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States insensitive to the Unruh effect in multilevel detectors
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We give a general treatment of the spontaneous excitation rates and the non-relativistic Lamb shift of
constantly accelerated multilevel atoms as a model for multilevel detectors. Using a covariant formulation of
the dipole coupling between the atom and the electromagnetic field we show that new Raman-like transitions
can be induced by the acceleration. Under certain conditions these transitions can lead to stable ground and
excited states that are not affected by the noninertial motion. The magnitude of the Unruh effect is not altered
by multilevel effects. Both the spontaneous excitation rates and the Lamb shift are not within the range of
measurability[ S0556-282(98)04302-1

PACS numbds): 42.50.Vk, 32.70.Jz, 04.62v

[. INTRODUCTION may show acceleration-induced effects that are considerably
bigger than the usual Unruh effect. In this paper we will give
The Unruh effec{1] is the prediction that a linearly ac- an answer to this question. To discuss realistic situations as
celerated two-level particle detector that is sensitive to deted@r as the coupling is concerned, we base our calculations on
real massless pertic|es becomes excited when movin@e relativistic generalization of the electromagnetic dlpole
through the Minkowki vacuum. It behaves as if it were in acoupling. This will give as a by-product an improved expres-
thermal bath of partides with Unruh temperatufﬁJ sion for the Lamb shift of accelerated atoms.
=f#al(2mkgc), wherea is the acceleration of the detector. ~ The paper is organized as follows. In Sec. Il we introduce
Although this temperature is in general extremely small thethe dipole coupling to the electromagnetic field for arbitrary
Unruh effect gained much interest in theoretical physics. Foptom trajectories. In Sec. Ill we derive the Master equation
a detailed discussion see, for examp|e, @]‘ After Unruh for the denSity matrix of mOVing atoms. For later use we
and Wald[3] reported acausal correlations and lack of en-review the Unruh effect for the electromagnetic coupling in
ergy conservation the emission of radiation by the detectopec. IV and derive the corresponding Lamb shift. Finally we
has been questiongd]. The discussion was resolved by the turn to acceleration-induced multilevel effects in Sec. V.
inclusion of the measurement procd&§. For a two-level
atom coupled to a scalar field the spontaneous excitation of a Il. THE COUPLING
uniformly accelerated atom in its ground state was inter- . ) )
preted in terms of vacuum fluctuations and radiation reaction W€ consider atoms forced to move on a given classical
by Audretsch and Niler [6]. The associated Lamb shift was trajectoryz“(t) with proper timet. The interaction with the
worked out in Ref[7], and arbitrary stationary trajectories €lectromagnetic field is described in the dipole approxima-
including rotation were discussed in Rg8]. This quantum tion a_nd consists of a relativistic generalization of the dipole
optical approach is similar to the one used in the preseroupling[12,2,
paper. The experimental realizability was discussed by Bell

and Leinaag9] who considered the spin of an electron in a Hin=—cz4(1)d"F ,,(Z"(1)). 1)
storage ring instead of a detector model. Since under these
conditions the acceleration can be extremely large the Unrufa,v, ... ,=0,...,3. We use thesummation convention

temperature should reach values of about 1000 K, but unfothroughout the paper if not otherwise stated. A dot denotes
tunately the fluctuations of the electron’s trajectory in thethe derivative with respect tb F,, is the electromagnetic
storage ring cover the effect. With regard to the physicafield strength operator, and’ is the dipole operator, which
interpretation the rotating particle detector as well as the rodescribes the internal induced dipole moments of the atom.
tating quantum vacuum pose deep conceptual problems If one replaces,, by the electric and magnetic field one
[10,11. can see that, in the laboratory frame, the couplibgdoes
It remains therefore a challenge to propose quantum sysiot only include the usual dipole coupling to the electric field
tems for which the Unruh effect or a similar effect becomesbut also the Rotgen term{13], which represents a coupling
measurable. In this connection it has been conjectured thétetween the magnetic field, the atomic center-of-mass mo-
multilevel atoms with their variety of complex transitions mentum, and its internal dipole moment. Its importance for
the relativistic invariance of the spontaneous decay rate has
been demonstrated by Wilkef$4]. A microphysical deri-
*Electronic address: pmarzlin@zeus.mpce.mg.edu.au vation of the dipole coupling and the Rigen term including
"Electronic address: juergen.audretsch@uni-konstanz.de the effect of a weak gravitational field was done in R&g].
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To describe the 4-velocity and the local rest frame of the \/T d3k i
atom, we introduce along the trajectory a set of four Ax(x¥)= —f —{expikx)e*(k)a*(k)
orthonormalized vectorse’(t), «=0,1,2,3, with e, €% 2(2m)%qc) k “
=diag(—1,1,1,1) (see, e.g., Ref[16)). Under[ined indices +H.c), (5)
represent tetrad numbergg(t) is the tangent*(t) to the

