawking radiation spectrum from the
perfect blackbody radiation spectrum. Here, we continue to
refer to the generally featured black hole emission from the
horizon as Hawking radiation. The concept of “stimulated
Hawking radiation” has been studied for a long time [25-
29]. Just like the original Unruh effect can be regarded as an
alternative interpretation of the Hawking radiation without
localized wave packet assumption, the stimulated Hawking
radiation could be seen as a similar precursor of the
generalized Unruh effect in this work.

This paper is organized in the following way. In Sec. II,
we go through the well-established prerequisite for this
work, formatting the definitions and conventions. They
include the specification of spacetime metric, equation of
motion of the field, and canonical quantizations. In Sec. III,
the calculation of a single Unruh particle state contracting
R — (R+) states out to an R+ (R—) density matrix is
presented. In Sec. IV, we generalize the results from the
previous section to an arbitrary eigenstate with two types of
Unruh modes. Up to this point, we work in Minkowski <>
Rindler scenario. Starting from Sec. V, we explore the
Kruskal <> Schwarzschild scenario. We investigate the
evolution of an in-going mode living on a collapsing shell
metric, its behavior at the horizon, and its density matrix
measured by a future observer outside. In Sec. VI, we
calculate the energy spectrum corresponding to the pseu-
dothermal density matrices we obtained from Secs. III
and IV. In Sec. VII, we discuss the assumptions, caveats,
and further implications of this work. The conclusion is in
Sec. VIIL

II. SPECIFICATION OF THE SYSTEM

We start from Minkowski spacetime with (+ — ——)
signature,
ds? = dt* — dx* — dy* — dz*. (1)

After coordinate transformation,

1 1
t=2\p sinhir, 7= 2\/Ecosh§r (R+) (2)
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1 1
t=-2\/p sinhir, z= —2\/ﬁcosh§r (R-) (3)

1 1
t:Z\/ﬁcoshET, z:2\/,5sinh§r (F) (4)

1 1
t= —2\/ﬁcosh§1, z2==2/p sinhir (P). (5)

We get the Rindler metric,

d 2
ds* = pdt* — % —dx* —dy* (R+) (6)

d 2
ds? = —pde® + % —dx*—dy* (F,P). ()

The four wedges above cover the full Minkowski
spacetime.

The constant proper acceleration worldlines in
Minkowski spacetime are expressed by the hyperbola,

1
PP =dp=—, 8
z p= (8)

where a is the constant proper acceleration. Hence, for any
modes expressed in terms of 7, we can get the correspond-
ing mode for d7' = /pdr = i dr by multiplying the
frequency with 2a and deform the p dependent part of
the solution accordingly.

Next, we set up a free scalar field obeying the equation of
motion,

(V2= p?)p = 0. ©)

where V is the covariant derivative. The Hamiltonian of this
scalar field only has the dynamical and the mass terms, with
no interactions of any sort. Hence, thermalization does not
happen in this system except through gravitation. This
massive real scalar field could serve as a minimal toy model
for the investigation of the collapsing shell and asymptoti-
cally black hole metric later in Sec. V.

Now we quantize the field ® defined on the full manifold
that can be charted by the Minkowski metric or the Rindler
metric. First, we solve the equation of motion (9) for the
classical field ¢, and find two sets of positive frequency
basis for the solutions [1],

o) = [(2;)3260]1/2 e/ (10)
45 45) = )0, (1)

where g(p) satisfies

d d
[ﬂ%pd—ﬁwz— (W +ai+ay)p|g9p) =0 (12)

and w = \/u2+l_c)2.

Notice that, by its physical definition p is positive, and
we can duplicate ¢§.a(5c) to cover the modes on R* and R™.
On future and past wedges, things are more complicated.

Because d% is the timelike direction there, and it is not a

killing vector, we do not have solution modes that can be
expressed as constant frequency waves in terms of the time
(p). However, we can analytically continue the solutions
(pgg (%) to a future wedge, and ¢§)"§(5c) to past wedges. This
way of continuation can label the equation of motion
solutions on F, P with @, g, as a complete set. Because
the combination of qﬁf}}(i) and (,ba’f;q()”c) on the spacelike
surface t = O can fully represent ¢i‘)” ]z(x) and as long as a

field is fully determined by the initial condition on certain
spacelike slice, the decomposition of that field on this
specific slice can be applied to the full foliated spacetime
even if the explicit analytical form of the solution remains
unknown, as the time evolution of the field is completely
unitary.

In the following text, ¢§E (%) is by definition nonzero on
R+, F,and ¢§)fé. (%) is by definition nonzero on R—, P (even
though we have saved exploring the analytical expression
of them on P, F). Combining the two, we can get a full
piece of ¢ (ty,X) on any t, slice. Thus we define the
creation and annihilation operators through the integral of
each solution mode with the quantum field @, both living
on the spacetime manifold charted by certain coordinate
systems,

Gpf = <¢Z;(X),®(x)> (13)
al z=(#H), <D(X)> (14)

(15)

(17)

)
bl = (43 0000 (16)
)

d .= <¢2§{(5€),(1)(56)>. (18)

Remark.—Quantum field ®(x), or ®(X), is a scalar field
defined on the full spacetime manifold M that is an
identical collection of Lorentzian manifold points for
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Minkowski or Rindler coordinate system. When there is a
boundary of M, dM is transferred accordingly under two
coordinate systems. We assume in our setup the boundary
terms are vanishing.

Minkowski and Rindler foliation structures have a shared
Cauchy surface t =17 =0. The canonical quantization
should be done on this specific shared time slice because
only this hypersurface sets the initial condition along every
time-flow (forward or backward) direction. So the bracket
in the above creator/annihilator definitions should be an
integral either on the shared Cauchy surface t =7 =0, or
by default over the full chart of 4D spacetime manifold if
the shared time slice was not identified. Doing otherwise
will obtain an incomplete set of creator/annihilator to
represent the quantum field states living on the entire
manifold, under one of the reference frames in the pair that
we are concern about for the problem.

The quantum field can thus be decomposed in two ways,

®(x) = /dk3 [aw’;qﬁi‘]’{z(x) + a;]_{.q’)z’]’;(x)} (19)
= [ |poadtin) + digaize) o

i (3) + B iR oﬂ 1)

with canonical quantization [30],

1
] == ) @)
buibl, | =2 @) 23)
duzd, | =oa-0) (24)

All other a or b, d commutators are zero. a,a’ does not
necessarily commute with the Rindler creating and anni-
hilating operators.1

In the following sections, we will first calculate how a
single frequency mixed Unruh mode is observed by an R+
or R— observer, then proceed to the multiparticle case.

'Here we referred to Srednicki equations (3.19) and (3.29).
The normalization of ®(x) and Minknowski modes here should
give the same result as (3.19) in Srednicki, just moving the @
normalizing factor into @ and z/)i‘}l E(x) As for the normalization

of the Rindler modes, we swipe them under the definition of g(p).

ITI. UNRUH EFFECT GENERALIZED TO SINGLE
POSITIVE MINKOWSKI FREQUENCY STATE

We now carry out a quantum mechanical way of
calculation from a single particle state generated by
Unruh mode to a density matrix tracing out one of the
Rindler wedges. This process has been done in [1] for a
Minkowski vacuum, and we do it for an Unruh wave packet
excited state |@0(q)) -

A. An Unruh wave packet excited
on Minkowski vacuum

Skipping the standard Bogoliubov transformation of the
classical field solutions in Minkowski/Rindler metrics, we
start from Eq. (2.19a) in [1]. It gives the relationship
between creation and annihilation operators as the result of
the Bogoliubov transformation of the classical field modes,

(eﬂ'(u b(T),q —

<€_mbb;.(—j - e”&)d&),z_j> |0>M =0. (26)

e‘”’z’dgq> 0Y,, =0 (25)

Let us define the following annihilators for Minkowski
vacuum:

1 ~ _
Ui =[] . gm0l 27
51 = Tvnn 2e6 ( Z M) @7)

1 ] ]
Vg == —— e_ﬂwb—ta—eﬂwd"* 28
4 \/2sinh 27d ( @4 ‘”’") (28)

that satisfies the normal commutating relationships,

{uw,aa u 7} =5G-4), (29)
w g

|:U(1),a’ vT/ _7:| = 53 (é’ - q—)l)’ (30)
o ,q

with all other commutators in the above operators set equal
to zero. We call these operators Unruh creators and
annihilators type I and II, and call the mode they generate
Unruh mode/excitation.

B. A single Unruh excitation viewed by a Rindler
observer, on R + and R-

Given the transformation between creators and annihi-
lators, in principle, we have obtained a transformation
between the Fock states under two basis. To investigate
how a single Unruh excitation on a Minkowski vacuum is

viewed by a Rindler observer on R+ or R—, we will act ul

@.4

on both sides of the equation connecting Minkowski and
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Fulling-Rindler vacuum, then trace out the Hilbert space for
the states confined on R— or R+. We are expected to obtain
a highly stochastic density matrix due to the entanglement
between two wedges, and it is distinguishable from the
canonical thermal density matrix that a Minkowski vacuum
would resolve into. By measuring the observables of this
density matrix, for example, the energy spectrum, an
observer on either R+ or R— could resume the Unruh
mode generated on the Minkowski vacuum that we started
from. This result applies for both type I and type II Unruh
modes, and they each are detectable on either R+ or R—.

The traditional Unruh effect for Minkowski vacuum is
formally expressed by Eq. (2.19b) in [1],

00 = 2| [Texo (e 8} 0, | 00, @1
q

where |0} is the Fulling-Rindler vacuum vanished by b, d
annihilators, and the normalization constant Z~2 =
>y e#Ea s the canonical ensemble partition function.
N are all the possible configurations of the eigenmodes,
which will be explained further in Eq. (41), and E =
>;ni@; is the total energy corresponding to the
eigenmode.

