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We study quantum fields on spacetimes having a bifurcate Killing horizon by allowing the possibility
that left and right (ingoing and outgoing) modes have different temperatures. An example of such a state is
the Unruh vacuum in a black hole background, in which ingoing modes are in the zero temperature state,
while the outgoing ones are at the Hawking temperature. We construct the corresponding Wightman
functions and study their properties with arbitrary and different temperatures for both types of movers.
We consider, in particular, the Rindler for both massless and massive fields, the static de Sitter, and
Schwarzschild black hole backgrounds for massive fields. We find that in all three cases, when any of the
temperatures are different from the canonical one (Unruh, Hawking, and Gibbons-Hawking, correspond-
ingly) the correlation functions have extra singularities at the horizon.
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I. INTRODUCTION

There is a well-known relation between the existence
of a bifurcate Killing horizon on certain spacetime
manifolds and the temperature of some specially privileged
equilibrium thermal states. The Rindler, the de Sitter,
and the Schwarzschild spacetimes are examples of such
situations [1].

While there is vast literature devoted to the study of the
above states, little attention has been paid to other possible
thermal or pseudothermal states, let alone to what happens
when interactions are switched on: does the fluctuation-
dissipation theorem still work as in flat space? Are the
privileged states attractor solutions of some sort of kinetic
equations with exact modes instead of plane waves? Does
thermalization of a given initial state happen in strongly
curved space-times without substantial backreaction on the
gravitational background? The backreaction during ther-
malization seems to be negligible practically for any
reasonable (Hadamard) initial state in flat space-time [2,3].

When attempting to address some of the above questions
one encounters many underwater stones; for example,
describing thermal states other than the Gibbons-
Hawking one [4] in the static de Sitter-Rindler wedge
[5,6] is already nontrivial. Furthermore, if time translations
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are not a symmetry, as is the case in the global Lanczos’
spherical coordinate system [7], secular divergences arise
both in distributions and in anomalous averages [8—11].
The latter can be resummed for fields whose mass is bigger
than a critical mass, via analogues of kinetic equations for
both the distributions and anomalous averages. Such
kinetic equations do not have Planckian or Boltzmannian
solutions. Moreover, they have exploding solutions. Such a
situation, when thermalization does not happen without
taking into account backreaction on the background field, is
similar to the one encountered in a constant electric
field [12,13].

As regards to the Schwarzschild geometry and the black
hole radiation, there are three distinguished states which are
usually considered: the Boulware [14], Unruh [15], and
Hartle-Hawking states. [16,17]. The Boulware state is the
vacuum of both the ingoing and outgoing modes of the
Schwarzschild background; the Unruh state is the vacuum
of the ingoing modes and has the Planckian distribution at
the Hawking temperature for the outgoing modes; finally,
in the Hartle-Hawking state both the ingoing and the
outgoing modes are thermally distributed at the Hawking
temperature.

Can any of the aforementioned quantum states actually
describe the fate of the quantum field at the end of the
collapse [18]? Actually, in the formation of a black hole
process one has to consider a different basis of modes [19]
where the ingoing and outgoing modes are not treated as
independent but rather a linear combination of them, which
is regular at the center of the collapsing star. The corre-
sponding state is inequivalent to either the Boulware, the
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Unruh, or the Hartle-Hawking state. The question then
arises whether the initial state before the collapse can
thermalize to any of the above mentioned states.

A second set of questions regards the behavior of black
holes surrounded by a gas with a temperature different
from the Hawking one. Can one heat up a black hole by
surrounding it with a gas of temperature different from the
Hawking one? And how does the heating work in detail? In
concrete astrophysical situations black holes indeed are
surrounded by accretion disks which definitely have
nothing to do with the Hawking radiation. It goes without
saying about primordial black holes in early Universe.

In this paper, even without performing loop calculations
(where the heating process is actually seen), we will argue
that the answer to the first question in the last paragraph
seems to be negative. Both in the static de Sitter space (see
also [6]) and in the black hole background all correlation
functions with temperatures different from the Hawking
one have anomalous singularities at the horizon.

To simplify our discussion for the beginning we consider
real scalar field theory in two dimensions, in either the
Rindler, the static de Sitter or two-dimensional analog of
the Schwarzschild background. We study the properties of
the tree-level Wightman functions for a class of time
translation invariant states, which include states having
different temperatures for the ingoing and the outgoing
modes. In all cases when the temperatures are different
from the Unruh, Gibbons-Hawking, and Hawking ones in
the corresponding situations there are anomalous singular-
ities of the correlation functions at the horizon.

II. RINDLER SPACE-TIME

To put the results of the paper in perspective we start
by discussing the Rindler spacetime. This section mainly
contains a recapitulation of known facts. However, some of
them are new.

A. Geometry, modes, and the Wightman function

The coordinate system for the Rindler right wedge of the
Minkowski spacetime is obtained by applying the one-
parameter subgroup of boosts, which leaves invariant the
wedge to points of, say, the half-line t = 0, x = ¢*/a > 0:

()= (o) cton) (i)
(e o

L e cosh(an)

X(n.¢)

Here 7 is the parameter of the subgroup and is interpreted as
the Rindler time, £ is the space coordinate, and « is the
proper acceleration. For real values of 7 and £ the Rindler
coordinates (2.1) cover only the right wedge; this is
causally disconnected from the left wedge Fig. 1. The

half-lines x = +¢ with x > O are the past and the future
horizons. When n and £ are complex they cover the full
Minkowski spacetime; in the following we will set the
acceleration to 1 (@ = 1).