worldline. The three spacelike vectoe§(t), a=1,2,3, are  \ith k- = (k=|K|, k) and k being the wave vector in the

Fermi propagated along the trajectory. With respect to th?aborator o

i o y framea®(k) are the usual annihilation operators
tetrad the dipole operator is given loy,=e,-d=e%d, . |

'po’e op s given by, =e, d=e,d, fulfiling [a%(k),aP(k’)]= 8(k—k’) 7°%. The vectors:“(k)

the Schrdinger picture the internal dipole moments are con- ) !
are the(real normalized polarization vectors of the electro-

iqaL?z;:[i(;/r\{ethgg rfaéze interaction picture. The Scfinger magrletic field and indices with carets are polarization indi-
ces, a=0,1,2,3.s§(k) corresponds to the scalar photon,
|hd—¢=—cd9(t)F0a(z“(t))¢. @) e5(k) to the longitudinal photon, and’ (k) as well as
dt - 85 (k) to the two transverse degrees of freedom related to the

Because o, always vanishes the expressiof(t)Fo, could ~ Physical photongcompare, e.g., Ref.17]). Note that for
be reduced tal2(t)F, . Equation(2) is manifestly covariant eachk these four vectors do provide an orthonormal tetrad at

. . rest adjusted to the photon ray with wave vedtorWhen
as well as gauge invariant. ; : :
The components?(t) of the dipole moment operator can working out the influence of the acceleration of the atoms we
be written ag ) P P will not only have to take into account their noninertial 4-
trajectory but also the orientation of the rest-frame tetrad
ek(t) relative to the laboratory tetradg(k). On this basis

d¥(t)= 2 diliX(jlexdiw;t], (3 we will now formulate the quantum optics of multilevel at-
oms moving with uniform acceleration through the

whereli), i,j=1,... N, are the time-independent internal Minkowski vacuum|0) with a“(k)|0)=0.
energy eigenstates of an atom withinternal levels with
ener_gyEi . We assume that the effect of the acceleration on lll. MASTER EQUATION FOR MOVING ATOMS
the internal states and the energy levels has already been
included. The transition frequencies are givenday: = (E; In this paper we will use a master equation to calculate
—E;)/h. Since we are working in the interaction picture the decay rates and the non-relativistic part of the Lamb shift
each coherence operator is oscillating with frequengy, for a given energy level. The master equation technique is
and since the Schdinger equatiorn2) is written with respect described in many textbooks on quantum opfisse, e.g.,
to the atom’s proper time these oscillations still have theRef.[18]). In short its central assumption is that the density
form exdio;t]. matrix p., for the atom-field system can approximately be
The vector components are constant because they refer decomposed into an atomic density mati¢t) and a field
to the framee” attached to the atom. They are given by  density matrix(in our case the Minkowski vacuumwhich
- remains constanfy,(t) = p(t)®|0)(0|. In second order of
aij:e<i|§|j> (4)  perturbation theory one can derive the following master
equation for the atomic density matrix,
for a one-electron atom, wheeds the charge of the electron

andx its position operator relative to the center-of-mass po- dp(t) -1 . X

sition. Any spatial vectop is defined by having the compo- Tat 5z f dt’{[d2(t),d>(t") p(1) ]Gap(t,t")
nentsv?, b=1,2,3, with respect to the tetrad. Becad$ét)

has to be Hermitean we hadd =d?* and because of parity —[d3(1),p(t) d2(t")1GE(t,t)}, (6)

conservatiord? =0 holds.

