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Transition radiation and the origin of sonoluminescence
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It has been shown by Liberaét al. [Phys. Rev. D61, 85023 (2000] that a dielectric medium with a
time-dependent refractive index may produce photons. We point out that a free electric charge that interacts
with such a medium will emit quantum-mechanically modified transition radiation in which an arbitrary odd
number of photons will be present. Excited atomic electrons will also exhibit a similarly modified emission
spectrum. This effect may be directly observable in connection with sonoluminescence.

PACS numbegps): 78.60.Mq, 12.20.Ds, 03.79k, 42.50.Lc

There exist mainly two “schools” in the effort to under- step towards a realistic theoryn a later papef5], the same
stand and explain sonoluminescence. One school argues authors take finite volume effects into account.
favor of the view that sonoluminescence can be understood Characteristic for the above-mentioned approach is that
on the basis of gas dynami¢see[1], e.g). In the second the produced electromagnetic energy has to be calculated via
main approach it is argued that the flash of light which isthe Bogolubov transformatiof6]. The calculational method
emitted from sonoluminescent bubbles is essentially due ts essentially the same as that found elsewhere when “sud-
energy which is released from the quantum vacuseg[2],  den” changes are involved, as for instance in case of emitted
e.g). In this paper we will to some extent attempt to bridgeradiation energy from the sudden production of a cosmic
the gap between these apparently incompatible views. string [7].

Our starting point is the physical scenario for explaining Our main purpose with the present paper is to make a first
sonoluminescence which was presentefBih There the au- step away from the phenomenological level and present a
thors showed that sufficient energy in principle may be resimple account of the photon production in terms of the ex-
leased from the electromagnetic vacuum in a dielectric meeited or ionized atoms in the sonoluminescent bubble. This
dium with a time-dependent refractive index so as to accouritind of approach may reveal properties of the emission spec-
for the radiation emitted from sonoluminescent bubbles. Therum that are connected with the interaction between vacuum
authors adopted a model in which there i©i@mogeneous and a time-dependent refractive index. That is, we may ob-
medium of time-varying refractive index. A detailed interac- tain some clues telling us about the relationship between the
tion mechanism, whereby this radiation can be released, wathydrodynamic” and the “vacuum” interpretations of
not specified. The approach taken [iB] was thus purely sonoluminescence. The present paper is to our knowledge
phenomenological. We note that there are actually two kindshe first attempt to bridge these two interpretatic@hough
of phenomenology involved heréi) already the use of the in this context reference ought to be made to the very recent
refractive index as such means that the complicated interagaper of Motyka and Sadzikowsk8] dealing with atomic
tion between field and matter is described in terms of oneollisions and sonoluminescence
single scalar parameter, the refractive index. It is this fact In this paper we will show that a free electron, which
that gives rise to peculiar properties of phenomenologicainteracts with a dielectric medium with a time-dependent re-
electromagnetic theory, such as the spacelike nature of tHgactive index, induces production of any odd number of
total four-momentum of a radiation field within a medium Photons from the vacuum at the tree level. The process can
(cf., for instance[4]). We shall assume, such as[B], that P€ seen as a quantum-mechanicéépd nonperturbative)y
the use of the refractive index is meaningful in a quantumModified classical transition radiation Pf00é8§><c'ted_
context also(otherwise, we would have to resort to some atomic electrons will also exhibit a similarly modified emis--
kind of many-body theory, which would be an extremely Sion spectrum. We suggest that these processes may provide
complicated approaghFrom a physical viewpoint one may partial mechanisms for the obser\(ed emission(aif least
interpret the refractive index as a time-dependent externai®me of thg photons from sonoluminescent bubbles.
field, producing pairs of photongii) The second kind of Th_ls paper is organized as follows. We WI|| first br_|efly
phenomenology ifi3] is the assumption about homogeneity consider the model that was presented3pwith a special
of the medium. Of course, this is a very rough model, but weEY€ towards the question of a consistent quantization of the
agree with the authors in that it ought to be a reasonable fir§leéctromagnetic field in a medium with a time-dependent

*Electronic address: bjorn.jensen@hisf.no Two particularly useful references on classical aspects of transi-
TElectronic address: iver.h.brevik@mtf.ntnu.no tion radiation can be found if9,10].
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refractive index. We then discuss qualitatively the emissioronly fair to mention, however, that in a series of pagdé&/3|

of photons from free and bound electrons that live in such at has been argued that the static Casimir energy is large. As

medium. At the end of this paper we point out one experi-static considerations are not likely to be closely connected

mental consequence of our findings. We also point out a newith the dynamic sonoluminescence problem, we will not

direction for further theoretical investigations into the ques-pursue this subject further here.