In the above coordinates the metric is static and
conformal to Minkowski

ds* = e*(an? — d&?), (2.2)

the invariant interval between two events in the wedge is
given by

Ly, = (X, — X,)? =2e4%%) cosh(ng, — ) — %2 — %1,
(2.3)

For future reference please note the obvious symmetry of
the interval in the exchange

$ < & (2.4)

Lorentz transformations of the wedge corresponds to (time)
translations in the #» variable: # — 5 + y; dilatations in
Minkowski space X — efX correspond to the shift
& — £+ p. As regards to the light cone variables

u=t—x=—e" =_¢ U p=r4x=elt =¢",

(2.5)

they are transformed as follows:

u—e’u, u— élu,

U—-U-+y,
V—o>V+ty,

U—-U-p,
VoV4+4.
(2.6)

v o e, v— o,

Though geodetically incomplete, the Rindler wedge is a
globally hyperbolic manifold in itself; of course, a Cauchy
surface, say # = 0, is not a Cauchy surface for the whole
Minkowski spacetime. As a consequence, the modes
constructed by canonical quantization in the Rindler wedge
do not constitute a basis for the whole Minkowski space-
time. It is well known that to obtain general Hilbert space
representations of the fields, including the ones carrying
unitary representations of the Poincaré group, one needs to
construct also the modes defined in the left wedge [20].
A less known but powerful alternative is to resort to the
theory of generalized Bogoliubov transformations,’ which
makes use only of the modes of the right wedge [21,22].
The Klein-Gordon equation for a massive scalar field in
two dimensions is as follows:

'Starting from pure states, generalized Bogoliubov transfor-
mations may produce mixed states while standard Bogoliubov
transformations cannot.
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(05 — 82 + e*m*)p(n, &) = 0. (2.7)

By separating the variables one gets a Schrodinger eigen-
value (textbook) problem in an exponential potential
V(€) = m*e*. Normalizable modes are proportional to
Macdonald functions K, (me®) which are linear combi-
nations of left-moving and right-moving waves.

The canonical field operator may be expanded as
follows:

1 +0o0 . . .
p(X) = —/ (e7™1b,, + e b)y) K, (me)V/sinh rwdw,
0

(2.8)

where the creation and annihilation operators obey the
standard commutation relations:

[Deys b S(w—a'), (Do, byy] = 0.

o4 ]

The so-called Fulling vacuum [23,24] is identified by the
condition

bol0g) =0, @ >0. (2.9)

It is a pure state and the corresponding two-point function
is given by

W (X1, X2) = (Or|@(X1)p(X2)|0g)

g —/ _’w 771 772 (me§]>

x K, (me®)sinh 7w dw. (2.10)

The thermal equilibrium average of an operator O at
temperature 7 = ~! is defined in quantum mechanics as
follows:

TrePHO

O = e

(2.11)

where H is the Hamiltonian of the system. This definition
does not directly work in quantum field theory, but there are
states having the same general properties expressed in
terms of their analyticity and periodicity properties in the
complex time variable; they are known as the Kubo-Martin-
Schwinger (KMS) states [25].

In the Rindler wedge, a Wightman function having
the KMS property may be obtained by a generalized
Bogoliubov transformation [21,22] of the Fulling vacuum.
In the case under consideration it is given by:

Wp(X1(11,61).X2(12.£))

1 [ [emiem—m)  piw(n—n)
_ﬂZA {l—e‘ﬁ“’ e

x K, (me*1) K, (me®)sinh o dw.

(2.12)

The two-point function (2.12) is time-translation invariant
(and, therefore, it provides an equilibrium state) and
respects the exchange symmetry (2.4). The formal proof
of the KMS periodicity makes use of the exchange
symmetry (2.4) but is otherwise straightforward.

When f =2z an explicit calculation of the integral
shows that the lhs in Eq. (2.12) can be extended to the
whole complex Minkowski spacetime (minus the causal
cut), and it is actually Poincaré invariant [15,21,22]:

1
War (X1, X3) :%Ko(m —(Xy —Xz)z)- (2.13)
When mL — 0 it has the standard ultraviolet (Hadamard

behavior) divergence with the correct coefficient 1/4z:

—Ko(m\/_)

> ——log( 2L).

(2.14)

Inside the Rindler wedge, the main contributions to the
integral (2.12) for lightlike separations come from high
energies @ > me®12 (&, fixed), and the divergence does
not depend on the temperature. This is true for any f.
However, when f# # 2z there are extra (anomalous) singu-
larities at the horizon—the boundary of the wedge, which
of course is also lightlike. We will show this now.

When the temperature is an integer multiple of (27)~! a
simple formula is available [6,26]:

=g (nn-

2rik

, §1> - X5 (2, éz)) :
(2.15)

Let us consider the simplest case f = x:

1
We=2-Ko (m \/ e*1 + e%2 — 26574 cosh A’?)
T

1
+ Z—Ko <m\/e2‘5' + e%2 4 2¢17%2 cosh An).
¥/

(2.16)
Points of the horizons may be attained as follows:
1 X(/l 2 = fim <e”isinh/1> 1 <j:e)f)
im = lim == .
‘T A= \ eXF4 cosh A 2\ e

(2.17)
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The interval between two points having the same coor-
dinate A is spacelike; for instance,

L= (Xl(/lvﬂfl _/1) —Xz(/L)(z —/1))2

— _6_2'1(6)(1 —_ 612)2 < O’ (218)
furthermore,
(X1</1 - iﬂy}(l - /1) - X2</1’/ﬁ{/2 - j’))2
= —e (V1 + e2)? = Ly, + de e 2, (2.19)

The first term in (2.16) is singular for any two lightlike
separated points in the Rindler wedge. When the two points
are both approaching either the future or the past horizon
also the second term diverges, and it does exactly as the first
term; when 1 — +o0,

W X(4 1 = 4). X(2.x2 = 2)]

2
~ —4—log(—m2L12), as 1 — +oo. (2.20)
T

Similarly, for # = 2% and 4 — +co,
N 2
WalX(s = 2. Xt = D] % = log(-mPL)

1
= —ﬁlog(—m%lz)'

(2.21)

In the horizon limit (2.17) the dominant contribution to the
integral (2.12) comes from the infrared region w — O.
Using Appendix A and the asymptotic form of the modes
near the horizon, one can show that (2.21) remains true for
general . The calculation is similar to the one preformed in
[6]. Such a dependence of the coefficient of the singularity
at lightlike separation (at the horizon) implies that the
thermal state cannot be continued to the entire Minkowski
space-time.