To quantize the Maxwell field we introduce the electro-
magnetic 4-potentiah , with F,,,=d,A,—d,A,. The labo-
ratory frame is an inertial reference frame. With regard to the 2 Y )
concept of a photon and accordingly to the concept of the Gan(t,t'):=¢ <0|F03(Z (1)Fp(z"(t'))]0). (7)
Minkowski vacuumwe refer to this frame and decompose
the 4-potential in the Lorentz gauge as follows: Using Eqgs.(5) the functionG,(t,t") can be written as

with the correlation function

hc d3k
Iy — |k[z( —z(t")] ’ 3 ’
Carltt)= 50 5] D=2 ko (1) ko(t ) (1) - (") 1= Ko(D)Kp(t ) €a(t) - €g(t)]

—ka(t)ko(t")[eg(t) - en(t") ]+ Ka(t)ky(t")[€g(t) - €(t') 1} 8
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Its precise form depends on the atomic trajectnt{t). The  together with the normalization conditigne+ pyg=1. The
trajectory manifests itself also in the projections on the coterm proportional tg.. in Eq. (13) describes the spontane-
moving (Fermi propagatedetrad. To solve the master equa- ous emission of a photon and the corresponding deexcitation
tion it is convenient to expang as of the atom and will be present also for inertially moving
atoms. The term proportional fey, describes spontaneous
excitation. It vanishes for inertial atoms and displays the Un-
p()= > [iXilpij(t) (9)  ruh effect for accelerated atoms. Equatidd) is mainly of

b=t interest for the imaginary part of the coefficient connected
with peg. In the Schrdinger picture the unperturbed coher-
ence peq oscillates with the transition frequenay., and
hence gives us information about the energy difference be-
tween the two states. An imaginary part in the interaction
picture indicates that the oscillation frequency and therefore
the energy difference has changed. It describes the level shift
caused by the interaction with the atom and can be inter-
preted as the non-relativistic Lamb shift.
" Inertial atoms: The world line of the inertially moving
Kij xi(w):=d3d? f dt’e "G, (t") (100  atom is given byz“(t)=z*+ctel. The tetrad vectore”

0 N are constant for this trajectory. Changing in E8). the inte-

gration variables t@.. : =k, one can exploit the invariance of
the integration measure under Lorentz booft§], i.e.,

dk/k=d®p/p with p:=|p|=—kg, to simplify Eq.(7) to

N

and to insert this in Eq6). We will describe the stationary
situation of inertially moving atoms or atoms in constant
acceleration. The time dependence in Bj.reduces there-
fore tot"=t—t’ and we can make the commonly used ap-
proximation to extend the resulting integral from 0 4o
instead from O td. This is well justified ifG,p(t) falls off
rapidly. Defining -

one finds the master equation

N
dpjj -1 i w; oL inertial _ inertial yy i
d—tIJ = ?kél {p1i€' 1Ky i (@i) + pik€ WK (— ) Cab' = 9apG ™ with

ot o . —%  d®

— pri" kT K (i) TKE i (— o) T} (1) Grertiaj—t/) = ——— — iﬂ-g(t_t')+_7) _
672eoce dt -t

We will see below that the two-point functid) is isotro- (15
pic, G,p(t) = 8,5G(t). Accordingly we can reduce E@L10) o _ o
to - Here P denotes the principal valugn the sense of distribu-

tions) and we have used
Kij,kl(w):(aij ~ak|)K(w). (12

] . P
- . . , ) ) f dpe P*=78(x)—i—. (16)
The specific trajectory will manifest itself in the form of the 0 X
functionK(w).

