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ABSTRACT: We consider an Unruh-DeWitt particle detector, coupled to a massless scalar field,
undergoing “acceleration with drift” in a (14 3)-dimensional Minkowski spacetime. We use this
to model inertial motion in a (1 + 2)-dimensional Minkowski heat bath; in particular, motion
within a 2-plane parallel (and near) to the horizon of a black 2-brane. We compute the angular
response of the detector in its own rest frame. The response to particles arriving from within
the 2-plane is isotropic and Planckian for zero drift velocity. For small drift velocities, and in the
ultra-violet limit in which the excitations behave like a classical gas, the response is just Doppler
shifted. However, we find discrepancies with the Doppler shifted formula in the infrared limit,
and qualitatively different behaviour when the drift velocity is not small. We discuss possible
explanations for this result and potential implications for observations of the cosmic microwave
background radiation.
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1. Introduction

Inertial motions are all equivalent in a vacuum but not in a radiation heat bath because the
rest-frame of the radiation provides a preferred frame. Consider a Minkowski spacetime filled
with a gas of massless spinless particles at temperature 1. We shall assume that the particles
of the gas are excitations of a scalar field ¢ which we may couple to a two-state Unruh-DeWitt
particle detector with variable energy gap hw. If the detector is at rest with respect to an infinite
heat bath, its response as a function of w will be Planckian. This paper is concerned with the
response of such a detector to inertial motion in the heat bath.

One motivation is potential relevance to the detection of the cosmic microwave background
radiation (CMBR); although the massless particles in this case are spin 1 photons, this difference
is not crucial for much of the physics. There is a standard theory in this case, which goes back
to Pauli [1] but was developed in the context of the CMBR by Peebles and Wilkinson [2] and
others [3]: the background radiation is viewed as a classical gas of massless particles and the
distribution in the moving frame is deduced from the Planck distribution in the rest frame by a
Lorentz transformation of the individual particle trajectories; the result is the same (for massless
particles) as one gets by an application of the relativistic Doppler shift. However, this theory is
open to question because the description as a classical gas is valid only in the ultra-violet limit
in which Aw/T > 1.

We leave this point here for the moment, and turn to another motivation, of a more theo-
retical nature. This comes from consideration of the thermal physics of black branes. As for a
static black hole, a static black p-brane with non-zero surface gravity s radiates at the Hawk-
ing temperature Ty = hx/(27) and so can be in thermal equilibrium only if the temperature
at transverse spatial infinity equals Ty. The local temperature elsewhere is then given by the

Tolman relation:
Ty

_k2

T:

; (1.1)
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where k is the timelike Killing vector field such that k2 = 0 on the horizon and k%> = —1 at
infinity. Assuming that the black p-brane is planar, this local temperature will be constant on
the p-planes at a fixed distance r from the event horizon, and could be measured using a particle
detector. As the temperature is a function of r, we should expect the detector’s response to
depend on the angle 0 of incidence to the outward radial normal. However, if we fix 0 = 7/2,
the radiation will be isotropic in all other directions; in effect we have a detector in a Minkowski
heat bath of dimension (1 + p). We may again ask how the detector responds to inertial motion
within this heat bath; in other words, how does it respond to motion parallel to the p-brane
horizon?

If we assume that the detector is very close to the horizon then the effective spacetime
geometry of a p-brane d-metric is the product of a (d — 2)-sphere with a (2 + p) dimensional
generalization of the flat Rindler metric, in which a static observer has proper acceleration
a=k/ vV/—k2. In other words, we have a detector undergoing constant proper acceleration in
a (2 4 p)-dimensional Minkowski spacetime. For p = 0 (i.e. a black hole), Unruh showed [4]
that this acceleration causes the detector (the theory of which was subsequently clarified by
DeWitt [5]) to respond as if it were in a heat bath at a temperature (the Unruh temperature)
that coincides with the local temperature of the black hole:

Ty=g = (=0 (1.2)

In other words, the local temperature has a purely kinematical explanation near the horizon, as

might be expected from the fact that there is actually nothing at the horizon.

Unruh'’s result is expected to apply for all p > 0, but for odd p there is an apparent [6] (but
spurious [7, 8]) interchange of Bose and Fermi statistics, while for p > 2 the interaction of an
Unruh-DeWitt detector with the scalar field is non-renormalizable. For these reasons, we shall
restrict ourselves here to the case of p = 2, although some arguments will apply more generally.
We thus have an accelerating particle detector in a 4-dimensional Minkowski spacetime. Be-
cause this acceleration picks out a particular direction, we should expect a direction dependent
response! but the response will be isotropic in a 2-plane orthogonal to the acceleration. In the
context from which we extracted this picture, this 2-plane is one of the 2-planes parallel to a
black 2-brane horizon, which we may conveniently think of as a (14+2)-dimensional braneworld
at the uniform Unruh temperature implied by its acceleration in an orthogonal direction.