It is possible to introduce more general time translation
invariant (at tree-level) states by letting the temperature
depend on the energy:

1 (oo [ e~iwlm—m)
W(leXZ) = ?A |:1 _ e—ﬂ(a})w +

elelm—nm)

Swo _ 1

x K, (me*)K,, (me*)sinh 7w dw. (2.22)
These sates also respect the exchange symmetry (2.4).
However, when m # 0 it is not possible to disentangle two
independent temperatures for the left- and right-movers.
That is because the modes e~*'K,, are normalizable linear
combinations of left- and right-movers. We will see below
that for de Sitter and Schwarzschild fields the situation is
different and such a possibility does exist.

B. General dimension

If there are d extra flat transverse spatial dimensions X,
then the Rindler metric is

ds? = eX(dP — d&*) — d¥>. (2.23)

The modes can be represented as ¢(n, &, X) = e"’z?‘(p,—g(n, ),
where @;(n7,&) obeys Eq. (2.7) with the effective mass

m? + k2. Therefore, the field operator can be expanded as
. too ddk [+ d i
o, &,X) —/ — 49 . /sinh zw
- (2,77:)7 0 V4
« [e—iwnw?zbw} 1 plon-ikFp _}

w,k
X K,»w<\/ m* + kze‘f).

(2.24)

The Wightman function at temperature j is as follows:

oo gk [+ dw sinh(zw
Wﬂ(Xth):/ / )

—o (27)¢
x e—io(m—n) pik(¥-%) Ki,,)<~ /m? + kzeél)
X K,-w(\/ m* + kzeéz).

. 221 —e P

(2.25)

Enforcing Poincaré invariance gives # = 2z [21]; this is the
well-known Bisognano-Wichmann theorem, valid also for
interacting quantum fields [27]. The anomalous divergence
on the horizons for generic f # 2z goes precisely as in the
previous section.

C. Stress energy tensor in 2D

Here we complete the discussion of the massive scalar
field in 2D Rindler spacetime by examining the renormal-
ized stress-energy tensor at various temperatures (some
technical details can be found in Appendix B). To set up
the notations let us summarize the standard expression
resulting from point splitting regularization in the Poincaré
invariant case f = 2x:

tyty tyty
<Tvv>zn = _47[77 <TUU>2;r - _47r€2’
<Tvu>z7z = <TUV>2ﬂ
eV-U
== m> [7/6 + log(m) + log (ex/tat")},
V3

(2.26)

where 7, is the vector separating the two points of the
Wightman function (2.12).

The above expressions lead to the covariantly conserved
stress-energy tensor [28]:
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(T = =l + log(m)lg,. (227)

where y is the Euler-Mascheroni constant. This is obviously
related to the expectation value in Minkowski space by the
coordinate transformations (2.1).

Similarly, for f = 2z/N point splitting regularization
in (2.15) gives

(2.28)

where Ky(x) and K,(x) are MacDonald functions.
Violation of Poincaré invariance is manifest.
Near the horizon this expression simplifies to

1 0

. 1}+0(ev—v), (2.29)

while at the spatial infinity it gives

>

1
(1T i)y m = m?lye +log(m)]g,.

which coincides with the f = 2z case. These two types of
asymptotic behavior of the stress energy tensor are regular.
Furthermore, the second one does not depend on f. On the
other hand, the expectation value of the mixed components
of stress-energy tensor T, diverge at the horizon. For
generic values of 5, when both points in (2.25) are taken to
the horizon, we get (see Appendix B)

o da e~ 3V +UT=VT-UT)
WX, X))~ —
I ) /_oo W 1—e o
wvt-ut)

x sin (wlog(me—= —/2) +argl'(1 — iw))

v=-v)

x sin (wlog(me 2 /2) +argl'(1 — iw)).
(2.30)

The expectation value may be obtained by taking into
account

“dw
o dr 1 —e P
1 T
== T 1t e
4r(Vt =V7) 12
- tvtv 1 T
 Azer  24m 0 12p%°

—iw(VT=V")

8V+6v_W/}(X+,X_> = /

(2.31)

At the horizon for arbitrary temperatures we get
1 27\ 2 1 0
Tohy==11=] =1 O(eVY
(Twit=35((F) -1)[p 1]+

to be compared with (2.29).

(2.32)

D. Massless case

We complete this section with a few remarks on the
massless case, necessary to understand the novel features of
the de Sitter case, which are presented in the next section.
The discussion is kept short. Details will be fully discussed
elsewhere.

The massless Klein-Gordon equation in the two-
dimensional Rindler spacetime is

O¢ = 07 — 8?(,{) =0. (2.33)
As regards the vacuum two-point function, as in the
Minkowskian case [29,30], one would set in Fourier space

Wo(k) = O(K°)5(k*) = Wg(k) + W (k)
1 1

=-—0(k")8(k™) + -

= 0k )s(k*).

(2.34)
where we introduced the light cone variables k* = k* + k.
Unfortunately, 6(k°) is not a multiplier for §(k?). The
standard regularization (see e.g., [29-32]) involves an
arbitrary infrared regulator having the dimension of a mass:

Wil ) = Wa(U) =~ _logliu(U ~ie)).  (239)

1 : .
Wi(n.§) = W(V) = — ~log(iu(V —ie)).  (2.36)
We see here that Wy (resp. W;) is analytic in the lower
half-plane of the complex variable U (resp. V). We may,
therefore, introduce the regularized thermal massless right
two-point function as the following formal series:

0

Wrp(x™) = Wg(U — inp) + f: Wi(U + inp)
n=1

: (2.37)
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..-”'..Right Wedge
Left Wedge Rindler space

FIG. 1. Penrose diagram of the Rindler space. The Rindler
space is bordered by a Killing horizon.

and similarly for W, 4(V). The total two-point function is
the sum

Wop(n.8) = Wy 4(V) + Wes(U). (2.38)
But the left and right movers are independent fields and
may have independent temperatures. We may thus formally
introduce the states characterized by functions of the form

Wop e (X) = Wi p, (x7) + Wrp (x7). (239)

This choice, of course, does not change the commutators
that do not depend on the temperatures.