Inserting this into Eq(12) and usingGzy(t) = Gap(—t) (for

IV. UNRUH EFFECT AND LAMB SHIFT all cases considered in this papeare arrive at
FOR TWO-LEVEL ATOMS
We study two-level atoms first to derive the modification 2 ReK™"( )= J ~dte Gt
of the Lamb shift caused by the acceleration for the interac-
tion of the atom with the inertial electromagnetic instead of AE
the scalar vacuum. In doing so we will as well provide the =0(—w) 3 i,j=12,3. (17)
expressions on which the discussion of multilevel atoms can 3megC
be based. We briefly review the inertial situation as well o _
because we have to refer to |t for the renorma”zation_ In the del’lvatlon we Used the I’eSIdue theorem and the faCt

For a two-level atom with an excited stae) and a that for functionsf(z) with a first-order pole az=0 the
ground statelg) two components in the dipole operator, expression [Z.dxPf(x) ~can be replaced by
namely,dg, andd.=dg; , do not vanish. The master equa- (1/2)lim,_ofZ..dx{f(x+ig)+f(x—ie)}. According to Eq.

tion (11) then becomes (13) the spontaneous emission rate of an excited atom is
given by the first term in Eq(13), 2|deg?ReK(— weg)/#2,
dpgg  2|deg? which results in
Tz 52 {peeRd((_weg)_pggR«(weg)}v (13
e—g wggldeg|2
- neal= 5 - 3 (18
dpeg_ |deg| ThEQ

dt _peg7[K(_ weg)+ K*(weg)]
This coincides with the classic result of Wigner and Weis-
32 skopf(see, e.g9.[20]). On the other hand, we can infer from
+ pre—2eved[K(we) + K* (—weg)] (14  the second term in Eq13) that inertial atoms in vacuum do
Pge > eg eg VR
not suffer from spontaneous excitation in the ground state
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because the corresponding transition rBf& ¢, is propor- hlw|® [ a? 1

tional to R&K™"(w,) and thus vanishes because &f 2 R&K(w)= Rt NS Ry
R 3megC { C‘w em -1
(—w) in Eq. (17).

We have to remark that the imaginary partdfea{( ), 249

The spontaneous transition rates can be deduced by inserting

inertial
ImK "™ (o) = f dt—cos{wt) 19 this into Eq.(13) and are given by

672eqC’

is divergent. To renormalize it we refer to the previously

mentioned fact that the imaginary part corresponds to an esg_p 1. 1+ (25)
f ; local inertial 2 2 2rwacla ’

energy level shifAE;qnia- We therefore set as renormaliza- I C’w e?mwegtld 1

tion IMK MY ) =7 A Ejperiiarl (2| degl?) . The inertial energy

shift cannot be calculated within the two-level atom approxi-

mation and must be adopted from relativistic theofigse, [ a2 | 1
e.g. Ref.[20]). 1-‘I%?a(i:‘:rinertial 1+ 2 2 2Tweqcla 1- (26)
Accelerated atomsiVe now turn to uniformly accelerated | Clweg€ ed —

atoms moving through the Minkowski vacuum on the well-
known Rindler trajectory

The “1” in the curly brackets of Eq(25) is just the inertial
c? decay rate while the second term in these brackets represents
z*(t)= — (sinf at/c],0,0,coshat/c]), (20) the thermal factor used to define the Unruh temperafiyre
a by (%|w|)/(kgTy)=2m|w|c/a. The additional term in
square brackets is a nonthermal correction. It is caused by
wherea>0 is the constant acceleration. The tetrad vectorghe coupling to the electromagnetic field strength operator
ey andej carried with the atom do always point in the 1- instead of a structureless scalar field. The possibility of a
and 2-direction of the laboratory frame. The remaining vecspontaneous excitatiod'§,_,;/>0) in the ground state corre-
tors are given byej=(coshat/c],0,0,sinfiat/c]) and e§  sponds to that phenomenon that is usually referred to as the
= (sinHat/c],0,0,coshat/c]). The two-point function can be Unruh effect The nonthermal corrections for the electromag-
calculated similarly to the inertial case by changing the inte-netic dipole coupling are not in conflict with the proof that
gration variables in Eq(8) to p;=k;[(t+t')/2]. The two- the Unruh effect is of thermal nature for all quantum fields

point functions have been derived in section 9.3 of R2f. [28] because this was shown for the equilibrium partition

in the context of a detector model with the result only. The precise statement of the proof is that, for a two-
level atom, for instance, the equilibrium partition obeys
cX(0|Fa(t)Fop(t")|0)= 855G (t—t), (21)  Peel pgg=EXH —fiweg/(KeTy)]. It is easy to see that this rela-

tion is fulfilled by the stationary solution of Eq13).