Acting a type-I and type-II combined Unruh creator
A,u:;.ﬁ7 —l—A,,vZ.}ﬁ, where A7 + A7, =1, on both side of
Eq. (31),

eﬂ&) e—iz&) R
@(§))y = ZA; | ————b S ————— 4. -8
@) ’<¢m 08 " Jrsimhang )
(32)
emb . e—ﬂ(b N
+ZA dl §— b )
”(\/ZSinh2mb @4"\/2sinh2za 7
(33)
where
< 2@y, T T
§= |:H €xp <€ b(I},ad(I).§>:| . (34)
q
Using
T Q1 T _
b} .81 =1d}, .81 =0, (35)
Q1 — 2@yt
(ds 5. 8] = e @8b] . (36)
Q1 2ra ¢ gt
[bag. 8] = e8] . (37)
we get

@(3))y = Ze™™\/2 sinh 276 (38)

X (A,b;q + A,,d;q> 510) 5. (39)

Next, we trace out the states generated by the R—
creators, d', acting on |0) 5, to get the density matrix on
R+, p¥(g). The result consists of four terms,

P (q) = [APPP"Y + Ay 2T + AAG Y+ AjA T,
(40)

where ¢ has energy component @, and p¢' % = pb'4t. All four
terms have g dependence through b/d creator/annihilators.

Before we demonstrate the detailed expressions of p in
the above equation, let us introduce some convenient
notations. We denote the configuration of momentum ¢
of an eigenstate in the following way:

|N> = {Ch,n], '“‘Ihni}’

where ¢ is the four momentum, including @ as a compo-
nent. With respect to the configuration |\/), a state missing
one particle of momentum ¢ is denoted by

n=012.. (41

NV, n,—1), (42)

and similarly, for other number modifications of n,. The
states in this notation are normalized, in the sense that

ag

_ 0.4
IN’”q—U—\/@W% (43)
.
N g+ 1) = 29 |7, (44)

./nq—f—l

This notation can be applied to any set of eigenstates and
corresponding creators and annihilators. The vacuum that
IN) corresponds to will be labeled in the subscripts
later on.

With |\) notation, we can denote

5|0), = [Hexp (7@l -dl )|[0),  (45)
q

=D e N ) [N g (46)
N

where E = >, @;n;, and N runs over all the possible
configurations of the eigenstates of @ generated by
the quantization of Eq. (11) as indicated by R + /R—
subscripts. .

We start from the calculation of p??,

ﬁbfb( q) = Z*e~ 2 sinh 27 (47)
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DD WV b e (49
® Ze—anm N”|bqR <./\/”|./\/> (49)
N//
= Z2¢72"?2 sinh 27® (50)

XZ “ o (n, + 1) N g+ 1) g s (N omg +1].
(51)

Next, the result for p7'¢ is
p7(q) = 7272792 sinh 27 (52)

X E E e 27rE"m

NG N g N g (53)

= Z2e72"% sinh 27® (55)

Xze—4ﬂEtut(nq —+ 1)|N>R+ R+ <N| (56)
N

Lastly, the result for p?'? is

pP'(q) = 722792 sinh 276 (57)
x Z Z e 2B g (NIN) g by N") gy (58)
® > e 2y (N"|p (N"|d,|N)g_ (59)
N//
= 7?22 sinh 27 (60)

Xze—27z&}e—4ﬂEmt \/(qu + 2)(nq +1) (61)
N

2o g (N oo (N dy |V 54

®2 - WM (59 N g+ 2) s ©)
|

Substituting the above terms back to Eq. (40), we get
PR (q) = Z*e~* @2 sinh 27 |:|A[|ZZ€_4”E‘°‘(71 + DN ng 4+ Dgy g N 1y + 1] (63)

N
+|A11|zze_4ﬂE‘°‘(” + DIV )gp g WV (64)

N
+ <A1A7[Z€_2”&}e_4ﬂE[m \/(}’Lq + 2)(I’lq + 1)|N, l’lq + 2>R+ R+<N| + HC>:| (65)
N

For an R— observer, pR~(q) switches A; and A;;, and changes the subscript R+ to R— for the states.

and p7'4 only
involves diagonal terms, while *'¢ only has nondiagonal
terms. Remembering that Z~2 is partition function, we find
that Tr(p*'?) =1 and p*'* > 0. Namely, both diagonal
matrices p*'* and p¢'¢ could be normalized density matri-
ces, assuming such notation can be applied to infinite
dimensional Hilbert space. As a result, the trace of p§+ (q)
is also safely equal to 1.

When the Unruh mode is purely type L, p¥*(g) only have

PP term, and p&~(g) only have p¢'¢ term. Comparing p*'?
Adtd

The first thing we would notice is that p?'?

and p¢ ¢, we notice that although the normalized states have
dlfferent labels, the matrix components are equal to each
other term by term. Hence, the Von-Neumann entropy S =

—trplogp of pf¥(q) and pf~(g) for type 1 Unruh mode

must be the same. It is expected because |@(q)),, is a pure
state. The bipartite of a pure state must have equal
entropy [31].

Our notation in this section has already implicitly
assumed the quantum mechanical linear algebraic repre-
sentation of the infinite-dimensional Hilbert space in QFT.
Tracing back to the origin where this assumption is
introduced, the notation |[A') in Eq. (41) is actually not
as innocent as it seems—at this step, we implicitly assumed
countability of the momentum defined with the eigenmodes
of the field equation of motion solutions. It means that
throughout this paper, the maximal spacetime manifold we
consider should be bounded, or equivalently, we should
have a lower cutoff on the acceleration a (minimum
deviation from the inertial frame) so that the energy levels
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of the scalar field are discrete. Without losing generality, we
assume the minimal interval between energy levels to be a
constant /. The set of Fock states spanning the Hilbert
space of this QFT system thus could be countably infinite.
One of the strategies to count the states is to continuously
increase E,, from minimum possible value u and to
attribute a natural number to each eigenstate in ascending
E..; sequence.

IV. BEYOND SINGLE UNRUH EXCITATION

Now we generalize the calculation in the above section
into the full Fock space generated by the Unruh creators
{u’, v"}. This Unruh Fock space should be a basis trans-
formation with respect to the one generated by the
Minkowski Klein-Gordon wave creators a' since they
share the same vacuum. Actually, the classical field
solutions have shown that the Unruh modes are plane
wave decomposition of the field in log U space, instead of
in the natural light cone coordinate, U =t —x space.
Without proof here, we quote the results from [1,3] that
the transformation between plane wave modes and the
Unruh modes is positive frequency to positive frequency.
Thus, our conclusion in this section for the Unruh Fock
space is in general applicable to the original Minkowski

|

A BT gtm pn gs
Pri """ (q) = B(@

(@|n, s)ZZe 2B

= B(&|l, m)B*(&|n, s) Z e 47E p21(m+5)d
N',n‘;]“i“

XlN’nq_m+l>R+ R+<N’nq_s+n|’

where the configuration runs over N, with the minimum
number of ¢ momentum modes ny™" = max [m,s].
[,m,n,s runs over non-negative integers. The normaliza-

tion factor B(@;|l,m) ensures the traces of diagonal
matrices p% ﬁmbldm( ) equal one. An arbitrary pg, (Q)

tracing out R— states can be expressed by a linear
ld M s

combination of p%,
components p% """ (g) being unity.

The expression above is only for a single Unruh mode
frequency; because the creators and annihilators of different
momentum commute with each other, the generalization to
multiple momenta is straightforward. We just need to
manipulate n, with respect to the mode number eigenvalue
configuration A/, for each momentum ¢;. Notice that the

choice of A is meaningful and nontrivial under the

, with the modulation of diagonal

plane wave Fock space, with a basis transformation from
the plane waves to the plane waves in logx space.

A general Fock state generated by the Unruh modes
above Minkowski vacuum can be expressed by

1
NN =
| ! H>U \/0’1' aN'ﬂl' P!

<up® g gl o810y, (66)

where «;, f; are the number counts for certain momentum
modes, and they can be zero.

Utilizing the commutators between b, d, b*, d', and § in
Egs. (23), (24), and (35)-(37), we notice that

NN 1) U*HZB

x bzzm*“f‘ﬁfdzzmmo». (67)

im+a; — p;,m)

Here, assuming «; > f;, m =0, ...4;, and B(@;lm +
a; — f;, m) are positive coefficients that can be analytically
calculated from the commutators between S, b.d,b', d".
Thus, for an arbitrary eigenstate in the Minkowski vacuum
Unruh mode Fock space, the building block for the density
matrix on pR* or pR~ is given by

_(N|dMM N R b’r llN/ R+Ze Z;zE{;n N”‘b NN
N//
(68)
n,!
i =V (= ot Dy = 5 )1 (69)
(70)

relabeling of n, —AxEi

, because the Boltzmann factor e
nontrivially welghs a specific block |\, ng—m-+
Dry ge(N.n, — s+ n| in the density matrix.

Equation (70) is all one needs to calculate the contracted
density matrix on a partitioned spacetime wedge from an
original density matrix living on the fully accessible
spacetime. Thus, we have a nontrivial mapping from the
Minkowski-Unruh Fock states® to the pseudothermal den-
sity matrix on R+ and R—. We give the name “pseudo-
thermal” density matrix to those infinite term density
AbHldt ”’b"d‘( )

matrices like Py , that slightly deviates from

2They stand for the Fock states of the Unruh wave modes
number eigenstates excited on Minkowski vacuum. Similarly, we
would have Minkowski-Plane wave Fock states, etc.
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the canonical ensemble. Also, notice that the pseudother-
mal density matrix cannot be constructed as the linear
combination of a canonical ensemble and the excitation of
the required number of certain momentum. The physical
meaning of this fact is that the pseudothermal density
matrix originated from the entanglement of excited states
across the event horizon is distinguishable from the
excitation on one of the Rindler wedges backlighted by
the thermal bath generated by the vacuum at the horizon.