In conclusion we may introduce two independent tem-
peratures for the left- and right-moving fields,

»=9¢r+¢r. (2.40)

by leaving, of course, the commutator untouched. But this
possibility in Rindler space exists only for the massless
field and not for the massive one.

III. STATIC PATCH OF de Sitter SPACE-TIME

A. Geometry, modes, and Wightman functions

The two-dimensional de Sitter space can be most easily
visualized as the one-sheeted hyperboloid embedded in a
three dimensional ambient Minkowski space:

ds, = {X e R}, X*X, = X3 - X2 - X3 =—R?}. (3.1

X* denotes the coordinates of a given Lorentzian frame of
the ambient spacetime; we set the radius R of the de Sitter
space equal to 1. A suitable coordinate system for the static
patch is

X% = sinh rsechx
X! =tanhx =u

X2 = cosh rsechx

X(t,x) =

t € (—00,0),x € (—o0, ). (3.2)

The static coordinates cover a causal diamond of the entire
two-dimensional de Sitter space (see Fig. 2; see also [6] for
a full description); we refer to it as the static patch or the
Rindler-de Sitter wedge. The metric and the massive scalar
Klein-Gordon equation in these coordinates are written as
follows:

dr? — dx?
g = 4=
cosh x
2
P — P+ 0. 33
LA (3.3)

t =const

FIG. 2. Penrose diagram of the de Sitter manifold with Cauchy surfaces of different patches. The static patch is bordered by a bifurcate

Killing horizon.
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The scattering eigenfunctions of the Schrodinger operator with potential m?/ cosh? x [6]

1 1 ; ; 1 H H i 2 .2 1
Wel(x) = smh(nco)l“(2 + iy — m))f‘(z — iy — za)> P_%H.ﬂ(tanh X), pr=m*— 1

provide two modes for each energy level @, namely e~y (+x). The asymptotic behavior of the modes at x — oo is
governed by

o eiwx
P_%W (tanh x)xfoo i —iw)’ (3.4)
) (=i —iwx h (i iwx
P  (—tanhx) = — ( .za))el — cosh(uml (iw)e ; (3.5)
2tk x=00 |I(5 4 ip — i0)[(5 — ip — io) T

this shows that e~y (x) is asymptotically right moving
and e~y (—x) left moving.

The expansion of the field operator written in terms of
the above modes naturally splits into two commuting fields:
a left mover ¢; and a right mover ¢y for all values of the
mass m:

$(t,x) = ¢pp(t,x) + ¢, (1, %),

I feo . . 4
b0 = o [ e pa0a, + ey ()aldo.

1 o . .
¢NM—EA[W%MﬂMﬁ%WHM%Wﬁ
(3.6)

the ladder operators obey the standard commutation
relations
[aw,’az)z] = 6(w) — @), [bml’bz)z] = 6(wy — ),

-

[aa)]7 bwz] = [aa)la b(’})z] = 0

It maybe worthwhile to stress that the above separation
into left and right movers is only possible in the static
coordinate system because of the symmetry of the effective
potential and, once more, it holds true for massive fields.
Here the left- and right-moving modes only asymptotically
depend on one of the two light cone variables ¢ & x near the
corresponding side of the horizon.

|

In [6] we constructed general time translation invariant
states

N 1
f _ PN
(apay) = 8(w— ') e ] and
1
T _ )
(boybyy) = 8(w— @) AR (3.7)

We gave, in particular, a full treatment for states of arbitrary
global (inverse) temperature

Br(w) = pr(w) = p (3.8)
and provided new integral representations for their corre-
lation functions. Taking inspiration from the consideration
of the Unruh state for black holes, we enlarge that study and
consider different global temperatures for the left- and the
right-moving modes:

Br(@) = py, Pr(@) = fr. (3.9)

The Wightman function is the sum of two contributions
W, 5. (X1, X2) = Wi, (X1, X5) + W, (X1, X3), (3.10)

where

WL.ﬂ(X19X2) _ /oo dw |:e_iw(;l_;2) l//ru(_xl)l//:)(_XZ) + eia’(tl_tz) WZ)(_xl)l//ru(_XZ)] ,

4n’

© d 4 x
WRJ)’(X], X2) e /) @ |:e—la)(t|—t2) M + e

4n’

3.11

1 —e P efo —1 (3.11)
io(t—1,) Vo (x1)wo(x2)

1— e—/}m (t1=t2) eﬂw -1 : (312)

The formal proof of the KMS periodicity property goes as follows:
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Wi p(Xa(t2, %), X (1. 1)) =

There holds the exchange symmetry

W g, (X1 (21, x1), X5 (12, x2))

= Wi, (Xi(t1,=x1), X5 (12, —x5)).  (3.14)
When p; = fr = 2z the Wightman function (3.10) re-
spects the de Sitter isometry [4,6,33-37], i.e., it is a
function of the complex de Sitter invariant variable

cosh(t, — t1) + sinh x| sinh x,

é‘:_

cosh x; cosh x,

with the locality cut on the negative reals. The variable ¢
and the geodesic distance L are related as follows: { =
—cosh L for timelike geodesics, { = cos L for spacelike
ones, and { = —1 for lightlike separations.

Let us consider now the behavior at the horizon of
Eq. (3.10). Points of the right (left) future horizon are
obtained in the following limit:

sech(A — y) sinh 4
+tanh(1 — y)
sech(4 — y) cosh 1

li X ,* =1

er

= | +£1
g)(

(3.15)

Points of the left (right) past horizon are obtained in the
limit 1 - —oco of the above expression. In all cases the
interval between two points having the same finite coor-
dinate 4 is spacelike:

L,—— 2(cosh(y; —yx2) — 1) < 0.
cosh(4 — y;) cosh(A — y,)

(3.16)

becoming lightlike only in the limit 1 - *+o0.