An obvious question that this raises is whether the model of a Minkowski heat bath as
an accelerating brane can be ‘abstracted’ from the context described above and used more
generally, perhaps in higher dimensions too, as a model for a Minkowski radiation heatbath [9]
(where by “radiation” we mean massless particles with zero chemical potential). If so, there
could be implications for the detection of photons in the CMBR. The limits of applicability of
this model are not clear to us, but it is interesting to note that it is an essential ingredient
in the GEMS approach to black hole thermodynamics [10]: if a static black hole spacetime
is embedded globally, and isometrically, in a higher-dimensional flat spacetime, then a static
observer anywhere, not just near the horizon, has an acceleration in the embedding spacetime

Tt actually turns out to be direction-independent in the detector’s rest frame but this is a special feature of
scalar radiation.



that is related to the local temperature in thermal equilibrium by the Unruh formula. This is
an observation, rather than a result, since it is far from clear why Unruh’s formula should apply,
but it is an observation that consistently gives correct results. We shall leave further discussion
of these issues until the end of the paper.

Returning to our detector at fixed distance from a 2-brane horizon, we consider the effect
on it of inertial motion within the plane in which it is constrained to move. This leads to con-
sideration of the motion in a 4-dimensional Minkowski spacetime of a detector that undergoes
constant proper acceleration in one direction along with a constant velocity ‘drift’ in an orthogo-
nal direction. This is a stationary motion, in the sense that the extrinsic geometric invariants of
the detector’s worldline (curvature, torsion and hyper-torsion) are all constant; this implies that
the detector’s response is time-independent, at least in its own rest-frame. Stationary motions
were classified by Letaw [11] (more recent discussions can be found in [12, 13]). Three of his six
classes are inertial motion, accelerated motion and “acceleration with drift”; the other three all
involve rotation. The response of a detector is direction dependent; in the case of acceleration
with drift it will depend not only on the angle 8 to the axis of the acceleration but also on the
angle ¢ to the direction of the drift velocity in the § = 7/2 plane. The principal technical result
of this paper is a computation of the angular response of an Unruh-DeWitt detector under-
going acceleration with drift in a four-dimensional Minkowski spacetime. We thus learn, from
first principles, how an Unruh-DeWitt detector at fixed distance from a black 2-brane horizon
responds to inertial motion parallel to the brane.

What result should we expect? If the detector is restricted to move within a plane at
a uniform temperature, and to detect only radiation that is coming from other points on this
plane, then we have a situation that is very similar to that encountered by a detector moving
inertially in the CMBR, except for the one lower dimension of space. So should we expect the
detector to see a distribution of massless particles that is just Doppler shifted relative to the
rest-frame distribution detected by a static detector? One argument for this that applies in any
dimension comes from consideration of the mode expansion for the scalar field ¢. It is well-known
that the thermal behaviour of a static detector in Rindler spacetime can be predicted from the
non-trivial Bogoliubov transformation that relates the modes in the Rindler coordinates adapted
to constant acceleration to those in the full Minkowski spacetime. We can similarly consider the
mode expansion in coordinates adapted to acceleration with drift (adapted coordinate systems
can be found explicitly for all stationary motions [14]). We shall present a version of this analysis,
although the basic result is known [15]: the modes are simply Doppler-shifted relative to those
of pure acceleration since the additional Bogoliubov transformation associated with the drift
motion is trivial (although this is not the full story [16], as we shall explain). However, we find
that the detector response reproduces the Doppler shifted Planck spectrum only to leading order
in the drift velocity v in the ultra-violet limit w/T > 1.

Following our presentation of this result, we make a detailed comparison with the Doppler-
shifted Planck spectrum. We then discuss the related issue of scalar mode expansions in co-
ordinates adapted to the stationary motion of “acceleration with drift”, and conclude with a
discussion of the results, and their possible implications. We should mention here that similar
issues have been addressed previously for rotational motion. Because this involves acceleration,
it has been suggested that a version of the Unruh effect might be operative. However, the mode



expansion analysis shows that the quantum vacuum in a rotating frame does not differ from
the inertial frame, so one might expect the rotation to have no effect on a particle detector. It
appears that this is indeed the case when modes of the scalar field are suitably restricted to take
into account the fact that the coordinates in a rotating frame become singular at some critical
radius [17]. The physics of acceleration with drift is quite different, however. What appears to
be most relevant in this case is that the drift motion effectively creates an ergo-region outside
the acceleration horizon.

2. Detector response

In this section we compute the response of an Unruh DeWitt detector undergoing the stationary
motion that we refer to as “acceleration with drift” in a four-dimensional Minkowski spacetime
with metric

dX-dX = —dXg +dX*+dY? +dZ*>. (2.1)

The worldline of the detector in this spacetime is given by
Xy = a 'sinh[ay7] , X =a 'cosh[ayT] , Y =or, Z =0, (2.2)

where v = 1/v/1 —v2. The 4-acceleration A is non-zero for any v. For v = 0 we have the
well-known trajectory of a detector undergoing constant proper acceleration |A| = a. When
v # 0 we have “acceleration with drift” in which uniform motion with velocity v in the Y
direction is superposed on constant proper acceleration |A| = v2a in the X direction. For pure
acceleration, the worldline has non-zero curvature but zero torsion, whereas the torsion is also
non-zero for acceleration with drift [11]. Equivalently, the relativistic jerk [9, 13] is zero for
pure acceleration but not for acceleration with drift. We therefore expect a v-dependence of the
detector’s response to the motion.