In Sec. IIIB, we calculated the special cases for
Imns = 1010, 0101, and 1001. They each agree with the
general form Eq. (70). _

It is obvious that the matrices p%4"""®(¢) are linearly
independent in terms of the matrix summation algebra. What
is more, it is impossible for different Fock states, i.e., the
eigenstates corresponding to Klein-Gordon equation solu-
tions, |V 7;) s to be mapped into the same p ¢4 (¢)
linear combination because the /mns maximum coefficient
term for certain configuration |N;N), is given by

=n = a,m = s = . With the always positive coefficient

B(&|l,m), the p4""""? (g) linear combination obtained
from a distinct |V ;N ;) state is guaranteed to be different
from the pseudothermal density matrices linear combination
corresponding to other Unruh mode eigenstates.

However, it needs further discussion to clarify
whether each unique density matrix of the form
Y AGNIN DY o NING,| would be contracted into a

. A BT gt s . . . .
unique p% 7 "?"®(g) linear combination. The answer is

likely yes, but we leave it as an open question without
carrying out a concrete mathematical proof in the scope
of this paper. The complication comes from the contribu-

tion to the same ph 4"V (q) term from different

INING Yy p(NVINT,| terms, when two types of Unruh
modes exist simultaneously.

The toy model of our massive scalar experiences no
interaction other than gravity. Hence, in principle, any
slight deviation from the canonical ensemble in the density
matrix would be preserved during its propagation on a
Rindler wedge, without further thermalization from colli-
sions. An observer sitting away from the horizon on a
Rindler wedge can then measure the observables of this
density matrix, then infer the original state living across the
horizon on the Minkowski vacuum. When the acceleration
is small, we asymptotically go back to the inertial frame
case, where the pseudothermal density matrix is dominated
by a peak corresponding to the Minkowski vacuum
Unruh mode.

We are skipping the formal setups of the detectors and
the formal definitions of the observable operators here.” We
believe the measurement can be done in a fairly standard

3Something way more complicated than Unruh-DeWitt de-
tector is required to measure the frequency space details of the
density matrix.

way in the asymptotically flat region far from the Rindler
horizons. The measurement in the asymptotically flat
region is sufficient for learning the property of the
ensemble on any equal-time slice, because in our non-
interacting massive scalar field toy model, the density
matrix evolves trivially in energy-momentum eigenstates.

Remark.—The Boltzmann factor e~#"£o should be
treated exactly, carefully, without any approximation in
the rest of this paper, where E,, is the total energy for the
configuration V, not the physical total energy of the energy
eigenstate. Relabeling n, will only change the reference
zero energy point for every component in the density matrix

PUARP LN & .
PR """ (g). In some previous work, for example, the

Horowitz-Maldacena conjecture [32] paper, people
regarded this seemingly boring factor as an insignificant
algebraic label without tracking the details in it. This might
exactly be the approximation erasing all the information
that a contracted Rindler density matrix carries. Ey
depends on everything in the number eigenvalue configu-
ration . The coherent mismatch between the Boltzmann
factor of V" and the physical state [N, n, — 1)(NV,n, — 1|,
for example, is telling the stories about the Minkowski pure
state before contracting a Rindler wedge out.

For an arbitrary Unruh mode eigenstate simultaneously
generated by both types of the creators, u* and v, those
three observations hold:

(i) The relationship between R— and R+ observer

density matrix is

PR (g) = pRr I (g). (1)

(ii) All the ph %" (q) components that appear in
the representation of a Rindler wedge contraction
for Unruh mode eigenstate obey the identity [ — m =
n —s = 0. Thus, pgy is always diagonal for Unruh
mode eigenstates.

(iii) Regardless of the Hilbert space on which they are
built, pseudothermal matrices have component-level
symmetry,

P (q) = Pty (). (72)
when the identity /—m =n —s holds. Without
losing generality i starts from 0, and the components
with indices smaller than ¢ of the matrix on the right-
hand side vanish. An illustration of this symmetry is
pP"?(q) and p74(q) in the single particle case in
Sec. 1.

The above features of the pseudothermal density matrices
grant us the same conclusion as the single particle case in
Sec. III, for an arbitrary Unruh mode eigenstate: The Von-
Neumann entropy S = —tr(plogp) on R+ or R— wedge
partition of an Unruh mode eigenstate has equal value.

However, the true physical implication of pseudothermal
density matrix features on the amount of entanglement and
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TABLE I. Creators and their visibility under different bases of the quantum field modes. Their definitions are
specified in Egs. (13)—(18). Minkowski plane waves and Minkowski Unruh modes are generated on the same
vacuum with different classical waveform decompositions, while Rindler observers’ creator and annihilation
operators are mixed in the Bogoliubov transformations from the former two. “Not visible” in the table means that a
generator or annihilator on one subspace of the manifold is not affecting the states excited on the other subspace of

PHYS. REV. D 107, 056014 (2023)

the manifold.

Creators Minkowski plane waves Minkowski Unruh modes R+ R-

ut, ot a’ - (b",d) or (d',b)

at : ut, ot (b%,d) or (d',b)

bt (a',a) (u',v) e Not visible
dt (a%,a) (u, ") Not visible

information might need more careful calculation with well-
defined metrics like negativity, relative entropy defined for
QFT, etc. [33,34], applied to the countably infinite dimen-
sional density matrix representation here. We leave it to
future works due to a lack of expertise on these topics.
Given the preemptive statements about the information
and entanglement metrics above, it is still useful to remind
ourselves that metrics are only handy algebraic compres-
sion of the information carried by the specific quantum
state or ensemble. The symmetry between partially traced
pr. and pp_ of Unruh eigenstates, at least, strongly implies
the equal measurability of a mode excited on maximal
foliation on both partitions separated by an event horizon.

R+ Foliation
R- Foliation

Minkowski Foliation
1

FIG. 1. The foliation structure of Minkowski metric and
Rindler metric. Blue horizontal lines are the equal time slices
under Minkowski foliation, and the inclined straight lines going
through the origin from green to orange are the equal time slices
under Rindler foliation. The flow of time is forward for R+ and
backward for R— observer, with respect to the time flow for a
Minkowski observer.

Only the mode generated on a Rindler vacuum, namely
the particle defined with respect to the proper time of the
accelerated observer, is absolutely not detectable on the
complementary Rindler wedge. The representation of a mode
generated by different types of creators is summarized in
Table 1. The foliation structures of the Minkowski <> R+,
R— spacetime are illustrated in Fig. 1.

V. A POTENTIAL SOLUTION TO THE BLACK
HOLE INFORMATION PARADOX WITHOUT
QUANTUM GRAVITY

In this section, we will explore the applicability of the
results in Secs. III and IV on the Kruskal-Schwarzschild
relative noninertial frames pair. To analogously find the
mapping like (Minkowski-Unruh Fock space density matrix
<> R4 pseudothermal density matrix) in the previous
section for the (infalling, black-hole-forming star density
matrix <> Schwarzschild outside/inside pseudothermal den-
sity matrix) duality, we need two conditions to be satisfied:

(1) Condition I: A positive frequency mode under
Kruskal foliation consists of a mixture of positive
and negative frequency modes under Schwarzschild
inner and outer foliation.

(i) Condition 2: The infalling positive frequency plane
waves inside the collapsing shells are imprinted as
Kruskal positive frequency boundary conditions on
the past event horizon, which is an effective extrapo-
lation of the collapsing shell metric toward infin-
ite past.

Why do we need (but possibly, not only need) these two
conditions for the purpose of extracting information from a
black hole using the generalized Unruh effect? The
importance of the first condition is plain to see, as it is
the trigger of any generalized Unruh effect discussed in
Sec. I. The mixture of positive and negative frequency
modes results in the mixture of creation and annihilation
operators thus leading to the informative entanglement
between two partitions of the manifold, R+ /R— or
outside/inside the event horizon.

The second condition echoes an existing type of view
that the information of a collapsed black hole is imprinted
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on its event horizon, or some deformation/stretching of that
surface [35,36]. They are largely stimulated by the holog-
raphy, AdS/CFT line of thoughts [37,38]. This work shares
many common grounds with them, with one obvious
difference. We take a look at the postulates of Susskind
et al.’s work [36] as an example. Their postulate 2 and 3, the
semiclassical field equations and discrete energy level of
the field living on black hole metric, are adopted in this
work as well. However, we deliberately break the unitarity
from their postulate 1 in the process of formation and
evaporation of the black hole. The mapping we investigate
is between the density matrix generated by maximal
foliation eigenstates and the pseudothermal density matrix
subset in the full density matrix set generated by the
partitioned spacetime manifold eigenstates. A pure state
in the former is mapped into a highly stochastic pseudo-
thermal ensemble in the latter, but we will see that the
information imprinted on the past horizon should still be
retrievable to a certain extent due to the coherent excitation
on the stochastic background.

A chronicle way to understand the relationship between
these two conditions is that condition 2 resolves an ingoing
field mode living on an evolving astrophysical black hole
metric into an approximated boundary condition, at the past
event horizon, which is an extrapolation of collapsing shell
metric to the infinite past. Condition 1 secures the solution
of outgoing ensemble under the boundary condition
granted by condition 2.

Remark.—One potential strategy to connect our result to
those previous works postulating unitarity is to define the
thermal ensemble modulo the temperature as the vacuum
state, and any pseudothermal ensemble that deviates from the
thermal ensemble as excited states. Such a new formalism
should redefine the unitarity on the basis of a thermal and
pseudothermal ensemble instead of the old-fashioned pure
states, which could be regarded as a special case of 7' = 0.
More discussion towards the end of Sec. V B.

Since the two conditions are fairly standard in previous
literature on the black hole information problem topic, it is
an option for experienced readers to treat them as standard
postulates and jump ahead to Sec. V B. The following
Secs. VA and VA 1 are dedicated to arguing the validity of
the two conditions by painting more details on the original
arguments made by [1], which demonstrated the feasibility
of approximating the collapsing shell information by the
positive Kruskal frequency boundary conditions living on
the past horizon of the Schwarzschild black hole. The
improvements here are that our calculations will be in 4D
spacetime and that we will try to amend some minor errors
in [1] along the road.

In any case, once the two conditions above hold, the
calculations and arguments for the generalized Unruh
effect in Minkowski/Rindler case after Eq. (25) naturally
follow. Because the explicit expression of the metric or the
Klein-Gordon equation solutions is not used anywhere in the

derivation about the quantum mechanical aspect of the
problem, after canonical quantization.