Using the asymptotics of the modes in (3.4) and (3.5),
and Eq. (A1), one can obtain the behavior of Wg ; and
W, s, separately at, e.g., the right side of the horizon.
As we can see from Eq. (3.4), in this region Wy, 5 depends
only on the difference x; — x,, which does not grow when
both points are taken to the same side of the horizon. It
means that this contribution to the Wightman function is
regular near the right side of the horizon. At the same time,
in the same region W, 5 depends on both the x; — x, and
X; + x,, as we can see from Eq. (3.5). The latter sum is

—if,x1), X3 (12, X2)).

iy () (1) + 22 |7 e o) do

(3.13)

infinitely growing near the horizon. As a result, using (A1)
one obtains that

W/}L/}R (X(l’){l - /1), X(ﬂ,){z — l))
1
A Weg (X(Ayr—2),X(Axya—2)) zﬂ_,{, 1 - Lo
L
(3.17)

Behavior near the left horizon can be found from the
symmetry from Eq. (3.14), which implies that

W, e (X(11,%1), X (12,%2)) = W (X(11,—x1), X (12, =7)).

Hence, parity x — —x plus rearrangement of temperatures
P <> Pr leaves the two-point function invariant. As a
result, it follows that for A - —o0

X(A g2 —4))

X(Ay2—4))

WﬂLﬁR (X()”)(l - )’)’

1
~ Wep (X (2,01 = 2), ~a . (3.18)
R

The lightlike singularity at the horizons depends on the
state of the theory. In particular, at the right horizon it
depends only on Sy, while at the left horizon it depends on
f.. This shows that such a peculiar behavior is present due
to the interplay between the waves that are falling down and
reflected from the m?/ cosh? x potential.

B. General dimension

The (D + 1)-embedding coordinates and the invariant
scalar product for the D-dimensional static patch are
given by

X, = sinh(#)sech(x), X;
Xp = cosh(#)sech(x),

= tanh(x)y;,
yi)_;i: 1’ (319)
cosh(z, — 1;) + ¥, - Y, sinhx; sinhx,
cosh x; cosh x, '

Z= r/,wX’fXZ = -

(3.20)

The Bunch-Davies Wightman function [4,35,36,38—42]
corresponding to the inverse temperature f; = fir = 2z
[4,26,33,35,36] is given by
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D(°F + i) D21 — i)

Wi, (Z) = . 72 -1 ‘MP__ Z),
(2) @
(3.21)

where y = +/m?>— (D —1)?/4. It has the standard

Hadamard singularity near Z = —1.
Points of the future and past horizons are attained in the
following limits:

sech(4 — y) sinh A
Jim X(4, (A=) = lim | tanh(1~ )5
sech(1 — y) cosh 4
+e?
= +y (3.22)
o

Two events on the horizons are spacelike separated unless
Y1 = ¥,. As in Eq. (2.15) for f = =Z in the horizon limit
one gets:

Wau(d = +00)  NWy, (4 — +o0)

I3

N2 7 (D-2)
0Bl

(3.23)

As in Rindler space the singularity of the propagator on the
horizon depends on the temperature.

C. Stress-energy tensor in 2D

Let us introduce the light-cone coordinates of the static
patch:

V=1t+x,
B 1
cosh?(Y5Y)

U=1t-x,

2

ds dUdv = C(U,V)dudv. — (3.24)

To set up notations let us discuss first the de Sitter invariant
case # = 2z. When the two arguments of the Wightman
function are taken very close to each other, one has that

_’_W

0

1
W (X, X )~ — 4 <H—'+m+H

where H_y;, = w(%+ in) + y, are the harmonic numbers;
the definitions of X, V., and U, can be found in

Appendix B. Since

1 |
By Oy Wor(Z) W ————— 4+ and
v W) R - T g @
| 1

6U+8U_W2ﬂ(2) ~ = (326)

4z(U, —U_)? R

the covariant point splitting regularization gives

(Tyy) m L) 4w (-
UV/2x SHCOShz(‘/E—U) "4 2 7% v 7 7%
+ 2y, +log [eztato’]) , (3.27)
1 R\ tyty
T = , 3.28
{Tuv)e (47z€2(tat“) + 2475) 1% ( )
1 R\ tyty
T - —+— . 3.29
(Tvv)oe <4ﬂ€2(tata) +247r) 11" (3.29)

After regularization we obtain the well-known answer [42]

Loy (i) vy (i) 42
——m —+1 =i .
3\ gt )y (5 ) 21 | g

(3.30)

<:T;w:>27z:

The expectation value of the stress-energy tensor with two
temperatures f; and fp can be obtained starting from
Eq. (3.10). The most interesting case in this situation is the
near horizon limit. For instance, close to the right horizon a
lengthy but not difficult calculation gives

©dw

n 1 1
= 331
2f anr—vp 3

and

8U+8U— WﬂL/}R (X+, X_)

_ o
w sinh? zwe@U =U")

N / dw
" ) 47 cosh (@ — ) cosh m(w + )

cosh?um 1

1
3.32
“ |l 332

sinh? 7w e — 1]
The above expressions simplify when the temperatures of
the left- and right-movers coincide: fr = f; = . Then the
regularized stress-energy tensor in the near horizon limit
takes the form

R
Guws (3.33)

T, )~
(:T) % O+ -

where
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1 b3 7 (1 1
® :__Cl/262c—1/2 (- _ ,
YT 12n v + 1282 12\p (27)?

1 T r (1 1
® _ __C1/282c—1/2 _ (- _ ,
W 12n v * 1282 12\p2 (2n)?

®UV - ®VU - 0

Note that the de Sitter covariance is recovered only when
p="2r.

IV. SCHWARZSCHILD BLACK HOLE

Here we consider the radial part of the Schwarzschild
metric (we call it the two-dimensional black hole):

d2
ds®> = (1——rg>dt2—1 rr = ds?
r _ Iy

r

r
= |1 -—2_|(d* — dr?). 4.1
e
The tortoise coordinate,
r
r* =r+r,log < - 1>, (4.2)
¢ r,

is such that r* ~ r when r — +o0, while r* - —co when
r — r,; near the horizon the metric looks like the Rindler’s
one (2.2):

ds?, ~ e%(dl‘2 —dr?) (4.3)

with the acceleration a = % see Fig. 3 for the Penrose
g9

diagram'.