As we explained in the introduction, the motion of acceleration with drift is relevant to
inertial motion in a heat bath if the latter is modeled as a brane at the Unruh temperature due
to acceleration in an extra dimension, and we also explained how this model applies to motion
near the horizon of a black 2-brane. For a 2-brane, the model is realized by the following family
of embeddings of a 3-dimensional worldvolume with coordinates (7,y, z) [13]:

Xo = o 'sinh [ay(7 + vy)] , X =a"!cosh[ay(T + vy)] ,

Y =~y +o7), Z =z, (fyzl/\/l—v?> (2.3)

A computation of the induced metric shows that the embedded spacetime is indeed Minkowski
and also that the coordinates (7,y, z) are cartesian. This Minkowski worldvolume can be viewed
as the congruence of worldlines parametrized by position (y, z) on the brane. Each such worldline
defines a stationary motion of acceleration with drift, with proper time 7. The embedding with
non-zero v is obtained from that with v = 0 by a worldvolume Lorentz boost in the y direction.
Although the induced metric is not affected by this boost, the extrinsic geometry of the worldlines
of the congruence is affected by it. In particular, the torsion (equivalently, relativistic jerk) of
the worldlines of the congruence is zero only for v = 0. When account is taken of the Unruh



temperature on the brane due to the acceleration, this fact can be seen as the kinematical
equivalent of the fact that the rest frame of a heat bath provides a ‘preferred’ reference frame.

We begin with some generalities. We assume a ‘monopole’ detector [5] with (variable) energy
gap fw coupled to a free quantum scalar field ®(X). The interaction is

Sint = g/dT m(7)® (X(71)) , (2.4)

where m(7) is the detector’s monopole moment operator, and X(7) is the detector’s worldline,
parametrized by proper time 7. The coupling constant g is dimensionless (this is a simplifying
feature of four spacetime dimensions) and may be assumed small. The probability of excitation
and accompanying emission of a massless particle of 4-momentum PP = A(k, k) into solid angle
element df) may then be computed using first-order perturbation theory. Integrating over photon
energy, and omitting a small dimensionless constant of proportionality, one has [18, 19]

dp

0= dk k:/ d7—+/ dr_ exp (2ihwr_ —i P- AX(7,7)) , (2.5)
0 —00 —00

where 1
AX(r, ) = X(1) = X(7), TE =g (7). (2.6)
Henceforth, we choose units such that A = 1, which means that all dimensionful quantities

have dimensions of mass to some power.

2.1 Integrated response

From the braneworld perspective that we will eventually adopt, it would make no sense to inte-
grate the detector’s response over solid angle. However, for the general purpose of understanding
the physics of detector response it is instructive to consider this integral. Setting & =1 in (2.5)

we have P -
/ ) —o = [dr; P, P=16x° / dr_ e¥er-Ggt, (2.7)
where P is the integrated excitation rate, determined by
2 ni2] 7t
Gt = |:47T |AX (7, )] ] , (2.8)

which is the Wightman function evaluated for points on the detector’s worldline specified
by proper times 7 and 7/. The integral should vanish for inertial motion, for which G+ =
—1/(167%72). The integrand has a pole at 7_ = 0 but the usual ‘i’ prescription will push this
pole below the real axis so that it does not lie within the contour completed in the upper half
of the complex 7_-plane (we assume w > 0). With this prescription, we recover the expected
result that the detector remains in its ground state if it is moving inertially.

It has been proposed [20, 21] that the response of an inertial detector in a (1+43)-dimensional
Minkowski spacetime at temperature 1" is given by

Pr / dr_ ¥=-GE (1), (2.9)

—00



where Gr}r is the thermal Wightman function, again evaluated for points on an inertial worldline
specified by proper times 7 and 7':

" 1
G+ - - . 2.10
T 16m nz_:oo [(T— — iny/2T)* + (nyv/2T)? 210

Now there are poles inside the contour even for inertial motion and one gets a non-zero result
that depends on the detector’s velocity with respect to the heat bath. The ‘scalar photon’
number density may be read off from this result, and one finds that

_—wy(1=)/T
(3) . wT 1 e v
n'(w) dw = 8720 log [1 p—cE iy dw , (2.11)

where the (3) superscript indicates that this is a 3-space number density. Note the factor of v in
the denominator, which ensures that the v — 0 limit is non-zero; naturally, this limit yields the
usual Planckian distribution. For non-zero v, this result is exactly what one finds by integration
over solid angle of the formula

2

3 w T/y
n%};w(w, n) dw dQ) = 1675 (e T — 1) dw d2, Tt = m ; (2.12)

which is precisely the Doppler-shift result of Pauli, Peebles and Wilkinson (PPW) (after al-
lowance is made for the fact that we here discuss “scalar photons” with only one polarization
state). However, the starting formula (2.9) has not been derived from first principles.