Another physically interesting effect is the radiative level
shift of the accelerated atom for the coupling to the Maxwell
field. For a two-level atom coupled to a scalar field this has
been done previously in Rdi21]. We mentioned in Sec. llI
' that the shift can be identified with the imaginary part of the
(22) peg COefficient(in the case of a two-level atonn Eq. (14),

namely,

where within our model the distributio® is defined by

—hat d? P
G(t—t’):—— i7Té(u)+ —
96m2soc’ du®

u=sinh(A)

with A:=(t—t")a/(2c). The derivative of thed function

and the principal value is defined in the sense of distribu-

tions: LetD(x) be a distributiong(x) a test function, and

f(x) some function that is monotonic in the interval of inte- AE=
gration. Then the derivative is defined by

Im{Keg ge( weg)+ng eg weg)}

dn
fng(X)ﬁD(uNuf(x):(_l)nJ' dxD(f(x)) = ———{IMK(—weg) - IMK(weg}.  (27)

d 1\
dx dfax) 9. 23
For the derivation of I(w) we write it as [K(w)
Takagi[ 2] also derived the power spectrum 2K&v) for —K*(w)]/(2i) and make use of Eq$22) and (23). This
the detector model. Transformed into our notation it reads procedure results in
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hawd [= P J a’ ra* © dt
ImK(w):—f dt coq wt) 1+ + j
0

1272 ,c* sinr(A)cosr?(A)l w?c?cosit(A)|  96m2eqc’Jo cosH(A)
x4 3 sinwt)| 2 tantf(A)— 3 Burc” - 22wc*an A)cog wt) (29
e ( cosf(A)  a? a ann got)]-

The first of the two integrals diverges for»0, but the divergence is the same as for the inertially moving atom. After the use
of the renormalization condition performed far=0 it is therefore well defined.

To see this more explicitly we consider the case where the acceleati®smaller thancwey. It is then a very good
approximation to expand the integrand to lowest ordea.ifVe then find

2

IMK ()= | 1+ —— | ImKnertial 4,) — hato? F{5°’tcos(wt)+3 sir‘(wt)]+0(a4). (29)
w?c? 127%e,c®Jo | 6

Performing the integrations and applying the inertial renormalization condition we eventually arrive at

13 hwe@d® HAEien a2
IMK (weg) = — ——5 — J”erz“a'/1+ — | +o(a*. (30)
7272 goC° 2|deg| \ we L
The correspondingtamb shiftof the atoms due to the acceleration is given by
13 a2wee?(elx|g)|? a?
AE= - — —2 [(elx|o) + AEjnenial 1+ —— | +0(a%). (31)
36m goC° WeC

Besides the term containing the inertial Lamb shift, which is absent for a scalar field, our result coincides structurally with
those of Ref[21] for the scalar coupling. It is interesting to observe that the actual dependence of the noninertial Lamb shift
on the acceleration depends on the renormalization scheme used for the inert{@2tase

Although this result is interesting for theoretical reasons the noninertial Lamb shift is far beyond the scope of present

experiments: Taking fok w4 a value of 10 eV and for the matrix elemde|x|g)| the Bohr radius of 510 '* m the first
contribution to the Lamb shift of Eq31) in the Earth’s gravitational fielda(=9.81 m/<) is about 10°4 eV. If we insert for
AE;neria the measured Lamb shift of 4410 eV for the hydrogen atom the second contribution is about@ >3 eV [22].

V. ACCELERATION-INDUCED MULTILEVEL EFFECTS

We want to address three questions: As compared with the two-level atom, does a multi-level atom show new effects
caused by the acceleration? What is the order of magnitude of these effects? Are there states that show no spontaneous
excitation at all? To discuss this we study a three-level atom because the answers can already be read off there.