A. Modes and the Wightman function

In the tortoise coordinates the massive Klein-Gordon
field equation,

O — O%p + m*goop = 0, (4.4)
is such that the mass term in (4.4) vanishes at the horizon
where ¢y, does vanish. By separating the variables
o(t,r*) = e, (r*), we obtain

_a%*(/)w(r*) +m2900(r*)(/7w(r*) = wz(pw(r*)' (4.5)
When @ < m the modes decay exponentially at large r*
and are localized near the horizon [43]. There is no
double degeneration as in the case of massive field in
Rindler space.

The classically permitted region is at the left of the
turning point solving the equation w* — m*goo (jing) = 0-
Near the horizon, where the effective potential vanishes, the
modes approximately behave as

2
(pw(r*)w\/:cos(a)r*—i—éw), w<m, |lor*|>1. (4.6)
T

We do not need their exact form for further considerations.
They do not propagate at spatial infinity and do not contribute
to the Hawking radiation [ 19,43]. On the other hand, they play
an important role in the vicinity of the horizon.

When @ > m the situation is similar to the static de Sitter
case: there are outgoing modes (right movers) R, (r*) and
ingoing modes (left movers) L,(r*) which might be
represented by resorting to special functions. We will
instead apply semiclassical approximation methods, which
in two dimensions® works well for all values of r*; they lead
to the following solutions:

(1)2

R, (r)=A 44| —————
[0] ( ) (0] 0)2 _ m2900 ( r* )

X exp (isgn(a)) [ﬂr* \/wz—ngoo(x)dx) (4.7)

2

L,(r') =B, |—5—5>
o’ —ngoo(” )

X exp <—isgn(a)) /r \Jo? = ngoo(x)dx>,
o

(4.8)
where r, is a reference point.
Here is the mode expansion of the field operator:
modo .
t,r*) = ——e . (r)c,
oler) = [T e, ()
+o0 da) .
+ e_l(”t RCU r* a(l) +L(1) r* bw
[ e R )+ L(r o]
+H.c., (4.9)

’Indeed one has that

k(x) =/ (@r,) = (mr,goo(x).
d 1
dxk(x)

o 1 1 dg()()
2mr, (2 — goo(x))*/? dx

Here x = r, /7" k(x) is the wave vector of the problem (4.5); the
following inequality holds for all values of @ > m:

d 1

—_—— 1.
dx k(x) =

Thus, if mr, > 1 the semiclassical approximation is applicable
for all values of r* and there is no reflection from the potential
barrier in (4.5). Such a reflection is inevitable in four dimensions.
We would like to thank Dmitriy Trunin for bringing to our
attention this important simplification in 2D.
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singularity (r = 0)

FIG. 3.

by, b)) = 8(0 — o),
(4.10)

all the other commutators being zero. One may show that in
the approximation mr,>> 1 the canonical commutation
relations give the normalization

1

P~ —.

|A
2w

> =|B (4.11)

w w

Taking inspiration from the Rindler and de Sitter cases, we
may now introduce a Wightman function depending on
three (inverse) temperatures as follows:

W((t1,717)s (12, 75)) pups b

dw e—iw(tl—tz)
_/| %W%)(@)(Pm(’ﬁ)
w|<m

dw e—ia)(tl—tz) s
+/ [H—_MLw(H)Lw(rz)

w|>m 2w

eio(ti—12)

 RR ). (@.12)

The first term on the rhs of (4.12) shows again a double
pole at @w=0. The way we treat it is explained
Appendix A.

In Appendix C it is shown that when m =0 and
Pr = P = 4nr, the above expression coincides with the
Hartle-Hawking Wightman function; when f; = oo and
Pr = 4nr, it corresponds to the Unruh state; finally, when
Pr1 = oo it reproduces the Boulware state.

t =const

Penrose diagram of the Schwarzschild black hole.

B. Singularity at the horizon

The additional singularity at the horizon is an infrared
effect; the main contribution to it comes from the term

1
Po(11)eo(r3) & —cos(@(r} +13) +25,)  (4.13)

in (4.12) with @ — 0. To fix the phase we consider
spacelike separated points near the horizon parametrized
as follows:
ri =4, ry = A+ const, =1t =—A (4.14)
The (future) horizon limit corresponds to 4 — —oo; in this
limit the Wightman function has the following asymptotics:

A,
W(t).ri =4ty 15 =1) =_—¢%%, as)— —oo0.
0

(4.15)

As anticipated the limiting expression depends on the phase
and goes to zero in the zero temperature limit. At low
energies turning point

wZ

* ~ —_
Furning = Ty log e asw—0

(4.16)
is shifted to minus infinity. Since in this limit the Rindler
space asymptotics should be reproduced, we have to set
dp = 5. At the end of the Appendix C we present another
derivation of this.

C. Stress-energy tensor

In the light cone coordinates V =t 4+ r*, U =t — r* the
metric (4.1) takes the form
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W(enr)
ds*> = C(U,V)dudyv, cu,v)= , (4.17)
1+ W(en )
where WW(r*) is the Lambert function. Near the horizon
W((V+ U+) (V— U_)) z/md_w 1 (eia;(V+—U‘)+2i§a, _i_eiw(V*—V‘) _I_eiw(U+—U‘)
' ' ’ _mAnw eP? — 1
) o dw eim(V*—V') eiw(U*—U“)
io(UT=V™)=2i5, 4.18
+e )+/w>m4ﬂw|:eﬂRm_] + e[)’Lm_] :| ( )
By taking the limit of coinciding points, one gets
Dy Oy W — s 1 P 1 <Li2(e‘mﬂL) B Liz(e""ﬂ0)> Lm (10g(1 —e) log(1 - e—mﬂL)>
Am (Ut -U")* 1265 2z 53 B 2z Po pr ’
(4.19)

where Li,(x) is the polylogarithmic function.

Then for the components of the stress-energy tensor we obtain

1 R | t,t 7 (1
TUUz_|: }UU

4re(1,1%) ' 24n

1% 12\ (8zM)?