Now let us start from the Schwarzschild and Kruskal
metrics, using the conventions in [1] Egs. (2.20) and (2.25).

A. Mixture of positive and negative frequency modes
across the asymptotic event horizon

The Schwarzschild metric,
ds*> = (1 -=2M/r)d* — (1 —=2M/r)~'dr?
— r2(d0* + sin® 0d¢?). (73)

Under a coordinate transformation, it can be written as
Kruskal metric [39],

e—r/ZM
ds* =2M

dudV — r*(d6* +sin> 0d¢?*)  (74)
p

U = —4Mealt=r=2M0n =) = for r > 2M  (75)
U = dMe—mit=r=2MIn(1=553)  for r < 2M (76)
V = 4Mem(t+r+2MIn 1), for r>2M (77)
V = 4MemHr2Mn(=39) - for p < 2M.  (78)
There are multiple ways to write down the Kruskal coor-
dinates, and our expression here is consistent with the
Kruskal diagram with Schwarzschild chart as shown
in Fig. 2.
The relationship,

U=T-X (79)
V=T+X (80)

is always satisfied, for region I,

T =4M ﬁ — 1¢"/*¥ sinh t/4M (81)

X = 4M ﬁ — 1e"/*M cosht/4M, (82)

and region II,

T=4M,/1 - ﬁe’/‘w cosh t/4M (83)
X =4M /1 - ﬁe’/‘w sinh 1/4M. (84)

Here, we do not extend the original Schwarzschild
spacetime; instead, we glue together the past outgoing
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horizon and the future outgoing horizon so that the two
regions are connected through the surface ¢ — —oo,
r =2M. Without losing generality, it can be done by
enforcing boundary condition ¢(U — +o0) = (U — —).
For an astrophysical black hole, regions I and II are
sufficient to describe the physics we care about. Such an
eternally existing Kruskal manifold exactly expressed by
Eq. (74) is only a far field ideal approximation of the
collapsing shell metric that we will consider in the next
subsection, so we do not need to worry too much about the
singularity at » = 0 and the artificially exerted periodicity
at infinitely far past and future outgoing event horizons.

Remark.—Considering the bounded distance in the light
cone coordinate where asymptotic Schwarzschild approxi-
mation is valid, as an evaporating black hole only exists in
finite time, the outgoing light cone coordinate boundary
conditions at far past and future outgoing horizon should be
at finite extremals (U = Uyay) = ¢(U = Upyp). The
finiteness of the astrophysical black hole naturally dis-
cretizes the energy levels @ of the system. The argument
here does not remove the assumption of discrete energy
levels; instead, it is just a self-consistency check.

Since confining to the regions I and II of the Kruskal
metric grants us only one outgoing/past horizon and
ingoing/future horizon, we will use each pair of the words
interchangeably in the following text.

In Kruskal metric, the covariant vector % is Killing on
the past horizon V =0, and % is Killing on the future
horizon U = 0. The proof is briefly shown as follows.

05601

Kruskal metric with Schwarzschild coordinates charted. Green arrows are local timelike killing directions.

Labeling the coordinates (U, V,0,y), we can check the
Killing vector conditions for covariant vectors &,

(1,0,0,0) and &Y = (0,1,0,0),

or
Vﬂfﬁj + vyé}tj = _2F2v = MOCSUOZgOlglO.rﬁ =0. (85)
Substituting Egs. (75)—(78) in, we get [40]
uv
=2M(1+ Wyl — |, 86
g ( i 0<I6M2e)> (86)

where Wy (z) is the positive branch of Lambert W function
[40]. On both future and past horizons, UV = 0, and the
derivative of Lambert W function W{(0) = 1. On past
horizon, V = 0, hence g—l’j =0and % is killing, vice versa.

Hence, on the past horizon H~, V = 0, the solutions to
the Klein-Gordon equation for a scalar field in Kruskal
coordinates are featured by the modes =Y. The positive
frequency modes are those analytic and bound in the lower
half complex plane of Im(U) < 0. Similarly, the decom-
position of Kruskal modes at the future horizon is repre-
sented by e~V due to the killing of the timelike vector
field 22 in that region.

After discussing the eigenmodes on the maximal foli-
ation in the Kruskal metric, we now look into the field
equation solutions in the Schwarzschild metric. [1] showed
that the semiclassical field solutions in Schwarzschild
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metric near the horizon are representable by a set of
eigenmodes e e where r, =r+2MIn(5; — 1)
outside the horizon and r, = r+2MIn(1 —5%;) inside
the horizon. We can denote the inner and outer near-
horizon solutions by

) e2ﬂMwe:ti(ute:tiwr* for r < 2M
070 = { e EA )
0, for r > 2M,

¢0m(t *) { e—ZnMweﬂ:iwteiiwr*’ for r > M (88)
w \[, T )=
0, for r < 2M,

with the same mathematical expression modulo a normali-
zation factor, but vanish on the complementary side. We
also assume a normalization factor difference e®>*M¢
between inside and outside modes possibly due to the
volume difference between two partitions of the 4D

subspacetime.
By observing Egs. (75)—(78), we notice that
U i4Mw )
(m) =l U0 (89)
U i4Mw .
(‘ m) = el U<0, (90)

on the real axis of U. Inside the horizon, r, is the timelike
direction; hence, the expression above implies the mixture
of the positive frequency ¢ modes outside the horizon and
negative frequency r, modes inside the horizon, with the
same frequency amplitude.

The left-hand side expression in Egs. (89) and (90)
satisfies the condition of being bound in the lower half
complex plane for U. Next, we combine them in a way that
secures analyticity along the full U real axis. Notice that the
Kruskal-Unruh mode ¢,,(U) should be continuous across
U = 0, and the first derivative is nonzero (those Kruskal-
Unruh modes are supposed to be the free-falling fields that
actually travel across the horizon, i.e., nonzero flux there).
A relatively opposite sign between U >0 and U <0
regimes in the above expressions is then necessary.
Otherwise, they are out of phase across U = 0.

Combining our knowledge about the positive frequency
Kruskal U modes and their relation with Schwarzschild
eigenmodes, we can write down the decomposition,

$(U) o (M0 (1, %) = e72M0 g1 (1, 1))
(_%>i4Mw’ U<0

& _<%)54Mw7 U>0’ (o1)

when constrained to the real axis of U, as illustrated in
Fig. 3. ¢2“/™(¢,r*) are the positive frequency modes

1.0

0.5+

& 0.0

_05-

_1.0'
-2.0 -1.5 -1.0 —=0.5 0.0 05 1.0 1.5 2.0
U

FIG. 3. A Kruskal Unruh mode expressed in Eq. (91) modulo

. . _ 5”
normalization factor. @ = gy NI

corresponding to each of their own timelike coordinates.
out(¢, r*) is outgoing from the horizon, and ¢(r*, 1) is
also departing from the horizon on the other side.

By observing the mathematical expression of the Unruh
modes in Eq. (91), we notice that the Unruh modes are
basically the plane waves in —log U space, instead of the
normal plane waves in U space (e~*V). And it is these
Unruh mode frequencies in —log U space, not the plane
waves with respect to the Kruskal lightcone coordinate U,
that determines the Schwarzschild plane wave frequencies
corresponding to the ¢ foliation infinitely far way from the
horizon. This point can be clearly seen from the Eq. (90),
where the equality is connecting a Kruskal-Unruh mode on
the left-hand side and a Schwarzschild plane wave mode
outside/inside the horizon on the right-hand side.

Before we depart from this section, we would like to
stress again that the neat eternal black hole considered here
is only an asymptotic approximation of the collapsing shell
metric representing an astrophysical black hole, in its most
condensed limit. It is well known that an observer outside a
Schwarzschild radius will never witness the exact accretion
of an ingoing particle onto the event horizon, in the sense
that such an event is not on any of the equal-time Cauchy
surfaces of the outside observer. On the other hand,
Schwarzschild metric is always a valid local approximation
of the metric near an observer, outside a sphere enclosing a
bulk of mass. From this perspective of view, all massive
objects are gravitationally thermalized and evaporating.
The formation of an event horizon exactly at r, corre-
sponding to the enclosed mass is never accomplished
before the evaporation of the asymptotic black hole, from
the perspective of view of any observer outside the sphere.
In other words, quite intuitively, singularity does not

4Fal]ing inward might be a confusing way to put it, although
people are used to saying so. Let us not be fooled by the letter
label, and remember that r is timelike inside the horizon. ¢
increase with increasing r* (along the time flow) is the most
accurate description for mode ¢ (r*, 7).
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emerge in the collapse of an astrophysical black hole, no
matter how seemingly close it is to an exact event horizon;
the existence of a global event horizon is equivalent to the
existence of a singularity, or a defect of the spacetime
manifold from the first place.

On this note, the question “what if a particle falls into the
black hole event horizon” is actually a problematic, even if
not completely wrong question to be asked by an observer
outside the horizon, because it is incompatible with the
locality of physics rules. In general relativity, the physics
rules, represented by some equations of motion for the
fields, are the same in different reference frames. Such
consistency is known to be broken when the measurements
from different reference frames are used in a single set of
equations.” We often confusingly find ourselves in the
paradox of infinite redshift or diverging energy-momentum
density at the black hole horizon, or information loss after
reaching the exact event horizon. It is likely only because
we were carrying out illegal maths that simultaneously
admit the measurements by different observers. An
observer that has appeared outside the horizon far past,
at the exact event horizon, and outside the horizon far future
does not exist.

A reasonable speculation is that an eternal black hole
with an event horizon can only exist as a conceptual
approximation, not in the real physical world. It is in the
stance of an infinitely extending metal plate in the electro-
dynamic problems when we concern about physics instead
of maths.