tion of the possible importance of transition radiation in con- We will now confront the question of whether the elec-

nection with sonoluminescence. tromagnetic field can be quantized in a consistent fashion
We follow [3] and choose to write Maxwell’'s equations in when one assumes Edg) and (8) to hold true. Our main

a dielectric medium with a time- and position-independentfinding is that if one treats the “generalized” Lorentz-gauge

dielectric constant, and with the magnetic permeabiliiy ~ condition along the same lines as in the standard Gupta-

set to unity, agwe set the speed of ligh¢, andu in the true  Bleuer formalism, and along with the assumption of a time-

vacuum to unity in the following dependent dielectric constant in EG#). and(8), one gets the
conditions
divA+ed =0, (1)
5 _ ¢ly)y=0, A|lp)=0, 9
—ed; p+div(grade)=0, (2
by necessityatt— +o, whereA is the longitudinal part of
— e&tzAJr graddivA)=0. 3 the field potential (#) denotes any photon stateithout the

need to invoke gauge invarianda addition to the condition
¢ is the electromagnetic scalar potential, aads the three-

vector potential. The first of these equations can be seen as a divA, |4)=0, (10
“generalized” Lorentz condition. We will furthechoosepo-
tentials on the classical level such that whereA | is the transversal part of the field potential. Let us
) see how this comes about.
¢=0, divA=0. (4) In the quasistatic asymptotic regions— =) the elec-

The resulting wav tion for the electromaanetic thr tromagnetic field can be quantized along the usual lines. This
€ resuting wave equation for tne electromagnetic eei'mplies the existence of two in general inequivalent descrip-
vector field potential then has solutions in the form

tions of the quantized field. In the in region at infinite past
A =N e 1ot k.A,=0, Ael0,1,23, (5 the field can be quantized as

where g, is the polarization vecton\, is a normalization win_ in Apin_ int o pink
constant with respect to some suitably defined inner product, A —% @ERARNTRART), #e{01,23, (1D
andw andk are related by
) o where it is assumed a finite quantization volume. Note that
— e +tk"=0. (6)  this discussion is a general one in which we reti impose
the constraints in Eq4). The{A/"} modes represent a com-
?)tlete set of solutions of the wave equation with respect to
some suitably defined inner produGy. j refers to thek;
ode. A canonicalHeisenbery vacuum state is as usual
efined by

The polarization vectors can always be chosen such th
74580 = M1 » Wheren denotes the Minkowski met-
ric with sgn(n)=(—1,+1,+1,+1). We will let\=1,2 refer
to the transverse components of the electromagnetic fiel
while A=0 and\ =3 refer to the scalar and the longitudinal
components, respectively. N -iny —

It?/vas assumé)d ih3] t);]at the dielectric constant of the 2j3|0;in)=0. (12
medium suddenly changes from its initial constant value, an‘?similarly in the infinite future we have
to another constant final value, i.e., it was assumed that ’

€(t) — €initial = CONStt— — 0 ) ARCUZ ST (QOAROUL g0 TAKOE ) (13
i

€(t)— €fpg=cONSt,t— + 0. (8) ) )
which defines a vacuum state by

It was shown that such a change in the refractive properties
of a dielectric medium may give rise to production of pho- a})ﬂOiOUf):O- (14)
tons. By making the change insteep enough, it was shown
that sufficient energy in principle can be released so as tdhe descriptions of the electromagnetic field in terms of the
account for the energy emitted in actual experiments witHn and out states are not in general physically equivalent,
sonoluminescent bubbles. The model does also reproduce tsince the productg; ;= (A%}, ,Af*™) do not vanish in
observed spectrum of the photons which are emitted frongeneral.
such bubbles with a high degree of accuracy. Let us now impose the generalized Lorentz-gauge condi-

There is at present a debate in the literature as to whetheion on the positive frequency part of the operators above,
the static Casimir energy is large enough to account for thei.e., consider the general condition
energy emitted by the sonoluminescing bubble. It was argued
in [11] that the static Casimir energy is by far too small. It is (9,A" P+ €0, )| WY=0, ve{1,2,3, (15
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where|¥) is an arbitrary quantum state+( indicates the (aijaij'zo o+ B a}% »|¥)=0, Vi,j. (22)
positive frequency part of the operator. This condition re- ’ ’

duces to the usual Gupta-Bleuer condition wleenl. In this It follows from these relations that the unphysical sector of
true vacuum case the Gupta-Bleuer condition implies the rejw), |\If>“”phy5can be represented as a coherent state, i.e.,
lation

o W)y NeX T3 -altat 0siny.  (22)
(aj3—ajp)|[¥)=0,Yj. (16) L s
N is a nonvanishing normalization constant, and Ifheco-

Let us follow the arguments if8], and assume that the sys- efficients are defined by

tem starts off in the true vacuum situatiomn.e., €piia=1),
and that the refractive index is turned on after some time. At

*
t— + the Gupta-Bleuer condition can naturally be written rj=-— ﬁ (23)
in terms of the out operators aij
_ ; When applied to this coherent state the condition in
(23" Vermaal3) V) =0.Vi. an e 3P &6
The state vector is unchanged, since it is time independent in (a}”;— a}%T)|\P>“”PhYS= 0. Vj. (24)

the Heisenberg picture. The operator condition in this last
expression can be rewritten in terms of the operators apprey,

priate for the true vacuum situation. This results in the ex- o e .
scalar and longitudinal excitations must have a particular

hat all this amounts to is that the initial configuration of

pression form. This form is dictated by the behavior of the dielectric
_ _ _ _ constant in the future. We emphasize that this point is im-