27 Po Pr

1 R tvtv V3 1
dre?(t,t%)  24n

TV‘/N—|:

Lm <log(1 — ) log(l — e )

2m Po Pr

The nondiagonal component near the horizon goes to zero:

A

— = 0.
0

T —2
uv ~ e
4

A2r (4.21)

Near the horizon the stress-energy tensor in similar to the
original result of [44,45]

R
T,uzz ~ ®;w + @gﬂlﬂ (422)
where
1
® :__C1/282 C—1/2 = 4L , ,
vu 2n U + 12%"‘ (BL.Po)

1 b4
Oyy = ———C'203C712 + —— + L(Pr. o).
Vv 2n v + 125 + L(fr. Po)

®UV = ®VU = 0’

and

2

1 >+ 1 (Liz(e—mﬂL) Liz(e""ﬂ0)>
pi I

1 n 1 Liz(g_mﬂR) Liz(e—mﬂo)
1% 12\p%  (8zM)?
+ﬁ (108(1 — =) 3 log(1 — e™Pr)

2z Pr B3

) . (4.20)

] —mf) 1 —mp;
Lip ) = (PRl Ll )
m (log(l — ™) log(l - e—mﬁ1)>
2 i B :

(4.23)

Some comments are in order here. When the three temper-
atures coincide the finite logarithmic and dilogarithmic
contributions vanish. Furthermore, there are no finite con-
tributions at all when they all are equal to the Hawking
temperature # = 4zr,. Second, while the additional singu-
larity of the propagators is effective only on the nondiagonal
components of the stress-energy tensor (in (u,v) coordi-
nates), the exponential damping protects the covariant
components (4.21). Additional singularity does arise in
the mixed components of the stress energy tensor as follows:

m? m?
T, =TY = > (pg) ~ % |Al, as 1 — —co. (4.24)
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V. OUTLOOK

Heating and thermalization are, however, nonstationary
processes. To calculate the correlation functions in non-
stationary situations one has to exploit the Schwinger-
Keldysh diagrammatic technique [2,3]. The starting point
is to choose an initial Cauchy surface’ and an initial
value of the correlation functions, i.e., an initial state. The
Schwinger-Keldysh technique provides the time evolution
towards the future of the correlation function in question.

Different types of Cauchy surfaces and initial values may,
and in general do, lead to substantially different physical
behaviors [9,11]. Even in highly symmetric curved space-
time (such as de Sitter) the tree-level correlators of a generic
state are not functions of geodesic distances. It goes without
saying about generic space-times, which only partly resem-
ble the de Sitter space [11]. In this sense the situation in
strongly curved space-times is similar to the condensed
matter phenomena rather than to high energy physics ones.

There is no a priori reason for the initial state in the early
universe or in the vicinity of primordial black holes be
necessarily the ground state or a thermal state at the
canonical temperature. Here we considered a class of time
translation invariant states in Rindler, static de Sitter, and
two-dimensional black hole space-times. They can be
thought of as initial states for thermalization or heating
problems. They may also appear as attractor equilibrium
states at the end of some processes. We have shown that
when the various temperatures do not coincide with the
canonical ones then the two-point Wightman functions have
anomalous singularities at the horizons. That may affect the
loop corrections. The latter are necessary to calculate and to
resum to trace the fate of the initial state and of the
correlation functions (see e.g., [2,3,9] for various related
situations). Loop calculations will be considered elsewhere.
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APPENDIX A: LEADING INFRARED
CONTRIBUTION

The behavior of various Wightman functions discussed
above at the horizons is governed by the integral of the
form:

This method applies to globally hyperbolic spacetimes. In
nonglobally hyperbolic space-times one should deal also with
boundary conditions [46].

+oo dw ei®@?

/_oo o 1 ie Pt 1’ where 0] > 1.

The choice of the shifts of the poles here reproduces the
results in the case = 2x/N, but it can also be justified by
general distributional methods [31]. The contour in closed
in the upper half-plane for positive values of € and in the
lower half for negative ones. In the first case the double
pole at @ = —ie does not contribute. Contributions from
other poles are suppressed. For negative 0 the leading
contributions in the limit & — —co comes from the double
pole at @ = —ie:

+o  dw el®d 0 ifd>0
/_oo a)—|—ieeﬁ(w+ie)_1N{2/—}”9 if@<0

as |6 > 1,
(A1)

the answer depends on the sign of 6.

APPENDIX B: POINT-SPLITTING
REGULARIZATION

To make the paper self-contained and set up the notations
in this Appendix we summarize here the standard point
splitting regularization procedure [44] of the expectation
value of the stress-energy tensor in curved space-time:

(T (x)) = Dy (@ (x )X |y -
Here D, is a differential operator; xT are points which
are separated from x along a spacelike geodesic, and # is
tangent vector (see the Fig. 4). A point close enough to x*
can be represented as follows:

1 1
X (7) = x* + ot -1—51241” _|_613bu 4+, (Bl

where 7 is the proper length. And the coordinates of x*
are x** = x*(t = +e).

General two-dimensional conformally flat metrics can be
written ds*> = C(u, v)dudv. The geodesic equations pro-
vide the relations between the parameters #, a*, bH:

L
t +

geodesic line

FIG. 4. Point-splitting.
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a' = -I, M, bt = T (a*1* + t*a*) — 190, 1 1.

(B2)

It is enough to express a* and b* in terms of # to find the
finite part of the expectation value of the stress-energy
tensor. Another building block is the parallel transport
matrix e, (), solving the following equation:

det dx”
I, ——e® =0,
dr o dr €

dr=0)=d. (B3)

Again, one expands the parallel transport matrix in powers
of :

1
=G+l T

where

ty = =Tht", ai = Fﬁyl“f;ﬂt“tﬁ + 09,1 1% — 1°1° 0,1, .
The expectation value of the stress-energy tensor in a state
at inverse temperature = is given by

5 1 .
<T;w>/3 = <8(1¢(x+)aﬁ(p(x_)> <e;a /- 29/41/96/)6;;"6/7/})

1
+5m g (@ (x)p(x7))p, (B4)
where ¢;f* = ¢%(t = +e) and the limit ¢ — 0 is taken. The
result W111 contain terms that depend on ¢ and direction-
dependent terms. For example, for the massless field in the
generic conformally flat background one has [45]

1 R |[tt, 1
T, =—|—5—+-—| |22 -= 0,, (BS
o) [4ﬂ€2(tat") * 24;:} Lat" 29"”} +Ou. (BS)
and the regularized stress-energy tensor reads:
R
< : T/w : > = ® 48 “o_Yuvs <B6)
with
1
O, = —ECW@%C‘I/Z + state dependent terms, (B7)
z
1
0, = —ECI/Z(?%C‘l/z + state dependent terms, (BS)
7
0, =0,,=0. (B9)

The tensor is conserved for an invariant state only if one
omits the direction-dependent terms, while averaging over
directions leads to quantities, which are not covariantly
conserved.