We now return to the conventional formula (2.7) for the integrated excitation rate, which
is derived from first principles. This is time independent for any stationary motion since G is
then a function only of 7_. For “acceleration with drift” one finds that [11]

CL2

+— _
= e [sinh? € — v2¢2]

L t=arr, (2.13)

as can be shown directly using (2.2). This yields a non-zero integrated excitation rate. One
can arrive at the same result by first performing the k integral in (2.5). To this end, we choose
spherical angles, 0 < 6 <7, 0 < ¢ < 27, so that

Py=k, Py =k cosf , Py =k sinfcos ¢ , Pz =k sinflsinyp . (2.14)

We then find that

d o0 2i(w/av)§
r__a /d7+/ de ¢ - (2.15)
dQ 2y —oo  [Tgsinh & — v€ cos psin 6]
where
I'p = cosh (ay1y) — cos @ sinh (ayTy) . (2.16)

Integrating over solid angle, we recover the formula for the integrated excitation rate in terms
of GT.



2.2 Angular response

We now focus on the formula (2.15), which gives the angular response of the detector integrated
over time. Consider first the v = 0 case. We have, from (2.15) and (2.16),

Y _y dP
- / i N g (2.17)
h
where ap W [ 2wl
= [ — (2.18)

d_Q v=0 _% —00 Sinh2£
We would like to identify the integrand of the 7 integral with an excitation rate but this rate
is 7,-dependent because of the [[y] ™2 factor. As shown in [19, 22], this factor arises because
the detector has a time-dependent velocity dX/dT = tanh(ay7y) with respect to an inertial
‘laboratory’ frame. The two frames coincide at 7 = 0, so the time-independent excitation rate
in the detector’s frame is just (dP/dQ),—o. The same logic applied for v # 0 yields the excitation
rate
dp a [ e2i(w/av)§

—_— = d
ds) 27 J g[sinhﬁ—vﬁcosgosin@—f—is

]2 , (2.19)
where we have now made explicit the ¢ prescription.

To compute the integral in (2.19), we complete the contour in the upper-half complex -
plane. For non-zero u = v cos ¢sin 0 it encloses a finite number of poles at

& =1ix, sinz =uzx, >0, (u=vcospsing). (2.20)

There is a unique pole at © = zo(u) when v > u; ~ 0.13, and in this case the residue calculus
yields

dP  7a _ 2wzg(w)

a0 - 70[(350 (w]e o, (2.21)
where .
2wu —2wcosz + aysinx
]3

cz]

(2.22)
ay[u — cosx

At u = wy there is an extra double pole, which splits into two poles at x = x7 > x¢ and
T = x’l > xq for u < uy. As long as u > usy, where ug < uy is a second critical value of u, there
will be at most three poles. As u decreases further, new pairs of poles appear at a sequence of
critical value values u, of u, and for any non-zero v one finds that

@_ﬂa (z0) _ 2wzg fmax
R c(xg) e

@+ Z 0(ug — ) I:C(.’L'g) e + c(zy) e Z:l}} , (2.23)
=1

where 2/;,x + 1 is the number of roots of sinz = uz. For u — 0 (e.g. as a result of v — 0)
lmax — o0 and the poles in the contour move to & = wki, thus reproducing the v = 0 result.
Despite the step functions, dP /dQ2 is a smooth function of u because the pairs of poles that that
appear as u decreases though a critical value uy give contributions of opposite signs that cancel
at u = wuy. In the ultraviolet (UV) limit, the first term in (2.23) dominates, exponentially, so
that (2.21) gives the asymptotic behaviour.



So far we have considered only positive u, but u becomes negative when 37” > > 5. The
equation f(u) = sinz — uz = 0 then has no solution for u below a certain critical value wu.,
determined as follows. For w slightly above the critical value u,, there are two roots, which
become a double root at u = wu,. At this point u = wu, also solves f’(u) = cosz —u = 0.
Combining both equations, we find the critical value at

tan Ty, = Ty , Ty A 4.4934 | Uy = COS Ty ~ —0.2172 . (2.24)

Since u = v cos @ sin 6, this critical point exists only at velocities v > v, = |u,| &~ 0.2172. At any
velocity v > v, there is no pole of the integrand of (2.19) within the contour whenever

—sinf cosp > e (2.25)
v

In other words, there is no response from the detector in a ‘backward’ cone, with forward axis
defined by the detector velocity, of angle « such that

cosa = < | (2.26)
v

The angle o goes to zero as v — v, while o — arccos(v.) = 0.577 ~ 77.5° as v — 1. The cone
closes at v = v, and for v < v, the detector has a response in all directions. For u slightly above
u4, the equation sin x — ux = 0 has two roots x1, x2 and and the detector response is of the form

dP  7a _ 2wy _2wmy
—=—|cxz1)e 9 Hc(za) e o . 2.27
6= (e (o) ) (2.27)
Again it should be noted that there is no discontinuous behaviour: the two terms give contri-
butions of opposite signs which cancel as u — u,.