Remark.—In two special cases, (Minkowski <> Rindler)
and (Schwarzschild <» Kruskal) noninertial frame pairs,
we found the opposite time-flow phenomena on a shared
Cauchy surface in those diffeomorphism connected metric
pairs of the same (+, —, —, —) pseudo-Riemannian mani-
fold. Inertial frame pairs, connected by special diffeo-
morphisms generated by Poincaré groups, do not have
opposite time flows. To be more specific, in the
(Minkowski <> Rindler) case, for a flat manifold with
no singularity, as shown in Fig. 1, on t = 7 = 0 Cauchy
surface (2, 2)[z, > 0 while (2,2)|;_ < 0. Similarly, in
the (Schwarzschild <> Kruskal) case for a flat manifold
with a singularity, on the Cauchy surface, the past horizon
‘H~, that is shared by both foliation structures,
G+ a)low > 0, while (57, 55)|in < 0. Notice that the
time-flow direction is not specified by being labeled by
some letter related to “t,” but is determined as the killing
direction with non-negative signature. We suspect that this
kind of spacetime foliation structure is what truly underlies
the Unruh effects; yet, the differential manifold knowledge
required to unveil the fundamentals of such phenomena in

>For example, Einstein equations are bound to be broken if we
use the Ricci curvature expressed Newtonian gauge and energy-
momentum tensor expressed in synchronous gauge.

general noninertial frame pairs is beyond our reach in
this paper.

The outcome of the above opposite foliation structure
after quantization manifests as follows. In noninertial frame
problems, the Hilbert spaces of advanced (one-way) time-
evolving states do not coincide entirely in two ways of
foliation. When we write down the exact equality between
the states in two relatively accelerating frames, formally it
is done in a more inclusive Hilbert space that incorporates
both advanced and retarded field solutions, or states, after
quantization. Those retarded states vanish soon enough into
the investigation under the lower-bounded algebra we
defined, a|0) = 0.

1. Ingoing modes inside the shell
of a collapsing shell metric

In this section, we will move on to the discussion of
astrophysical black holes that form and evaporate in a finite
lifetime. The goal is to verify the condition 2, which helps
argue that the infalling positive frequency modes can be
represented by the Kruskal outgoing horizon positive
frequency modes. The Penrose diagram of such a finite-
lifetime black hole is illustrated in Fig. 4.

The scalar field modes that start evolving from the past
Cauchy surface i~ for u =0 or Z~ for u #0 can be
classified into two types: one never travels near the black
hole horizon during the finite lifetime of an astrophysical
black hole, and the other has substantial amplitude near the
horizon [¢(ry < r < rg+ &) > €, for t during 7py]. We call
them transmitted and reflected modes, respectively. The
transmitted modes are those matters floating around the
black hole and never get close enough to them, thus are not
plagued by the black hole information problem; they
unitarily evolve from the past before black hole formation
to the future after black hole evaporation. The reflected
modes travel through the horizon, and they are the main
investigation objects in any black hole information
problems.

The four-dimensional collapsing shell metric, general-
ized from the 2D collapse from [1], can be written as

N

dr* — dr?, r < R(r)
ds* = N (92)
(1 —%)dtz—l_g;/r, r> R(z).
The shell radius is given by
N Ry, <0
R() = { ’ (93)
Ry—vz, 7>0.

The collapsing shell approximately describes such a
physical system, where a shell of matter shrinks its size
at velocity v. The collapsing of a bulky distribution of the
matter, or the additional matter accreting onto an existing
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it Il Reflected
Hl Transmitted

FIG. 4. A finite-lifetime black hole. The blue arrow denotes the
transmitted scalar field modes that have negligible amplitude near
the horizon; They are the matters floating around and never get
absorbed into the black hole. The red arrow denotes the modes
reflected by the event horizon.

black hole could be decomposed by layers of collapsing
shells with the in shell metric modified from the completely
flat Minkowski one. We do not consider the backreaction of
the field on the metric. Hence, strictly speaking, the
retrieval of the information calculation in the following
subsection based on the current subsection is only for the
perturbative part of the whole chunk of collapsed mass. A
complete, nonlinear level analysis is not available until the
|

puzzle of curved spacetime and quantum field theory
unification is fully resolved, i.e., the inclusive formulation
of gravitational and particle interactions.

It is assumed that v is fast enough 1 — v < Rﬁ% < 1 for
simplicity in the later calculations. Using light cone
coordinates,

U=r1t-r+R,, V=1t+r—-Ry (94)

n=t—r,+ Ry, v=1t+r,— Ry, (95)

we can rewrite the collapsing shell metric as

inside the shell
outside the shell -
(96)

2

{ dUdV — r2dQ?,
(1 —2M/r)duds — r*dQ?

it, v, U, V are related by the condition that the ds on the
shell match each other expressed by in shell or out shell
coordinates [1],

_1 _

( —%) 2, a,U<0
du RGL) [v+ <1 _2M(1—y2)> 1/2}’
Za mdam a6

a,U>0
(97)
_1 —
(1—%{) 2 7,7 <0

We put a bar on these light cone coordinates to
distinguish them from the Kruskal metric ones in the
previous subsection.

The Klein-Gordon equation for the massive scalar in this collapsing shell coordinate becomes

r21£¢+r ﬂ% _
oU oV oU oV ~ oV oU sin @ 00

ar 0 1 9 9 1 &
+ 2 ¢>——— (sine%gs) ¢ — 12’ =0 in shell (99)

~ sin20 Py

2M\-1 0 0 2M\-1 (9rdp  ordg o[ 0 1 &
()29 | Y (e oroP) L 9 (G0l ) T 12Pp=0 outshell.
d ( > ‘Hr( r> ( + > sin0.00 (sm ae¢) sintg gy P TH 9 =0 outshe

r 0l 0D 0l v ' v o

(100)

The angular part of the scalar field can be solved by spherical harmonics. The remaining light cone coordinate dependent

part of the scalar field ¢(U, V) resolves into
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o a g

P——¢+r—+(+1)p—pu>r’¢ =0 in shell

oU oV or

ou 0v ou 0v

(=)
r

Even for a nonspinning Schwarzschild black hole, the
scalar field solution in general does not have / exactly equal
to zero. The non-exact-zero of the angular momentum for
most of the scalar field modes forms a centrifugal barrier
that leads to the ¢(r = 0) = 0 solution for the in shell
equation of motion (101).

We are interested in the ¢ modes behavior near the
horizon when the shell approaches the horizon. This
condition specifies the final stage of the collapse
M, t — +o0. The approaching to infinity of the
out-shell time ¢ when R(z) indefinitely approaches 2M
demonstrates that for an observer outside the shell (

diverges ~

T —

o 2M) the black hole event horizon only forms

asymptotically. Outside the shell, near the horizon, as (1 —
2M/r)~! diverges and % %~0 the first term of the
equation of motion dominates, and the equation of motion
simplifies to

__¢ 0,

Out shell, t —» +o0,r — 2M.
il 0V

(103)

This equation is solved by

Out shell, t - +oo0,r - 2M.
(104)

$(i. v) = f(0) + g(@),

We assume the continuity of the scalar field across the
shell, and we know that according to Egs. (97) and (98),
it = U(U) and = V(V), where " denotes a single variable
function. Namely, out/ingoing light cone coordinates do not
mix from the ds matching at the shell. Thus, we can adopt
the ansatz for in shell equation of motion solution near the
horizon with the same form,

R, —2M

$(U,V)=F(V)+G(U), Inshell,r— ,r—2M.

(105)

The continuum of ¢ across the shell near the horizon
further implies

F(V(2)).9(a) = G(U(w)).

The &(U) and #(V) dependent functions are outgoing and
ingoing modes, respectively.

f(v) = (106)

lii(ﬁ <1 _27M> (ar ()¢+ or 0¢) + (6 + 1) —u’r’¢p =0 out shell.

(101)

102
o0v o (102)

The centrifugal barrier effect discussed in the previous
paragraphs tells us ¢(r = 0) = F(V) + G(U) = 0. Strictly
speaking, the separable ansatz is only justified near
r = 2M; thus, the possible oscillatory motion between 0 <
r < 2M might modify this condition by a phase shift, but it
is unimportant for the following derivations. Inside the
shell, along r =0 worldline, we have the relationship
U -V =2R,. Thus, the 1D functions F(x) and G(x)
has the following relationship:

G(x) = —F(x —2Ry). (107)
Combining Egs. (106) and (107), we get
g(i) = =F(U (&) = 2Ry). (108)

Remember that the metric, thus the equation of motion
inside the shell, is simply of flat spacetime. Hence, the
collapsing modes whose wavefronts evolve with decreasing
r as 7 increases could be represented by the positive

frequency modes F(V)~ e @V just inside the shell.®
These modes, when leaving the past horizon of Kruskal
spacetime, are reflected into ¢(#) in the form,

g(it) ~ — iU @)-2Ry) (109)

A physics interpretation is that the infalling mode is
bounced back by the centrifugal barrier at » = 0 (possibly
with a phase shift).

We use ~ symbol to waive the careful treatment of
normalization factors, only focusing on the spacetime
coordinates dependence of a mode.

By integrating Eq. (97), at O(1 — v) order, we have [1]

(1-2M/R,)~'/20, U<0
a(U)=< —4MIn(1-vU/[(1 +v)(Ry—2M)])
+U+0(1 -v), U>0
(110)

®Whether u =0 or not is unimportant here; the positive
frequency modes solution for massive or massless particles have
the same form.
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Here, v is the collapsing rate, which we assumed to be close
to 1, thus a rapid collapse. In the final stage of collapse

near horizon, we have 7 — R"ZZM,r — 2M; hence, U —
(Ry —2M)(v + 1)/v. In this region, U is positive, and the
log term dominates over the linear term. Thus, at the past

horizon of Kruskal metric, we have

1+v
v

Ua) ~ (Ry = 2M)[1 — e~#/4M)] - (111)

Now we proceed to connect the collapsing shell picture
with the black hole picture discussed in the previous
subsection. Imagine that we have an observer sitting at
r, > Ry. The scalar field perturbative part has negligible
backreaction on the metric, so this observer does not need
to know the exact dynamics inside the shell to figure out the
evolution of the scalar field local at r,. An eternal black
hole and a collapsing shell have the same effective metric
locally near r,. Thus, the evolution of the scalar field near
the region of a distant observer in a collapsing shell metric
is representable by the evolution of the scalar field in an
eternal black hole metric. The dynamics of the scalar field
happening inside the shell are imprinted as the boundary
conditions at the asymptotic black hole event horizon
extrapolated to t - —o0.