APPENDIX C: BOULWARE, UNRUH, AND
HARTLE-HAWKING STATES

There are several different ways to define Boulware,
Unruh, and Hartle-Hawking states for massless scalar
fields in four dimensions. Not all of them can be straight-
forwardly generalized to the massive case. Here we repeat
the standard constructions and consider their generaliza-
tions to the massive case.

1. Analytic continuation of the positive frequency modes

We look for a complete set of solutions of the massless
Klein-Gordon equation in either the left or right
(Schwarzschild) quadrant of the entire black hole space-
time in four dimensions (see Fig. 3). We require these
functions to have a definite sign of frequency with

respect to the timelike Killing vector % (in the left

dy.
quadrant —5):

(47)~1 26T R, (] )Y 1, (6. ).
(47)~1 26T R (] )Y 1, (6. ).

P

ﬁwlm (x
Upim (x

) =
) = (1)

where R;(w|r) and R,(w|r) are solutions of the radial
equation corresponding to outgoing and incoming waves,
respectively [17], and Y,,,(0, @) are the standard spherical
harmonics; x = (¢, r, 6, ). The Boulware two-point func-
tion is

—zmt ) Y
=3 [T Y, 0. )Y 0 )

Im
x [Ri(@|r)R (@]r') + Ri(@|r)R} (@] )],
(C2)

To define the Unruh state the Kruskal extension is needed:

—4MeU/AM
4MeV/M.

U=t—r—2M log(r/2M - 1), U=
V=t+r+2Mlog(r/2M - 1), V=

The Unruh modes are positive-frequency with respect to U
and near the paste horizon behave as follows:

Yolm ~ e_leYlm (9’ §0) (C3)
They are analytic functions in the lower half-plane of the
complex variable IJ. On the other hand, the behavior of the
modes (C1), on the past horizon of the right patch and,
respectively, on the future horizon of left patch, is as
follows:

U i4Mw
i1l (x) & (dzew) 2| Y (0. 90),

(C4)
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r7 |—idMw
(4rw)~1? | —

it () ~ il Yw®e). (€3
Then the normalized combinations,
= 1 o2IMo iR 2eMw (=L
wlm — N ﬂw”wm+ _”wu m*’
Yol Temnanie) o (im )"
(Co)

have the same analyticity properties of the modes (C3) and
are equivalent to them. We can then compute the Wightman
function of the Unruh state when the two points are located
in the right Schwarzschild patch:

Wy(x,x') = Z/+°° do {M

2w

Im —00 1—e«

+ Uy (x)iiz)lm(x’)e(a))] . (C7)

where x = (4M)~! is the surface gravity. In a similar
manner, the modes that are positive frequency with regards
to a% are:

1 2xM 2zM ‘—L
e~ 2mMw 4 g2riMw .
D Sll’lh(4ﬂ'M(1)) [ ( wlm) (ulm]

(C8)

Yoim =

They give rise to the Hartle-Hawking Wightman function:

/ e [”wlm >w21,,$( x')

+memw?

271w

ex —1

Wy (x,x")
(©9)

The outgoing waves of the Unruh state are thermally
distributed at temperature 7' = 5= S”M, both the outgoing
and incoming waves of the Hartle -Hawking state are
thermally distributed at the same temperature. In the
two-dimensional case these formulae reduce to

_ 2w

Woler) = [ o BOBE 7 i, ota)].

[y — € «
oo ﬁ(u X ’7:} x! IZ:) X i’zm x
) = [ ao B IR

(C10)

2. Two dimensions again

The following construction is valid for any stationary
background, provided there are left and right movers.
Stationarity implies that a Wightman function with zero

anomalous quantum averages depends only on the differ-
ence of times:

W(x.x') / m/ al )i, (x)ii*, (x')

tigy (x) gy (x') + <bwa/>ﬁw(X)ﬁ;r(x’)
+ (bisbay )i, (x) it ()], (C11)

<awa

In this general setting the Unruh and the Hartle-Hawking
states correspond, respectively, to the following choices:

(ahay) = r—d@=a).  (bhh,)=0.  (C12)
<a;am> <b by) = — 15(0)—60) (C13)
er —
so that
+o00 * / =% /
Wo(x,x) = do {uw(X)ug(”f ) ”w(z iy (X')
0 — € « ex —1
()] (c14)
/ —’* - /
v = [ | P | B )
l—e7x ex —1
—x / —x - /
PR BB
1 —e 7 ex —1

These expressions are equivalent to (C10) if the following
condition holds:

* *

u—w(x)u—w(x/) - _uw(x)”w(xl) (C16)

for both outgoing and incoming waves; this condition is

verified in the two-dimensional Schwarzschild spacetime.
In the massive case, gluing modes (4.6) in the classically

permitted and forbidden regions gives the relation

2 2
. iw—vVm” —w”
eZtéw i@ @ —thrmmmE (C17)
io+Vm?> - o?

From here one can show that

0(171)00(13) = P_u (1) 90 (73),
and this provides another justification of Eq. (4.12).

In the horizon limit modes, as with |w| < m, they behave
as follows:

Do (r*) = C(0)K 4jpn (AMmé) ~ cos(wr* + 6,,),
2 _
£=zr-l (C18)
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with

T

o =
2

+ ryo(2 log(mr,) — 1) —arg (1 + iwr,).

(C19)

It follows that §, = 5. Noting that argI'(1 + iwr,) = —argI'(1 — iwr,) again points towards (4.12).
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