2.3 Braneworld detector response and comparison with Doppler-shifted spectrum

We now want to apply our results to the braneworld approach to motion in a Minkowski heat
bath. We therefore consider a detector restricted to detect photons arriving from directions
within the brane. Recalling that 6 is the angle that a photon’s 3-momentum makes with the
X-axis, we see that we must set § = w/2. For convenience, we define

a 0o e2i(w/av)é

T2y oo % [sinh & — v€ cos p + ie]® (2.28)

dF _ dP

dp — dQ

0=m/2

We have not been keeping track of an overall factor in the definition of the angular excitation
rate of the detector, but this factor may now be fixed by considering the v — 0 limit, in which

case we find that '
1 dF

873 dp

w dw

Y (e o) (229

v=0
which is the Planck spectrum for the number density of ‘scalar photons’ in two space dimensions.
More generally, therefore, we have

(2.30)

: % 2i(w/an)E
n(2)(w’80) _ 1 dF . a / €

- d ,
83 dyp 16m3y J_o : [sinh & — v€ cos ¢ + ie]?



The integral can be evaluated as before and the result is obtained from the previous formulas
(2.21) and (2.23) by setting 6 = 7/2, so that u = v cos .

We shall be interested in comparing this result with what one finds from an application of
the standard Pauli-Peebles-Wilkinson (PPW) theory for the distribution of massless particles in
a radiation heat bath; for scalar particles in a 2-dimensional space, this gives

w T/y

2 _—
A2 (ew/Ter — 1) T vcosp’

nppw (W, ©) =

(2.31)

which is the 2-space dimensional analog of (2.12). We consider in turn the case of non-relativistic
and relativistic velocities.

e Non-relativistic velocities. For v < 1 we may expand the expression of (2.31) in powers
of v to find that

(2) w w2vcosp e /T

nPPW(wv ()0) = 47T2(ew/T _ 1) AT2T (1 _ efw/T)

2
5 +0(v), (2.32)
How does this compare with (2.30) in the same approximation? Expanding the integrand
in powers of v, we have

@) o a < +1/d zes  (vEcosp)" 2.33
n'? (w, p) 16#377120(1% ) [ d€ e RV (2.33)

We need only the n = 0,1 terms in the sum. Using the residue calculus, and the Unruh
formula 27T = |A| = 7?a, we find that

2 —w/T
@) _ w wvcosp e T O (2 934
n) = T e QWD+ 000 e
where )
1—e /T oT 727% 2T
T=|——| [1-= — Zemw/T) 2.
Q(w/T) <1+e—w/T> [ —+t— e (2.35)

This differs from (2.32) by the additional factor @) multiplying the dipole term. This factor
is a smooth monotonic function of w/7T" with the UV and IR limits

li =1 li =7?/4. 2.36

O =T 9= (230)

We therefore find agreement with (2.32) in the UV limit, as might be expected on the

grounds that the scalar field excitations behave like a classical gas of massless particles

in this limit. Otherwise, there is a discrepancy in the factor multiplying the dipole term,
which increases to about a factor of 2 in the IR limit.

e Relativistic velocities. In this case we need to return to the exact formula (2.30). The

(2)

energy spectrum at ¢ = 0 as compared to wnppy (w,0) is shown in fig. la for v = 0.04;
in this case there are seven poles contributing to the sum (2.23). We see that the spectra



are remarkably close at this velocity, differing slightly near the peak. The energy spectra
continue to be close even for much higher velocities such as v = 0.15 where only a single
pole contributes to the integral and the spectrum n(®(w,0) is exactly given by (2.21)
divided by 873. For this value of v the greatest deviation is at the peak of the spectrum
and is of order 8 %. At higher velocities the difference becomes substantial; for example,
for v = 0.8 the peak of the PPW energy spectrum is smaller by a factor of 5 and the PPW

temperature (defined by the exponent of the tail) is higher by a factor of 1.8, as shown in
fig 1b.

20}

[
o

Energy Density
Ly
o

Energy Density

o
o

00k

Figure 1: Spectra at (a) v = 0.04 and (b) 0.8, and ¢ = 0. The dashed line represents the Doppler-shifted
spectrum.

Away from ¢ = 0 there are other significant effects. We return to formulas (2.21) and
(2.23) evaluated at 6 = 7/2. For v > |u,| ~ 0.2172 we find, for negative u, the same “cone
of silence” within which the detector has no response because the integrand of (2.30) has
no pole within the contour. This cone is now defined by ¢ > g, with cos ¢y = u./v. The
“cone of silence” is obviously not a feature of the PPW formula (2.31).

Consider now u — 1, which implies both ¢ — 0 and v — 1. In this case there is a single
pole which is located at zq = v/6/T — v cos ¢ — 0; the leading behaviour is given by

T V3 €xP (—%ﬂ\/l — v COoS <p)
16773 /2 (1 —vcos go)% '

n®(w, ) (2.37)

This is significantly different from the equivalent limit of the formula (2.31).

