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The Minkowski vacuum state is a thermal state as far as any uniformly accelerated observer is
concerned. However, if we allow a thermal bath, or any system, to come to equilibrium with that
thermal state, the state is not left as the Minkowski vacuum. The thermal bath, or the scatterer,
destroys crucial coherences in the state across the horizon which destroy the character of the state.
PACS number(s): 03.70.+k, 04.60.+n

I. ACCELERATED OSCILLATOR
AND THERMAL BATH

It is now well known that an accelerated observer in
flat spacetime sees the vacuum state of some quantum
field as a thermal bath with a temperature equal to [I]

T= 2zck'

In particular, an accelerated body will come to equilib-
rium with this temperature. Furthermore, an accelerated
thermal bath at this temperature will be in equilibrium
with the field. However, this does not mean that the

body in equilibrium or the thermal bath does not af-
fect the state. In particular, the vacuum state of the
field is characterized by coherences which extend across
the horizon of the accelerated observer. These coher-
ences are altered (or destroyed) by the thermal bath of
the body. This paper will calculate these effects for a
simple harmonic oscillator in equilibrium with the accel-
erated temperature, and for a simple model of a heat
bath in equilibrium with the accelerated temperature in
a two-dimensional spacetime. The field of interest will
be assumed to be a massless scalar field.

Recall that the response of the simplest type of
"monopole" detector to a field P to which it is coupled is
given by the expression

P„= e' " '' rn t n yt yt' n t' rn t t' (2)

to lowest order in the coupling between the detector and
the field. Here y(t) is the path of the detector in the
spacetime, O(t) is the coupling operator coupling the de-
tector to the field P, which may be time dependent, Em
is the energy of the of the initial state of the detector, E„
the energy of the final state of the detector, and P„m is
the probability that the detector will make a transition
from energy eigenstate ~m) to ~n) due to the presence of
the interaction with the field. The important point is
that the response of the detector depends on the two-
point function (P(y)P(y')). By an appropriate choice of
O(t) and of the path of the detector, the probability of
transition is thus a measure of this two-point function.
Any changes in this two-point function can therefore be
detected by their change in the transition probabilities.
We will concentrate on calculating this two-point func-
tion when we couple the field to a heat bath via an accel-
erated harmonic oscillator. This thus is a generalization
of the situation investigated by Raine et al [2]. .

The spacetime metric will be given by

where r, p are coordinates related to t, z by

p=sgn(z) z —t
pp t+zr = —ln
2 z —t

in the region where [z( & (t~, and T, R are given by

T=sgn(t) t2 —z2

po z+t
2 t —z

(4)

in the region where [t( & (z(. Note that r, p coordinates
cover only half of the full Minkowski spacetime, namely
those regions which have a spacelike separation from t =
z = 0, while T, R cover those regions with a timelike
separation from 0, 0.

The quantum scalar field P obeys

84i BP cjoy BP
Btz Bz Br 8(ln p)z gin T QRz

p2 Q2
ds = dt —dz = —dr —dp = dT — dR2 2 )

pp pp
(3)

with the usual expansion into normal mo~es of
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or
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where the solutions in terms of the two sets of Rindler co-
ordinates are assumed to be valid only in the coordinate
patches which the coordinates cover. Here we have

0= [kf,

Note that in these expressions, we have to take into ac-
count the fact that the times r and ln ~T~ run backwards
in time for p ( 0 and T ( 0, respectively.

The Minkowski vacuum is now defined by

coordinate r so that it corresponds to the proper time
along the path p = pe.

In addition, we will couple the oscillator to a heat bath
of temperature T = 2, which is the temperature cor-

2&po '

responding to the acceleration of the oscillator located at
position pe. The heat bath will be taken to be a massless
one-dimensional scalar field g traveling in the internal
space with coordinates r, ( with action

(16)

e„&[0)= 0.

This condition is equivalent to the conditions

e«po/&b + e-~npo/2bt
~0) 0

e ~+«/ bt y e~nPo/ b ~0)
—0

(12)
We expand g in terms of creation and annihilation oper-
ators by

g(, () f (, ,-( -~&) ~,t, '("'-~&) dA
vA P$ y2

l

(17)

where

i = fA/.

because those particular combinations of b, bt can be
written solely in terms of the annihilation operators a.