Matching the r and ¢ coordinates of the collapsing shell
metric and the imaginary eternal Schwarzschild black hole
metric, the eternal black hole Kruskal metric light cone
coordinate U defined in Eq. (78) is related to the collapsing
shell light cone coordinate outside the shell by
U = —e~(#-Ro=2MIn(Ry=2M))/4M _ qych matching should be
asymptotically exact out shell in the far future, towards the
final stage of the collapse.

Thus, we see an in shell ingoing mode (V) ~
eventually evolves into

e—iQV

(U ~ i, (112)
on the asymptotic event horizon, which is effectively a
boundary condition for far observers. £ is a redshift factor
&= %\/RO — 2Me‘f_a(}, always positive. Thus, each pos-
itive frequency eV mode is mapped into a positive
frequency e~*V mode after a long time of evolution, and
they each could be decomposed into the Schwarzschild
positive and negative frequency modes mixture outside and
inside the asymptotic event horizon.

Remark.—The approach in this note could be regarded as
a realization of the Horowitz-Maldacena conjecture [32] in
some sense. There, they assumed the infalling state is
entangled with the vacuum (perfectly thermal after tracing
out the external part) Unruh state inside the horizon. This
note shows that this extra entanglement is redundant—the
Unrubh state itself can be richer than a pure vacuum and sets
up the boundary conditions.

B. The one-to-one mapping between infalling
physical states and outside-horizon
pseudothermal physical states

We have seen in Sec. IV that, when there are two types
of Unruh modes generated simultaneously in a spacetime,
it was quite difficult to identify the invertible mapping
between the density matrix space generated by the Unruh
Fock space and the p vectors. Because when we have
both the type I and the type II Unruh modes, even for a
basis Fock state, there are multiple 5" terms due to the
necessity to commute 5’ and b coming from u' and v,
Things are more approachable in the Kruskal-
Schwarzschild duality where we only have one type of
Unruh mode moving outwards. In this section, we will try
to identify the invertible mapping from an arbitrary
density matrix in the Kruskal-Unruh eigenmodes Fock
space to the p/""S-basis-spanned subspace of the density
matrices generated by the Schwarzschild outside-horizon
eigenmodes Fock space. We will be focusing on the states
for a single momentum ¢ in the rest of this section, as the
proof of the invertible mapping in this section can be
trivially generalized given the commutativeness of the
operators with different momenta.

Canonically quantizing the Eq. (91), we get the expres-
sion of the Unruh creator in terms of the outside creator and
the inside annihilator,

. 1
_ Moyt _ ,~2aM
uy = (e7M@by — e=>™M0d ),

(113)
v2sinh4zMw

where u' is the Unruh creator which generates a positive
frequency mode on the past horizon of Kruskal spacetime.
b', d" are the Schwarzschild creators outside and inside the
horizon. As usual, they each do nothing on the comple-
mentary side.

A most general Hermitian density matrix built on
the Unruh Fock space with a fixed momentum g, @, is
given by

pK = ZAalaz |a1> <a2

ay,0)

, (114)

where A}, = Ay, t1(Ay,) =1 and the matrix is
positive semidefinite. a;, a, are the non-negative integers,
and |a) is the normalized state with @ Unruh particles of

momentum ¢,

1
@) = —=u"|0)¢

Va!

1 .
= —— e "M (2 sinh dxMw)*/?b7*§)0) ,

= (115)

056014-16



GENERALIZED UNRUH EFFECT: A POTENTIAL RESOLUTION ...

PHYS. REV. D 107, 056014 (2023)

where we used the commutation relations [b',d] =0,
[d,S] = e=*M®8pT The index K means Kruskal, S
Schwarzschild, O outside the Schwarzschild horizon,
and [ inside the Schwarzschild horizon.

The general pX above should be able to describe any
possible infalling states/ensembles at the perturbative level.
We contract out the states inside the Schwarzschild horizon
to find the density matrix outside the horizon,

[Se]
aj+ay

A pTap pa _ .
pb b _ 72, 2/[M((1|+112)a)(281nh4”Mw) 5

N .ny,=0

(ng+a;)!
nglay!

Cng+ay,oy) = is the binomial coefficient, and

Z72 is the partition function.

As discussed in Sec. IV, we call a set of basis
matrices for the outside-horizon physics, just like pX =
|a;)(ay| on the Kruskal side, because they are linearly
independent of each other in terms of matrix summation
algebra. The diagonal ones p"“*" are also properly nor-

malized; hence, a normalized, positive semidefinite, and
phar pa

Ab)‘-”l h®
P

Hermitian density matrix p is safely traced into a
normalized, positive semidefinite, and Hermitian density
matrix p°. The expression of p@ =37, . Ag o, PP s
unique, and we have built a one-to-one mapping between
the set of arbitrary Kruskal positive frequency modes
density matrices and a subset of the outside-horizon density
matrices spanned by the normalized linear combination of

pseudothermal density matrices p? 5.

The space of p?(A,,,,), or the subspace of the density
matrices being a normalized linear combination of the
pseudothermal density matrices, apparently is not the full
density matrix space for the physical ensembles living
outside the horizon, and it should not be. For example,
p? =la)y olal, a pure state living outside the horizon,
cannot be decomposed into p?“'” basis at nonzero
temperature 7. One might wonder how we mapped a full
density matrix space into a subspace of density matrices,
but it is not mysterious at all for infinite element groups—
consider how one-to-one mapping can be easily built
between integers and positive integers. The surface gravity
with respect to a specific observer raises the ground state of
that observer by a thermal ensemble at the temperature
corresponding to the surface gravity. Such a gravitational
thermalization could have memorizing feature; i.e., the
original Kruskal density matrix pX could be a thermal/
pseudothermal density matrix itself, at a different temper-
ature. We will encounter such a scenario when approxi-
mating the collapsing astrophysical black hole by layers of
collapsing shell metrics, which we leave for future works.

PO (Ana) = Y 1IN FIN), (116)
N

_ ApTar pao
- E Aalazp ’

ajoy

(117)

where the basis matrices p? “'*™ are the special cases of

Eq. (70) with [ = a;,m =0,n = ap, s = 0,

Z e‘g”MEtm\/C(nq +a1.a1)C(n,+ . ) |N,ng+ay) o 0N, n, +

(118)

A relativistic perspective of view is helpful to understand
such a phenomenon. The stance of inertial and noninertial
frames are always interchangeable. The dimensionality of
their Hilbert space and density matrix space are infinity;
their density matrices have this one-to-one mapping that
could preserve the information from one space in the
subspace at a certain temperature of the other; their
Hilbert spaces are different spaces by definition, only with
isomorphic representation structure.

Given the particle state/density matrix describing the
collapsing history, one could analytically calculate the Page
curve; i.e., the information I, = Syem + Tr(p, log p,) from
the density matrix at each stage of the evaporation, using
the pseudothermal density matrices in Eq. (118). On a
rather loose end, the one-to-one mapping between density
matrices itself might be sufficient for us to use the degrees
of freedom counting argument in the original proof of Page
curve [41]. Without validation on the details here, we notice
that a recent work [42] starting from the same point as our
paper; i.e., the Unruh effect on excited states has already
presented a calculation of the Page curve in their
framework.

Remark.—As first mentioned in the remark block in
Sec. V, although the mapping from a pure state density
matrix to a mixed one is not unitary from a traditional
quantum mechanics point of view, the unitarity could be
“resumed” by redefining the states basis matrices labeled
by p¢"“'*" quantum numbers modulo temperature in this
supposedly nonunitary contracting operation. As long as
the one-to-one mapping holds, such formalism should be
feasible. The speculation is that we should probably change
the definition of the vacuum in our relativistic QFT theory.
We suspect that in an advanced representation of the
physical states living on certain curved spacetime manifold,
the vacuum should be defined as degenerating with any
thermal ensemble, and by acting creators on the traditional
vacuum or a thermal ensemble density matrix, instead of
state vector representation, we get a spectrum of excita-
tions. Actually, simple algebra shows that the hierarchy of
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AR N . .
pP 1" is connected by acting corresponding numbers of

creators and annihilators on both sides of a canonical
density matrix, multiplied by a normalization factor, in the
high-frequency/low-temperature limit. What is more, by
acting annihilator » on the ground state in this formalism,
the canonical ensemble, we obtain the first excitation on the

opposite side p9'<.

VI. CASE STUDY: SPECTRUM UNDER
DIFFERENT BASIS

We intuitively have a rough picture of the physics that
the pseudothermal density matrix represents. As briefly
mentioned in Sec. IV, p has a bump around specific
frequency sitting on top of a thermal ensemble.
However, it is still very elucidating to see the detailed
number counting and energy spectrum that an observer
would measure in the asymptotically flat regime. We will
go through the detailed calculation in this section.

Before we start, we would like to first specify several
presumptions and approximations. The first thing to stress is
again, that we are going to apply some quantum information
and computation techniques well-established for finite-
dimensional Hilbert space on the infinite-dimensional
Hilbert space. Specifically, in this section, we need to use
the concept of positive operator-valued measures (POVM)
for number/energy measurements. Secondly, we ignore the
gray-body factor, which causes a frequency dependent < 1
transmission rate across the potential barrier extended in the
intermediate region away from the black hole horizon. The
gray-body factor is well-studied in the particle packet
perspective of view for Hawking flux [43], and in our scalar
field eigenmode scenario, this effect originates from the
complicated form of the eigenmodes in the transition region
between the near horizon and asymptotically flat regions.
Recall that (only) in those two extreme regimes the Klein-
Gordon equation solutions have simple plane-wave-like
expressions in terms of ¢, r or r,, and they have <1
transmission rates in between captured by the gray-body
factor. We argue that since the gray-body factor is related to
the physics not in the immediate vicinity of the horizon, it
could be mounted separately later in the standard way from
previous literature. The result we present in this section are
not considering the gray-body factor and assume the trans-
mission rate T = 1.