3. Vacuum for acceleration with drift

It is well-known that the thermal spectrum registered by an accelerating detector can be ex-
plained, in a detector independent way, as a result of a difference of the Minkowski quantum
vacuum to the (Fulling) vacuum of the Rindler spacetime. Specifically, the Bogoliubov trans-
formation that relates the particle creation and annihilation operators in the two spacetimes is

,10,



non-trivial, so that the Minkowski vacuum is a thermal state in the Rindler spacetime. It would
be natural to suppose that our result for acceleration with drift has a similar explanation?, but
the Bogoliubov transformation connecting the Fulling-Rindler vacuum with the analogous vac-
uum in a moving frame is trivial [15]. It might seem from this result that the photons available
for detection at non-zero drift velocity are just the same photons that were available for detec-
tion at zero velocity, but Doppler shifted. However, there is more to this problem than just the
Bogoliubov transformation; in particular, it was shown in [14, 16] that the stationary motion
we call “acceleration with drift” leads a geometry in which there is an ergo-region outside the
acceleration horizon. We present here a summary of these results and then discuss the implica-
tions. This whole analysis can be carried out for arbitrary spacetime dimension D, in particular
for the D = 4 case as well as for the D = 3 case that we have analyzed from the perspective of
detector response.
We begin with the (D + 1)-dimensional Minkowski metric in the form

ds? = —dt* + da® + dy? + |dz)* . (3.1)
where 2= (21,...2p—2). The change of coordinates
t =rsinhn , x=r coshn, (3.2)

gives the Rindler metric
ds? = —r2dn? + dr? + dy® + |dZ)* . (3.3)

These coordinates cover only two portions of the Minkowski spacetime, the positive (“right”)
and negative (“left”) Rindler wedges,

Ry ={efaz>t]}, R-={z]z<-t},

which correspond, respectively, to positive and negative r. In these regions the Killing vector
field 0, = x0; + t0, is timelike, and a static observer at fixed r has proper constant proper
acceleration a = 1/|r| (and proper time 7 = a~'n). Rindler coordinates are thus ‘adapted’ to
such observers.

To obtain the metric in coordinates adapted to an observer in the Rindler spacetime who is
drifting in the y direction with velocity v, we Lorentz boost the metric (3.3) in the y direction.
Note that this boost is not an isometry; this is the kinematical counterpart of the statement
that a thermal bath breaks Lorentz invariance. We perform the boost by setting

y =y(y —vren) , ron = y(ro — vy) , ro=a"', (3.4)
and rewriting the metric in terms of the new coordinates (7, 9,7, 2):
ds® = —r?y2(dij — idﬂ)Q + dr? 4+ 42(dj — vrodi)? + |dZ? (3.5)
To
2.2 2 2\ 72 2V, 2 2\ g~ g~ 2 r2v? ~2 2 =12
= —y*(r® —vrg)dn® + 2~y T—(r —rg)dydn +~* (1 — — dy” + dr* + |dZ]” .
0 0

2For example, there is an Unruh-type effect associated with constant velocity motion through a medium with
refractive index n > 1 [22].
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This metric is stationary, with respect to the new time variable 7}, but it is not static. There
is still a coordinate singularity at r = 0, which is again the acceleration horizon, but there is
also a ‘static limit’ surface at » = vrg [16]; the region between the horizon and this static limit
surface is analogous to the ergo-region of a rotating black hole; see fig. 2. The hypersurface at
r = rg is D-dimensional Minkowski spacetime in standard coordinates

ds?|,_, = —dr* +di’ +|dz* (1 = o). (3.6)

A static detector in this subspace has proper acceleration v2a in the larger space, where the ~2
factor is a consequence of time dilation due to the uniform motion in the y direction.

Ir~=Vvro| r/=ro

Ergo
‘ region L\ \

—

Figure 2: Spacetime diagram for a detector at r = r¢ on a stationary trajectory of acceleration with drift
velocity v. There is an ergo-region for the natural time-like Killing vector field between the acceleration horizon
and the static-limit surface at r = vrg.

Consider now a complex massless scalar field ¢ in the (D + 1)-dimensional Minkowski space-
time, obeying the wave equation ¢ = 0. The norm of any solution ¢ is defined as (we follow
the review article [8])

loll =i [ a (606 — 60,0 (3.7)

where ¥ is the volume element on an arbitrary spacelike hypersurface. A basis of solutions of
positive norm is provided by the positive frequency plane parallel waves

1 . P
Uk = W ez(—wkt-l-kxa:—i—kyy—i—k.z) , Wy = /]C% + kjg + |k|2 ) (38)
wy, (27

In Rindler coordinates, the solutions with positive norm are again those of positive frequency,
but where this is now defined with respect to the Rindler time n; these modes are

w9 = ﬁ h;ﬁa) (r) exp {z (—aQn + kyy + k- Z)} , (3.9)

where o > 0 for the positive Rindler wedge and ¢ < 0 for the negative Rindler wedge. Here we
are using the fact that the timelike Killing vector 0, is future directed on R, and past directed

- 12 —



on R_. In terms of the coordinate r, = log |r|, the equation of motion for the radial functions
h,(:) (r) takes the form of a one-dimensional Schrodinger equation:

k

‘2 (3.10)

d2 r g g
(g e ) WO =02 =i+

At this point it is important to note that ) is an arbitrary parameter that ranges from 0 to oo,
independently of the values of the momenta; the reason is that for any 2 > 0 the solution is
always oscillatory for sufficiently small r,.