Now let us introduce an accelerated harmonic oscilla-
tor into the spacetime, located at the position, p = pe.
This harmonic oscillator is defined to have an internal
configuration variable q, and is coupled to the field P via
a coupling

The state of the g field will be taken to be a thermal
state, with temperature T = I/2s pe, so that

(e„ge, g ) = (e„„e„,„,) = 0,f

(et„e„g ) = coth( —2s pov)b(A —A').

d0(~, /0)
&lint =& g

' dr,
df. (14) Finally, we couple the oscillator to the heat bath as well

via the coupling

where I is the action. The action for the oscillator is
assumed to be given by

dQ(r, 0)
Ihbint = Pg &

l7 (20)

where I have chosen the units so that the frequency of
the oscillator is unity. Note that I have also chosen the

%e can now solve the equations of motion for these
fields completely. Let 4, 4 be the solutions to the cou-
pled equations, and P, g be the free field solutions given
above. Then we have
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@(r [.') = 4(r, () — q—(r —I['I)
2

( p ]
@(r,p) = 4(r, p) —-o-(p) q l

r —po» —l,
po J'

4(T, R) = P(T, R) + O(T) —
q ~ po ln —+ R ~,)'

s + —+ q= —[cP(r po)+ pg(r, 0)].
d q ~ +]u2dq d

(21)

(22)

(24)

This last equation can be solved easily. I will assume that the coupling has been in place forever, so that the q of the
oscillator is completely determined by the externa] fields

sin[W(r —r)] &(, ;) [' dP(r, po) dg(r, 0)&

~

~ ~ ~

( i~ [ '] , , da

&
—~s+»y~+1 &

"+ "" j g2n.~ (25)

where W=gl —y~ and7=c +p /4.
Now let us examine the two-point function (4'(y)C'(y )). The claim made by Raine, Sciama, and Grove [2) (see also

Grove [5]) is that the presence of the thermal bath (or of the oscillator on its own, which is just the p -+ 0 limit)
will not change this two-point function, i.e., that there are no observable effects of the presence of an accelerated
detector on the system if it is in equilibrium with the thermal radiation. To assist in this calculation, let us first look
at (q(r])q(rl')) and at (P(r, p), q(i])). We have

I

f" sin[w(g —r)] ~„;~J'" sin[tr[g' —8)]

X E T, po 7, po +p 7, 7, S 7

Writing

Z(~) =

(~) =

""'" ")2("+V')
~

+o-(- ) I

~

~

d~
—2i7u+1 (e &l~lpn 1 y 2s(~)

24]

+ 2&7m+ 1

1
vapo &-qtwpo

(26)

(28)

this can be written as

(q(~)q(n')) = Sv l~(~)l'"'" "' -"~(~)
2s f~f'

The other expectation values we need are

(29)

for p&0,

icu(r r'+pa]n P-) -i&u(r r'-pa [n ~-) -~~pa~( )
4

2~)cuf

(p( ) ( I)) g( )
i(u(r r+poln ~) i~—(r r'-pain ~)-

2xiur i

for p(0 and

iu[R r'+n(T) pn in ] mu-r po i&u[R r' a(T-)po ln -]-
2s f~f

(32)

for the T, R region of spacetime, where 0(z) = e(z) —O(—z).
W«hus are left to calculate the expectation value of the two-point function (C(y), @(y')) for y, y' in different

regions of the Rindler spacetime. For both y, y' in the region of either T & 0 or of p & 0, the expectation value wi]1
be unchanged from the one with no interaction with the heat bath. In the remaining regions, we will again calcu]ate
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the relevant expectation values. We will however calculate them, not in the 7.
, p or the T, R coordinates, but rather

in the U, V coordinates, a set of Minkowski null coordinates, where

r ('p) ( T
U = —sgn(p)exp ——+ ln

~

—
~

= sgn(T) exp
~

In ———
~,

Po kpo J Po Pod

( p t

V = sgn(p)exp —+ ln
~

—
~

= sgn(T)exp
~

ln —+ —
~

.
.Po Epo J Po Po)

Note that the metric in these coordinates is given by

ds = podUdV.