To find the energy spectrum of a density matrix, we need
to calculate the expectation value (E(w)) as a function of
the frequency w. In quantum mechanics, the expectation
value of a positive operator-valued measure (POVM) for a
density matrix can be calculated as [44]

(8) = 0(oE) = Tr( YA, ) = SAuE) (119

where >, A, = 1 and Tr(p,) = 1. The energy in a certain
frequency E,, is a POVM of our system, and we calculate

the expectation value using the above equation, as a
function of frequency, to obtain the energy spectrum.

We start with a wave packet of Unruh modes living on
the outgoing horizon of the Schwarzschild black hole. We
express this Unruh wave packet of the quantized real scalar
field as follows:

)y = / * dog(w)ub|0) 5. (120)

where g(w) is the shape of an arbitrary wave packet, which
is normalized to unity,

f" dolg(@)]? = 1. (121)

The density matrix living outside the Schwarzschild
black hole horizon contracting out the inner physical states
is given by

p? = ZI<N|F>K k(TN (122)
N

Z/) A dwydw,g(w) g (w,)p" (w1, w,),  (123)

where p!!(w;, w,) is as in the Eq. (118).

Among all the p!'(w,, w,) terms, only the terms with
equal frequency @w; = w, = @ are contributing to the
diagonal terms in density matrix p—*"“diagonal” means
that a component is expressed as the direct product of two
identical states |N)(N|. With @, # w,, the two states of a
density matrix component, |\, n,, + 1) and [N, n,, + 1),
are never identical throughout all the configurations . For
the purpose of calculating the expectation value of a
POVM, we focus on the diagonal terms in the density
matrix from now on,

diag(p0) = / " dolg(@)PP (@), (124)

p'!(w) are the normalized density matrix components, with

Tr(p''(w)) = 1. Thus, for the measurement of energy
distributed to a specific frequency,
E, N) =n,o, (125)

the energy expectation value over the full density p© in dew
band can be decomposed into

(E,) = Tr(E,p°) (126)

— [ dwlgta o) (127)

where
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(Ey (') = Tr(E,

pH () (128)

is the energy spectrum for a specific single Unruh mode
contracted normalized pseudothermal density matrix
ﬁl 1 ( w/)'

Next, we refer to the traditional derivation of the Planck
formula to calculate (E,, (w')) [45,46]. Because p!'! (@) is
normalized and the distribution of the occupation number
of a frequency is uncorrelated with other frequencies
(multiplicative coefficients for each frequency in all the
density matrix elements), we can calculate the expectation
of the energy of a frequency w as

anpw’(w’ nw)ew
anpa)’ (0), na)) ’

(Eo)y = (129)

where p,/(w,n,) is the probability of we finding n,, of a
frequency in the configuration N, in a system prepared
with density matrix p!'!(@'). n, always run from 0 to co.

When w # &/, the distribution of (E,(®')) is plainly
Bose-Einstein for our massive scalar field, as p,,/ (o, n,,)
e—nw(u/ T’ 1

€y = N,w, Where T'= .

_ Zn Ow(n + 1)2 —ne/T

© —nw/T
5 ne

<Ew(w/ # 60)> = 0 —nw/T (130)
n=0¢€
—nw/T
@ Zn =0 dde (—w/T)
0 —mu/T (131)
n=0 ¢
d (1 _ —(u/T>_1
w o e
_ @ - (132)
(1 _ e—(u/T)
w
T (133)

For w = ', according to Eq. (118) with a; = a, =1,
P (@ 1yy) o (g 4 1)e0®/T e, = (n, + 1)'. This
distribution is manifestly different from the canonical one
for other frequencies, especially with the number counting
in frequency @ = ' starting from 1, instead of 0. It is this
relative difference, of @ = @' compared with other canoni-
cally occupied frequencies, recording the information of &’
corresponding to the original Unruh mode. Such difference
is nontrivial, i.e., cannot be eliminated by some sort of
relabeling of the number counting. The energy expectation
value of @ = ' frequency is given by

E, (0 =w)) = 134
(B (0! = o)) = g (134)
® o (n+ Dne™ /T +5°% (n+ 1)e /T (135)
© d (n+1)a)/T
n= Od( “/)
—(u/T Zn ()d —a)/T 5 e—(nJrZ)(u/T + d(efiw/T) ((1 _ e—(l)/T)—l _ 1)
= d —w/Ty-1 (136)
(e (I-e )7h=1)
/T f{j/r ; ((1 _ e—w/T)—l 1= e—w/T) + (1 _ e—w/T)—Z
- de™) (137)
(1 _ e—w/T)—Z
2 —-w/T 1= —w/T\-3 1= —w/T\-2
_ o) 4 (1= e (138)
(1 _ e—w/T)—2
e?/T 41
|
Supposing that the discrete energy levels labeled by @ and , W . . e /T
@' are distinguishable at discretization unit h,, we can (Ey(0)) = /T _ ] +6(0' — @)how /T _ (140)

combine the expression of (E, (o' #w)) and (E,(0'=o))
into a delta function,

Similarly, the number counting spectrum,
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o' w/T
i, (@) = ——— + 8(a —a))hoi. (141) (E,) :LMO@(@)P%. (142)
@ ew/T -1 ew’/T -1 @ ew/T -1 ea;/T -1

Substituting (E, (@")) back to Eq. (127), the integration The delta function 5(w’ — w) for each individual p!!
gives us,

ensures us the simple convolution with the Unruh wave

O-O4< YN
= ~ 1
30.02 N |
> ~ / \
0.00. : : 01/ , ,
0 5 10 0 5 10
w w
004‘ Va \\‘
. R
30.02 W N\
> ~
0.00 : , 01/ , ,
0 5 10 0 5 10
w w
0.04
o~ ﬁ» AN
30.02 3/
9 ~
0.00 : , 01/ , —
0 5 10 0 5 10
w w
0.04 4
30.02 371
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0.00L. , , o~ —
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w w

FIG. 5.

Left panels: the Gaussian wave packets of type-I Unruh modes. Right panels: the energy spectrum on R+ (or outside the
horizon), after tracing out the states on R— (or inside the horizon).
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showing how the deviation of the Hawking radiation from a
perfect blackbody spectrum incorporates the information of
the waveform of the specific in-going excitation. Notice
that the low-temperature limit 7 — 0 of Eq. (142) goes
back to the inertial frame result,

packet in the pseudothermal spectrum. The first term gives
us a blackbody radiation spectrum, while the second term
enhances the power by a factor of hy|g(w)|?e®/”. This
result echoes the stimulated Hawking radiation by Jiirgen
Audretsch and Rainer Miiller in 1992 [27], with a focus on

(Ew)
Q e

(Ew)
Q e

o
ol
=
o
o
ol
=
o

w w
1 /\ 3 /\
3 3
u y
0 5 10 0 5 10
w w
i R : /\
3 34
u y
0 5 10 0 5 10
w w
4
AlA
W 2
01; , : 01, : :
0 5 10 0 5 10
W w

FIG. 6. Left panels: the energy spectrum on R— (or inside the horizon), after tracing out the states on R+ (or outside the horizon).
Right panels: the energy spectrum on R+ (or outside the horizon), after tracing out the states on R— (or inside the horizon). The parity is
broken by the asymptotic direction of the initial Unruh mode.
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(Eo)l7—0 = |g(@)*hoo. (143)

In Fig. 5, we illustrate several Gaussian g¢(w) =
(w—u)o)z
«?  wave packets and their corresponding

T
energy spectrum (E,) measured by an observer infinitely
far away outside the horizon. We multiply Eq. (142) by @?,
which is achievable by assuming a uniform angular modes
distribution, to compare with the blackbody radiation
spectrum depicted by the orange curves. We set the
frequency discretization constant sy = 1 for illustration
purposes. Actually, changing the excitation number in
Eq. (120) to a multiplies the second term in Eq. (142)
by a, so Fig. 5 could be physically achieved by a large
number of excitations setting ahy = 1. The subtlety is that
by contributing a nontrivial amount of energy into the
energy spectrum, the Unruh modes at the horizon presumed
to be perturbative might break the assumption of no
backreaction. Such complexity can be ignored for now
as the illustration here is only dedicated to showing that
there will be a featured deviation from the blackbody
spectrum in Hawking radiation, considering the generalized
Unruh effect.

The applicability of the above calculation of the pseu-
dothermal ensemble spectrum is wide, for example, we
could calculate the spectrum for higher number excitation,
realistic Unruh wave packets at the horizon, angular
distribution, fermion generalized Unruh effect, etc. The
technique in this section can be fairly straightforwardly
applied those further investigations into the collapsing
history of a black hole. In any case, hopefully, the amazing
bottom line has been illustrated by those plots in Fig. 5
clearly, that by observing the offset of the Hawking
radiation spectrum from the blackbody spectrum, we could
infer the information of the particles that have fallen into
the black hole. Again, our result is only valid at the
perturbative level.

Although we assumed a uniform angular distribution of
the infalling modes in our illustration, it is useful to notice
that the angular distribution of the infalling modes will be
preserved when they propagate out as Hawking radiations
for nonrotating Schwarzschild black holes. Because the
scalar field eigenmodes in Kruskal and Schwarzschild
metrics have the same angular dependent part. In reality,
the Hawking radiation for cosmological black holes is at
temperatures so low that it has never been observed. The
results obtained here might need to be tested in some other
laboratories like asteroidal mass primordial black holes,
which are still in the open window to take all the dark
matter [47], or at the particle horizons that could be
produced by accelerations or simulated systems in the
lab. The inflation and reheating research can also poten-
tially investigate the effect of the particle horizon formed
from the rapid expansion of the Universe using the
generalized Unruh effect as a tool.