) (B (=) (=)*
k

The scalar field ¢ can be expanded either in terms of Uy, U}! or in terms of uy, ", uy, ", uy, 7, uy,

as both sets constitute complete sets of modes?:
b= /de (axUk + alUy) :/0 dQ/dD—lk ST 07w + 07T (3.11)
o=+

The linear transformation from ay, aL to bl(:),l_)éaﬁ is a Bogoliubov transformation, which mixes

modes of positive and negative norm; it takes the form
b — / APk (0 ap + B9 al,). (3.12)
The important implication is that the Minkowski vacuum state defined by
ax|0)pr = ax|0)pr =0 vk (3.13)
is not equivalent to the Fulling-Rindler vacuum state defined by

W00 =570 =0 Vo, k. (3.14)

In particular, the expectation value of the Rindler particle number operator N, = bg’ﬁbg) in

the Minkowski vacuum is

/ APk B B, (3.15)

and as a result the Rindler observer is immersed in a thermal distribution of particles (see e.g.
).

We now aim to extend this analysis to the metric (3.5) adapted to the observer drifting with
velocity v parallel to the acceleration horizon. As ¢ is a scalar field, we can obtain the solutions
of the wave equation in the new coordinates from those in the original Rindler coordinates by
simply making the substitution (3.4):

~(0) H(UT) 7 (o) . SNe T o~ T o
Uy, = ———————=h, '(r) exp (i(—oQ+ kyg+ k-2 3.16
= e ) e i i+ F-2) (3.16)
where
aQ) = y(aQ + o vk,) , ky = y(k, + 0 vaQ) , (3.17)

#We remind the reader that the spacetime dimension is (D+1). The integration is over the D space dimensions.
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The modes that were originally of positive (negative) norm still have positive (negative) norm,
so the definition of the vacuum state is not affected by the boost [15]. This result shows that
there is no change in the definition of a “particle” as the drift velocity v is changed, so a
distribution of particles at one velocity can be obtained from the distribution at zero velocity by
the method of Pauli and Peebles and Wilkinson. From this perspective, it is a surprise that our
explicit computation of the detector response yields a different distribution, at least for large
drift velocity or, in the case of small small drift velocity, away from the UV limit.

However, things are not quite so simple. As pointed out above, Q2 and k, take independent
values, 0 < © < oo and —oo < k, < oo. This has the implication that a mode of positive
(negative) frequency before the Lorentz boost, becomes negative (positive) frequency after the
boost if vk, < —€2. This implies an instability of the vacuum [16], which can also be understood
from the fact that there is an ergo-region outside the acceleration horizon. Ergo-regions of
stationary rotating black holes lead to a spontaneous emission of radiation that has the effect of
reducing the angular momentum and hence shrinking the ergo-region. We expect the same here,
with the difference that angular momentum becomes linear momentum. This could go some
way to explaining why the spectrum of particles detected by a particle detector is not simply
the Doppler-shifted version of the spectrum at zero velocity.

4. Discussion

Unruh has shown how the local temperature of a static black hole may be understood kinemat-
ically near its horizon from the response of a static particle detector to the acceleration needed
to maintain it at a fixed distance from the horizon. The detector effectively accelerates in a
2-dimensional Minkowski space; equivalently, it is static in the 2-dimensional Rindler spacetime.
Applying this insight to static p-branes, one has the additional possibility of considering a de-
tector in motion parallel to the horizon — in particular, motion at constant velocity. The metric
‘adapted’ to such a detector is still stationary, so one expects a time-independent response. On
the other hand, the motion near the horizon can be understood as one of “acceleration with
drift” in a (24 p)-dimensional Minkowski spacetime; as this is still a “stationary motion” (in the
sense that all extrinsic geometric invariants of the detector’s worldline are constant) one again
expects a time-independent response. The latter interpretation allows a computation, from first
principles, of the response of an Unruh-DeWitt monopole detector coupled to a massless scalar
field. This is especially simple for p = 2, which is the case we consider. For zero drift velocity,
the computation is a standard generalization of Unruh’s original computation, and can be found
in e.g. [18]; the excitation probability rate of the detector, as a function of its energy gap, is
Planckian. For non-zero drift velocity, the excitation probability rate is direction dependent;
the result after integration over angles has been considered previously [19] but our computation
yields the full angular dependence.

Given this result, one can choose to consider only the response in directions orthogonal to
the acceleration; equivalently in directions parallel to the 2-brane. From the perspective of a
detector that is constrained to move in this plane, and to detect only particles that arrive from
other points on it, it is effectively in a (1 4 2)-dimensional Minkowski radiation heat bath, at
the Unruh temperature. We have called this the ‘braneworld’ model of a Minkowski heat bath.