I will furthermore restrict my attention to the case in which both of the points y, y' lie to the left of the path of the
oscillator, i.e. , p ( po. In that case we have

(4(y)4(y')) = (P(y)P(y')) ——(8(V')(P(y)q[po ln(V')]) —8(V)(q[po ln(V)]P(y')) }
tc' 2

+
2

8(V)8(V')(q[po »(V)]q[PoIn(V')l)

Expressing these various terms, we have

8(V)8(V )(q(po ln V)q(po ln V'))

= 8(V)8(V')8p )&(~)l I —,
I

e "&(~)(V') 2s [~[

(35)

lim 8p ~Z(u)~ e '(V+ ib)'" ' —e '" '(V —ib)'
6,6'-+ 0

and

x e " '(V'+ib') '" ' —e' '(V' —ib') '"~' e ' o"A(~) (36)2s /~f

8(V')(P(U, V)q(po ln V')) = 8(V')(q(po ln V')P(U, V))

lim e Z(—u)e " ' (V —ib)' '+ (—U+ ib)
b, b'~0

x —e ' '(V'+ib') '" '+e'" '(V' —ib') ' ' e 'A(~)' . (37)2s/~/'

The important point is that the function limp o(V—
ib)'~~' is a positive-frequency Minkowski function (ana-
lytic in the lower half complex V plane) and limp o(V+
ib)' ' is negative frequency for all values of
Thus we see that (P(U, V)q(po ln V')) is purely posi-
tive frequency in U, V and a mixture in U', V' while

8(V)8(V')(q[po ln(V)]q[poln(V')]) is a mixture of pos-
itive and negative frequencies in both U, V and U', V'.
Thus, an inertial detector, whose response is determined
to lowest order by the expression

I

but is also true in the full four-dimensional situation as
well.

It is of interest to calculate the energy-momentum ex-
pectation value for the scalar field in this situation as
well. The energy-momentum tensor can be calculated
by using the above two-point function (4(y)4(y')). In
particular we have

Tzz = lim (4(y), cr 4(y'), z ) —lim (P(y), & P(y'), U ),
v v V~V

(39)
e 'E~ & kyat 4yt' dhCh', (38)

where E is the energy di8'erence between the lower
and the upper state of the detector, will respond if
(4[y(t)]4[y(t')]) contains positive-frequency components
in y and negative-frequency components in y'. It is the

(qq) term in (4[y(t)]4[y(t')]) which contains such terms.
Thus an inertial particle detector will respond nontriv-
ially to the presence of an accelerated heat bath, or to
the presence of an accelerated harmonic scatterer. This
conclusion is not limited to the two-dimensional model,

(40)

TUv =0, (41)

where I have renormalized the expression so that the ex-
pectation value in the Minkowski vacuum state is zero.

Let us first calculate (4(y)4(y')) where the points y, y'

are close to each other. We have
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(42)

If V, V' are both greater than zero (i.e. , we are interested only in the region in causal contact with the oscillator),
this becomes

(e(U, v)e(U', v')) —(y(U, v)y(U', v'))
OO

Gf4)
Z( —~) (V)' '+(—U)

' ' (V') ' ' e " 'A(u)
2 2sfcu[

~~ ~~ ~

OO

~( ) .
(V')-'""+ (-U')""

.(V)'"". --"A( )
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+e'2V l~(~)l'.(V)'"".
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I

—
~
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VI — P+ g I P — Pog

OO

U'Vl p + g I p p

—OO 2sf~f'

TUU = Tvv = o. (45)

However, on the boundary, V = 0, one must be more
careful. Again we have that TUU —0. However, Tvv di-
verges as I/66' for nonzero 6's. On the other hand, Tvv
is nonzero over a region LV of width roughly the mini-
mum of b or 6'. Thus the divergence is stronger than that
of a 6 function. Thus in this problem there is an infinite
energy density of radiation along the past horizon V = 0.
This arises because the thermal bath and the accelera-

In the region where V, V' ( 0, we have

(4(U, V)4(U', V')) —(q (U, V)$(U', V')) = 0. (44)

Thus in both of these regions

tion radiation have been in equilibrium for all times. Had
the detector been switched on at some finite time in the
past, one would have had a finite band in spacetime in
which the energy-momentum tensor was nonzero, corrw
sponding to the time during which the coupling between
the oscillator and the radiation field P was switched on
and the oscillator came into equilibrium with the field.

However, even though T» is trivial over most of the
spacetime, the same is not true of other quadratic func-
tions. In particular, the expectation value of the field
squared, again renormalized so that its value is zero in
the Minkowski vacuum state, is not trivial even within
the region near the oscillator. We have, in the region
V&0,
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OO

(prrr v)') —(r(rr, v)') = ——'
l
z(~)(-rrv) ""+z(-~)(-rrv)' ")~--"x(~)

2 2mlcul
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Z(~)(—UV) ' P'(e P'+ e P') A(ur)
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0. (46)

Recall that m2(4(U, V)~) is the trace of the energy-
momentum tensor for a scalar field with mass rn, and
that this expression would be expected to be a good ap-
proximation for the trace of the energy momentum tensor
if the field had a very small mass.