Remark.—Back to the Rindler-Minkowski case. The
results shown by Fig. 5 are also representable for the p®
on R+ wedge starting from an excitation on the Minkowski
vacuum. The energy-frequency spectrum is very intuitive
here: The observer on R+ measures a peak on top of the
thermal bath whose temperature is proportional to the
acceleration; when the particle has very high energy com-
pared to the background temperature, the observation goes
back to Minkowski case; And when the acceleration is high,
the low-energy particle is buried under the hot thermal bath.
This serves as a decent sanity check of our result. The
implication for an R— observer coming after that is rather
counterintuitive. The spectrum of p?¢ calculated in the
similar way as p?” is shown in Fig. 6. Although at a much
lower amplitude, the same frequency bump caused by C(n +
1,1) =n+1 factor is always present in the spectrum
observed by an R— observer, just as implied by the equal
Von-Neumann entropy of p?” and p?’. Remember that the
Unruh mode we start from is a purely type-I mode in this case,
whose propagation asymptotically align with the trajectory
of an R+ observer. At the theoretical level, it seems that the
information of this oppositely traveling particle is not
completely lost on the R— wedge. The engraving of a piece
of information on a horizon seems to be equally observable
by both sides no matter which direction it is traveling.

VII. DISCUSSIONS

A. Assumptions and caveats

We would like to preemptively summarize the price for
the neat implication of this work. We could not exhaust the
potential problems, but we try our best to list the assump-
tions and caveats that come in at different steps of our
derivation in this paper here.

(1) The infinite dimensionality of the Hilbert space of a
quantum field theory system. By postulating the
scalar field energy levels (equation of motion solution
eigenvalues) to be discrete, we obtain an infinite but
countable dimension of the Hilbert space, thus the
density matrices. However, as far as we know, many
of the quantum information techniques under the
density matrix formalism used in this paper have only
been well-established for finite-dimensional quan-
tum systems. Since most of the pseudothermal
density matrices are well-behaved (diagonalizable),
the main concern is the normalizability of the density
matrix. We verify the normalization of Eq. (118) with
a; = a, by explicitly calculating the series summa-
tion backstage, and speculate that the consistent
physics interpretation should not be spoiled for no
reason. But truth be told, strictly speaking, the
normalization of pseudothermal density matrices p
is speculation at this point. Even if the normalization
has no problem, the direct applicability of quantum
information concepts like Von-Neumann entropy and
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POVM on infinite dimensional Hilbert space is still
an open question.

(2) The transformation between plane wave modes and
Unruh modes. As mentioned before, it takes a
transformation from =¥ and x~* basis to go from
one way of quantization to another. The exponential
relationships between the Fourier transform variable
here could cause severe blue- and redshifts. When
considering the discrete eigenvalues, such log-space
transformation poses a question of the energy level
structures that can truly span mutually complete
basis modes.

(3) The practical measurability of the pseudothermal
spectrum. The one-to-one mapping between an
arbitrary Unruh mode density matrix and the pseu-
dothermal density matrix vector only ensures the
conceptual invertibility of the operation. Due to the
high stochasticity of the pseudothermal ensemble,
the story could be stated in another way that the
information will indeed be buried under the thermal
bath. Even though there is coherent excitation on the
whole ensemble, it might be too weak to be detected.

(4) Enhanced emission from the black holes. An ob-
vious risk presents for the generally enhanced
Hawking radiation. In extreme cases, excitation
peaks could even potentially make a black hole
no longer black, when g(w) spectrum deposits its
energy in high frequencies. However, there is a
possibility that high-frequency emission spectra are
indeed allowed by the realistic black holes depend-
ing on their collapsing history: We could have
already observed them but could not distinguish
them from the bright accretion disc emissions, or
have attributed them to the unexplained diffuse
cosmic ray excess [48,49]. The enhanced Hawking
radiation will also accelerate the evaporation, which
brings in problems or opportunities depending on
the masses of the primordial black holes.

B. Generalized Unruh effect on other particle horizons

The general Unurh effect technique is in principle
applicable to any particle horizon, regardless of the cause
of it being the acceleration, massive objects, or inflation.

The Bogoliubov transformation approach has been
explored for particle production during inflation for a long
time. A recent paper by Kaneta et al. [50] have carried out
an instance of comparing Boltzmann and Bogoliubov ways
of dark matter production during inflation, and they
reached a great agreement. It is an encouraging work
unveiling the alternativeness of the gravitational thermal-
ization picture and the direct quantization of the graviton
picture. One major merit of the Bogoliubov over the
Boltzmann approach though, is that it can make analytical
predictions at very low-k regimes, which is not something
that can be done with the Boltzmann approach by carrying

out conventional particle theory calculation at the pertur-
bative level for the quantized gravitons. The reason is that at
the low-k regime, the scalar field stops being localized
enough and loses its particle property. It is in analogy to the
stretch of the waveform near the asymptotic Schwarzschild
black hole in our work.

Despite the advantage at the low-k regime, the
Bogoliubov approach has an obvious disadvantage in the
traditional vacuum initial state treatment. The method to
incorporate other nongravitational particle productions has
been unknown in the Bogoliubov approach. The general-
ized Unruh effect working with the excitation at the horizon
as initial conditions could fill this gap and give an inclusive
description of different particle production mechanisms
through a differentiated Bogoliubov approach.

Asymptotic horizons are always formed when an
observer accelerates with respect to the surrounding sys-
tem. We could break down a smooth geodesic into a series
of short hyperbolas, then use the Minkowski <> Rindler
generalized Unruh effect to investigate how a bunch of
information restored in local field operators ¢(O) in an
element volume O is passed from upstream to downstream
of a bundle of geodesics. Of course, there is arbitrariness in
the definition of upstream/downstream, i.e., the direction of
the time flow. Suppose at a certain world point P; the
geodesic is represented by the local hyperbola segment
with acceleration a; between two successive moments. The
local field operators ¢(P;) passed its information to the
local field operators at the next moment ¢ (P, ), with a
slight thermalization due to «;, according to generalized
Unruh effect.

We remember that there is arbitrariness in the definition of
the time arrow in the first place. However, going in any
arbitrary direction of time flow always add a thermal
ensemble to the initial state, thus presumably increasing
the entropy. We do not know which one leads to the other, but
from the argument above it seems that there is a connection
between the second law of thermodynamics and the simple
law of causality, which forbids looping geodesics.

C. Emergent gravity from the stochasticity
of quantum fields

The ubiquitousness of the local particle horizon and thus
the local Unruh effects as described in the previous
subsection intrigues us with this conceptual speculation:

gravity = spacetime curvature

= temperature of the quantum fields

Each of these equivalences is supposedly revertible, and
those quantities are completely local. By this proposed
relationship we could derive the former from the latter or
the other way around. Namely, it falls into the emergent
gravity category of ideas. To the best of our knowledge, the
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thermodynamics interpretation of general relativity was
first discussed in [51], proposing the connections like
T <>k, dt <> dS that have been repetitively appearing
throughout our paper. People have been reluctant to take
it further than an interpretation since then. We think the way
to go a step forward along their path could be to come up
with a formal way to replace Ricci curvature in the
Einstein-Hilbert action with a heat reservoir of the fields.
By solving for the temperature of the fields from this
refined action with a heat reservoir, if feasible, we can
accordingly solve the metric of the spacetime.

We are going to briefly comment on these thought
experiments that are dedicated to proving the quantum
nature of gravity as a closing remark to the far-fetched
discussion in this section. To the best of our knowledge,
most, if not all, of those quantum gravity experiments’
setups, are indistinguishable between a quantized gravita-
tional field (metric) and the local application of the Unruh
effect, namely the gravity emergent from the stochasticity
of quantum fields—they both render the gravitational
phenomena quantum natures. Usually, such experiments
intend to prove the quantum nature of gravity by measuring
the entanglement introduced or mediated by gravitational
interaction. For example, the Gedankenexperiment, which
is essentially a gravitational version of the Stern-Gerlach
experiment [52] and Marletto and Vedral’s proposal of
double mass interferometer experiment [53]. What lies as
the fundamental to these experiments is usually a perturbed
gravitational field whose propagation is semiclassically
describable, and the experiments are designed to show that
such perturbed gravitational fields serve as the quantum
entanglement messenger between two already well-
established quantum systems. However, in a stochastic
quantum field description of gravity, we do not need to
introduce this additional quantum of graviton to mediate
the entanglement—the ubiquitous quantum field of the two
presumed quantum systems spread out in spacetime is
already a mediator of the entanglement. The entanglement
is passed on by local Unruh effects. In principle, no
experiment can distinguish between the picture of “the
graviton h,, mediated the entanglement between Q; and
0Q,” and “Q; interact with Q; distributed ubiquitously in the
spacetime spanned until Q,; thus, the two eventually
brought into entanglement.” They are just two alternative
ways of telling the same story.

For the reasons presented in this section, we figure that
emergent gravity from the stochasticity of the quantum
fields might be a competitive way toward the incorporation
of gravity into the quantum picture. This approach, as

illustrated in the calculation in this paper, has the potential
to produce calculable and testable predictions.

VIII. CONCLUSIONS

We practice a straightforward idea, that generalizes the
Unruh effect applied usually on the vacuum state to
arbitrary excited states in this paper. The result shows that
the positive frequency excitation at the horizon induces a
coherent excitation on each of the configurations of a
canonical ensemble measured by an accelerating observer,
thus illustrating itself as a featured peak on top of the
featureless blackbody radiation spectrum. We call such an
ensemble pseudothermal, which in principle (in terms of
density matrix representation) is distinguishable from the
linear combination of a canonical ensemble and a pure
excitation state.

We apply our generalized Unruh effect result on a system
with massive real scalar field in the collapsing shell metric,
asymptotically a Schwarzschild black hole. We find that the
particles inside the shell could be represented by the
boundary condition of the Kruskal positive frequency
modes living on the outgoing horizon, thus we could
retrieve that information, at least partially, through the
strong entanglement across the horizon. The Hawking
radiation has a featured enhancement based on the col-
lapsing history and the initial excitation inside the shell of
the black hole.

There are numerous open questions extending both
bottom-ward and up-ward from this work, as discussed
in Sec. VII. Both theoretically and observationally, the
generalized Unruh effect implies intriguing conclusions
and speculations to be confronted in the future.
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