— 14 —



For low drift velocities, and in the UV limit in which the modes of the scalar field can be viewed
as massless particles of a classical gas, we find that the response spectrum of the detector is
just a Doppler-shifted version of the Planck spectrum, characterized by an angular-dependent
“effective temperature”. This is just what would be predicted by the standard PPW theory of
inertial motion in a radiation heat bath. However, our computation does not agree, numerically,
with the Doppler-shift formula in the IR limit, and gives a qualitatively different answer at large
drift velocities.

This result raises several issues. At the very least, it provides a further example of how
a particle detector in stationary motion does not always respond in the way that one might
expect. In the special case of pure acceleration, the thermal response of the detector is often
attributed to the different global features of Minkowski and Rindler spacetimes, and of the
resulting difference between the Minkowski and Fulling-Rindler vacua. However, this cannot
be the whole story because there are more distinct stationary motions than there are distinct
quantum vacua, at least if two vacua are considered equivalent if the Bogoliubov transformation
connecting them is trivial. We have already mentioned that the vacuum for acceleration with
drift is equivalent, in this sense, to the Fulling-Rindler vacuum. It was further shown in [15]
that for any stationary motion the quantum vacuum is equivalent, in this sense, to either the
Minkowski vacuum or the Fulling-Rindler vacuum. In contrast, the local response of particle
detectors on stationary worldlines is far more variable, being essentially different for each distinct
stationary motion, and it is a challenge to understand why this is so (see e.g. [17, 23, 16]).

This issue was addressed for circular motion in [17]. The quantum vacuum for a detector
undergoing uniform motion in a circle is actually equivalent to the Minkowski vacuum, despite
the centripetal acceleration, so why does the detector detect particles? One may guess that
the answer must have to do with the coordinate singularity at a critical radius in static co-
rotating cylindrical polar coordinates, and it was shown in [17] that a co-rotating detector in the
Minkowski vacuum does mot detect particles if one assumes boundary conditions that remove
the region of spacetime beyond the critical radius. For acceleration with drift, the resolution
appears to be different. As we have mentioned, the appearance of an ergo-region outside the
Rindler horizon is also expected to have an effect on a particle detector. However, it is difficult
to understand how this could explain the “cone of silence” that we have found above the critical
velocity v, ~ 0.2172.

Although we arrived at the “accelerating braneworld” model of a radiation heat bath by
consideration of motion near the horizon of a black brane, one may wonder whether it has a
more general applicability. As we have pointed out in the Introduction, this model is an essential
ingredient of the GEMS approach to the thermodynamics of asymptotically flat black holes
because each static observer in the asymptotic Minkowski spacetime at the Hawking temperature
Ty has, from the GEMS perspective, constant proper acceleration 27Ty /h in the embedding
spacetime. Why the Unruh formula should ‘work’ in this context is something of a mystery;
after all, the embedding spacetime is ostensibly no more than a mathematical construct, and
there is no suggestion that the acceleration has any effect other than to produce a temperature.
Nevertheless, the success of the GEMS program encourages the idea that the braneworld model
of a radiation heat bath is of general applicability.

These considerations lead us to question the standard “Doppler-shift” theory of motion in
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a radiation heat bath. In the first place, the assumption that the energy eigenstates, of energy
hw, of a quantum scalar field at temperature 1" behave like particles of a classical gas is valid
only in the UV limit in which Aw > T. One might expect angular-dependent induced emission
effects to become important in the opposite, IR, limit. This is indeed what we have found from
the “accelerating braneworld” model, at least for small drift velocity. One may then ask what
implication our results would have for the detection of photons in the CMBR if some analogous
computation could be done in one higher dimension. To get some flavour of this, we conclude
by exploring further the deviation of our formula (2.34) from the Doppler-shifted formula (2.31)
for v = 0.002, which happens to be the approximate velocity of our local group of galaxies with
respect to the CMBR rest frame. One finds that An(Q)/n(Q) ~ 1074, with the largest deviation
occurring at ¢ = w. However, if one focuses on the dipole term proportional to the detector
velocity then one finds an appreciable discrepancy when Aw ~ T that climbs to about a factor
of 2 as hw/T — 0, although there is still agreement in the UV limit ~w/T — oo. This is shown
in fig. 3.

Q@/T)
20

0 100 200 300 400
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Figure 3: Dipole strength registered by the detector in 1 + 2 dimensions relative to the Doppler shifted Planck
spectrum. The plot is drawn at the CMBR temperature 7' = 2.725 K in the frequency range for which CMBR
data (in 143 dimensions!) are available.

A factor of 2 variation is fairly large, but it is possible that this factor would be found to
be much smaller if we could compute the analogous result for motion in a (1 4+ 3)-dimensional
Minkowski heat bath, in which case there would not be any obvious conflict with experimental
data. One should also appreciate that since the CMBR experiment is calibrated on the dipole
assuming a frequency independent dipole factor, a small frequency dependence might get inter-
preted as an anomaly elsewhere. Our results suggest that it might be worthwhile to look for
such frequency dependence in the CMBR data, or to analyze the implications for calibrations
of assuming frequency independence.
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