We thus see that the presence of the thermal bath,
or of a scatterer (p = 0), does affect the field even if
the thermal bath or the scatterer is in complete thermal
equilibrium with the acceleration radiation.

Where has the disagreement with Raine et sl. [3] come
from? The answer is subtle. If we switch on the iner-
tial detector for all times, the detector will respond to
terms in (4(y)4(y')) which are positive frequency in ))I

and negative in y' as mentioned above. In this case the
response arises from the behavior of the (8(V)8(V') (
q(pclnV)q(poln V')) term. If on the other hand the de-
tector is switched on only while it is in the region V & 0,
then the terms in (4(y)4(y')) which depend on V, V' in
fact cancel, as we saw in the calculation of Ty vr above.
In that case it is the terms which depend on U, V' or
V, U' in the cross terms between P and q which excite
the detector. The detector response is then proportional
to

(47)

Now because of the presence of the nontrivial time de-
pendence of the e the detector will respond not only to
the positive, but also the negative-frequency parts of C).

Thus if one wishes the inertial detector to operate only in
the V & 0 region (for example, to escape from the burst
of radiation along the V = 0 surface expected because
of the radiation along this line expected from the oscilla-
tor/heat bath coming into equilibrium with the thermal

I

acceleration field in the far past), it will still respond dif-
ferently from the way it would in the Minkowski vacuum
state. Any inertial detector will see the system with a
heat bath as different from the Minkowski unless it is en-
tirely confined to the region out of causal contact with
the heat bath (V ( 0). I would note the similarity of
this line of argument to that of Grove [5] in the context
of the radiation from moving mirrors.

II. qUANTUM EqUIVALENCE PRINCIPLE

As an extension of these results, we can also ask a
question which was asked by Candelas and Sciama [3]
and Grove [4]. Can an inertial observer who looks at
the scalar field P only within the Rindler wedge, p & 0,
tell the difference between the Minkowski or the Rindler
vacuum state? The Rindler vacuum is defined by the
condition that

+10)~ = 5 —l0)~ = o. (48)

(&(U V)4(U' V')) (49)

y [in(U —U') + ln(V —V') + 2 ln po]. (50)

The expectation value in the Rindler vacuum on the
other hand is given by

To answer this question we calculate the expectation
value of the two-point function P(U, V)$(U', V') in the
two states. The two-point function for a massless scalar
field in two dimensions in the Minkowski vacuum is well
known to be given by

( U) * "
(&(U v)&(U' v'))~ = 8(U)o-(U')

I
—,l

o . &U'i

V ) iPrPP

+o-(v)8(v')
I —,l

—ipr pp

+ e(-U)e(-U') «')
( Mar pp

+ e(-v)e(-v')
I
—,I(vi (51)

where I have used the relations that,

e (r pp n lpl) [ &(p)p -U] iprpp

,;.~,+,.).I,I1 I' (p)v~'""
i

Integrating, we get

(52)

(53)

(4(U V)rIi(U V ))&

= i[8(U —U')O(V —V') —O(U' —U)8(v' —v)]

'i
(54)
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which certainly differs from the Minkowski expression ev-
erywhere. An inertial detector will respond differently in
the two states, even if the detector is switched on only
in the region p ) 0. This conclusion differs from that of
Candelas and Sciama [3] it seems because of the limits
which they take and the terms they throw away as "tran-
sients" which are really expected time-dependent terms
in the response of the detectors. These results agree with
those of Grove [4],who analyzed this problem earlier from
a slightly different point of view.

As might be expected from the boost invariance of the
problem, the extra terms depend on Rindler coordinates
only through p and not through 7'. Thus, one might with
some justification claim that these terms are tied to the
oscillator and do not represent radiation from the oscilla-
tor, just as, for an electron in uniform acceleration, there
is in conventional terms no radiation emitted from an
electron in uniform acceleration, even though the elec-
tromagnetic field around the electron differs from that of
a stationary electron. In two dimensions, the difference
between a distortion of the field tied to the particle, and

one which is in some sense independent of the particle
(free radiation) is difficult to make. Even in three dimen-
sions, what one means by radiation is difficult. One is on
much safer ground asking not, does the oscillator radiate,
but does it alter measurable properties of the field. This,
as the above analysis shows, it does. Ascribing those
changes to "radiation" or to "vacuum polarization" is
terminology rather than physics, although the connota-
tions of one or the other term may convey the physics of
one or another physical situation more accurately.
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