Three-level atom in\ configuration:The A system consists of two ground states) and|—) with energiesE, andE _
and an excited state) with energyE,. The ground states are not directly coupled so that dly=d2* andd? ,=d3* are
nonvanishing. Thé\ system is of interest because of the possibility of Raman transitsaes e.g., Ref23]) between the two
ground states via the excited state under the influence of an electromagnetic radiation field. These transitions can be very
effective even if the driving mechanism, for instance, a laser, is far off-resonant.

Turning to accelerated atoms in the Minkowski vacuum, we display the master equatjon,fandp, _,

dp++ 1 - 2 1 2 i trq q
dt :ﬁ{_2P++|d+e| ReK(we1) +2pedd. ¢l ‘REK(—wes) —p— €9+ -Y(dy e de- )K(we-)
_P+—e7iw+7t(a+e'd’e—)*K*(we—)} (32
dps-_—1 32 T 2R * —ior t(d .§
dt :?{m_[ldﬂl ReK(we+)+|d_ o ’ReK* (we- )]+ €7+ (dy o de ) X {p- _K(we-)

+P++K*(we+)_pee[K(_we+)+K*(_we—)]}}- (33
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The corresponding equation fpr_ _ is gained if the+ and  intense research in laser cooling of atofsse, e.g., Ref.
— indices in Eq.(32) are interchangedp_, is simply the [24]) and dark optical latticesee, e.g., Ref25]). However,
complex conjugate op, _, and the evolution op.. is de-  while in this field the coupling to laser beams with given
scribed bypee=—pss—p__. intensity and frequency is concerned, we are here dealing
According to Eq(13) the first line of Eq(32) agrees with ~ With the coupling to the vacuum modes in the presence of
the differential equation of a two-level atom with levels &cceleration, which acts similar to a thermal bath. We there-
|+) and|e). Because of Eqg24) and(30) and w,_ >0 the fore conclude that although the Unruh effect in general af-
second line in Eq(32) is a new acceleration-induced effect fects the stability of atomic levels there is the possibility that
typical for the multilevel situation. It vanishes far=0. The  the transition amplitudes of two different ground states inter-
populationp , , of the|+) state is coupled to the coherences fére destructively so that a combination of them may remain

p._ between the two ground states. The transition matrixSt@dle.

eIementaLe and&,e between each of the lower states and ) It should be mentioned that stable states in the presence of

, . . ermal radiation are also principially possible. This follows
the excited state appear so that we have something similar O cause the fact thts,) is a stationary solution of Eqgs
a Raman transition between the two not directly couple n Y as-

ground states. On the other hand, the contributions of th 32), .(33) _does not depend on the precise formkg) SO
. . . . at it might also stand for the thermal Green function.
two-point functions contained iKK(w._) are those of the . .
) . Though to our knowledge there is no réi@e atomic system
two-level system with statde) and|—). After renormaliza- - o , : :
; L fulfilling the condition on the dipole moments given above it
tion of ImMK(w) as done aboveK(we_) is given by Egs.

(24) and (30). This has the direct consequence that not onlyi]hgrﬂgngef&(%ﬁfr:m?hfduesseir:gtgg?ildf&egs that induce dipole
the first term in Eq(32) but also the last two terms are of the 9 '

order of the Unruh effect for two-level atoms. Accordingly, Three-level atom in V' configuratioiet us finally follow

althouah new effects appear. with regard to an experiment a}nother strategy that presents itself in connection with mul-
g ppear, 9 b -lllevel atoms. Are there certain stable atomic configurations

}{/heé'f's(;?ggnagfi;hfhg'f&irjl(;eolfCzcszeliaﬂﬁg’;2?;”?&“%”&3 here the stability depends crucially on the fact that the
' tom moves inertially? We study a possible candidate for

effect is not enhanced. L ) .
) : . . such a situation. In th¥ configuration of a three-level atom
This reasoning holds also in the general multilevel case

Considering Eq(11) one can see that the argument of any Ofwe.have one ground stajtg_) and two exc!ted states-) for
: ; ; which we will assumeE, =E_ . The excited states are not

the functionsK;; () is always the frequency difference directly coupled so that onlgl2, =d®™ and d2_—d®* do
wi Of two statesk) and|l), which are coupled by a dipole nlot vaﬁishu%ecause the two %Jrn;ss?o% am Ii%d_es;f%om each
momentdg, . Hence, the transition rate is always the same as _ . ) amp .
the one between the two statd$ and|l). We have as an excited level to the groun_d state can interfere destructively,
important result that the maanitude O‘f the acceleration—the total spontaneous emission rate was observed to be can-

P 9 celed if the two excited states are coupled to a fourth level by

|_nduced transition rates for the multilevel atom are ESSEN; coherent driving field27]. For the sake of simplicity we
tially the same as for a two-level atom consisting of the

. . L _
states k) and|l). will consider here the unrealistic case ttié.i;g— d5 4 holds

Let us now turn to another observation. Under specia .nd for which theoretically spontaneous emission cancella-

circumstances this multilevel effect has the interesting cons O 0cCUrs. Abbrevi.ating((iww) by K. the master equa-
9 n (11) for the excited states can be found to be

sequence that a linear combination of the two ground state¥

may remain stable even in the presence of acceleration. For q d., |2
i i i P++ +

the A system at hand this happens if the dipole moments =9 {2pggREK, —2p, \RK_+p_ K_

fulfill the condition |d. ¢/2=|d_e|2=|d. ¢-de_|. The non- dt 52
coupled statehen can be written as tp. KX, (36)
nd= =l )=o)} @) o |dg.l?
AN , — = 22 {2pgqReK, —2p_ _ReK_+p. _K_
where the phase is given by arg(Le-_&e,). It is not diffi- +p_ L K*, (37)
cult to show that the corresponding density matyx
=|n){tnd is time independent so that there is no dp ML
acceleration-induced spontaneous excitation that makes this ;Z—gz+{2p+7Rd<7+2pgng‘<+—p77K7
state unstable. The Unruh effect appears only forctinepled dt fi
state
—ps K* (38
1 ) . .
_ - All we need to know about the other equations is that
=—{|+)+e ")}, 35
) \/§{| ) =) @9 dpgg/dt=—dp, . /dt—dp__/dt and that the master equa-
tion for the ground state coherences do not depengd.on
for which spontaneous excitation is present. andp. - . It is not difficult to see that these equations have
The existence of coupled and noncoupled ground states f§e stationary solutiop, ., =p__=p, _=p_,.=1/2 corre-

well known in the field of atom optics and has led to ansponding to the pure excited statg)={|+)+|—)}/\2.
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Since this solution is independent on the precise form obf all the states of the multilevel atom. We have shown that
K(w) we see that the atomic center-of-mass motion has nm contrast to this, specific linear superpositions of the two
influence on the stability of this stable excited state althouglyround states of a\ system represent a noncoupled pure

the individual decay rates may change. state that is stable, i.e., shows no Unruh effect.
In addition, a three-level atom in thé configuration has
VI. DISCUSSION a state that is a noncoupled excited state if the atom is mov-

. ing inertially. This stabilityis not changedn the case of
We have calulated the spontaneous transition rates Qfccelerated motion, so that there is again no influence.

multilevel atoms, coupled to the electromagnetic field, which  The influence of acceleration on the Lamb shift, although
move with constant acceleration through the MinkowskKimuch too small to be measured, is always there. We have

vacuum. Corrections to the inertial rates become importangptained the respective expression for the electromagnetic
only for huge accelerations. For multilevel systems NeWeoupling after the usual renormalization.

acceleration-induced transitions occur, but they do not alter
the magnitude of the usual Unruh effect. For a three-level
atom in theA configuration these transitions resemble Ra-
man transitions, but in this case they are spontaneous be- We thank F. Burgbacher, M. Holzmann, C.rhmerzahl,
cause no photons are present in the Minkowski vacuum. R. Muller, and W. Zhang for discussions. This work was

It is a common belief that the spontaneous processes irsupported by the Australian Research Council and the Optik
duced by the accelerated motion lead to a general instabilit¢entrum Konstanz.
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