Z aij(a}g_ Efina|a}%)+z Bﬁ(a}’},— ‘/efinala}%)T |7) portant since there was no g_uaran:ae_priori that the initial_ _
] ] photon state does not contain physical scalar and longitudi-
=0,Vi (18) nal excitations as they are defined in the future. However, the

model considered is consistent, at least at this level, since we
can always choose the unphysical sector to have the form in
Eq. (22). Let us now turn to the question of the nature of the
gmission spectrum from free and bound electrons which live
in a medium with a time-dependent refractive index.
As mentioned above, i3] the dielectric constant was
‘ _ assumed to be a position-independent parameter, enabling
(1- \/eﬁna,)E (aijajiz)* Bi; a}%ls))hlf):O,Vi. (199  one to obtain a rough order of magnitude of the energy emis-
] sion from the medium. In order to actually understand what
oo . . triggers the emission of photons, one must look at the micro-
(0,3) indicates that this condition holds for the scalar andscopic dynamics more closely. There are two different physi-
longitudinal components separately. This condition can bea| mechanisms that are very natural to consider: first, the
further simplified, by appealing to the definitions of the pgiecyles in the bubble may be excited, eventually ionized,
Bogolubov coefficients, to read by photonic interaction. Second, the molecules may experi-
out ] ence this effect because of fluid dynamical forces, induced
(1= Venna)ai(o3)| ¥)=0,Vi. (200 py shock waves. As for the latter possibility, the fluid dy-
] ) ) _namical theory of sonoluminescence given by Kwak and co-
Hence, consistency requires that we quantize the physicalyorkers [13], based upon the theory of dense gas in the
i.e., the transversal, degrees of freedom in the out region igypple as given, in particular by Wu and Robdd], is
the usual way, but put the scalar and the longitudinal comyyite impressive. Now, it is also an experimental fact that
ponentsidentically to zero as was indicated in Eq9). The  some amount of noble gases is required in the bubble to
physical content of the resulting quantum theory is of coursgnake the sonoluminescent process work. What is the physi-
the one we would expect. However, what is remarkable, angg| reason for this? The explanation is as yet not completely
very unexpected, is that we arrived at our conclusions, Eqglear, but is most probably related to the fact that the spheri-
(9) and(10), without the need to appeal to gauge invarianceca| symmetry of the noble gas atoms prevent the excitation
or the equations of motion, dt—+, as in the standard energy from becoming distributed over rotational or vibra-
vacuum theory. It is unclear to us what the deeper signifitional modes. The rotational symmetry thus helps to make
cance of this property is. We emphasize that this feature is ghe emitted frequencies high.
general one, since the end resuliridependenof the details From these physical considerations we adopt henceforth
of how the dielectric constart changes with time. the following model: there exists a thin gas of free electrons
We also note another feature which deserves to be mefin the bubble: we do not specify whether it is the result of
tioned. The| W) state is constrained by two relations which photoionization, shock wave effects, or a combination of
involve in operators, namely the constraint in Eff) and  these. Mathematically, we take the initial quantum state at
the one in Eq.(19). Since thea}’zo,g) operators are linearly sufficiently early times to be
independent, the condition in EqL9) must hold for each
term in the sum separately, i.e., li)=|1;in)®]|0;in), (25

aj; and g;; are the Bogolubov coefficients that relate the in
and out stateésee[6], e.g). The condition in Eq(16) can be
used to eliminate one of the in operators. We can then i
particular reexpress E@L8) as
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where we have suppressed all quantum numbers. The first o
vector in the tensor product describes the number of initial Sfi:J' (flH)|1";in)®|0;0ub
electrons, while the second vector designates the number of

initial photons. We write the final state in the same vain as L
+ %f (fIH, EA yi*ja;r)\ai“ [17;in)®|0;oub + - - -
[f)=]1";0ut®|n;out), (26) B
where we have put a prime on the fermionic state in orderto = Sti())* Sri)t - (31

distinguish it further from the initial fermionic state. The
interaction term between the electron field and the electro
magnetic field in the bulk is

Since the electron-positron field is insensitive to a changing
refractive index we will neglect this part in the following in
order to simplify our formulas. At— —« the {A*} poten-
A E_aA T tials have the general form in E(L1). These potentials are
Hi=A j*=eA, py*y, 2 o : X -
=l WY @ propagated forward in time by the equations of motion which
wheree is the fundamental electric charge. denotes the take an explicitly time-dependent refractive index into ac-

electron-positron fieIdZits conjugate, and* represent the count (these equations are reproducec_i[Bj). In order to
usual gamma matrices. This interaction is the only one w&ompute thesmatrix we utilize the relation
will consider. Hence, we neglect any effects that are associ-
ated with having to deal with a finite volume, or effects that AL= (a}”xAJH)\‘“jL a}';TAJbL)j”*)
appear due to the motion of the surface of the confining i
volume. However, we will briefly return to these issues at the
end of the paper. _ puin A uiny % 740Ut

The asymptotic properties of the dielectric constant are _% {La AR+ (Bi A ™ agy
characterized by Eq$7) and(8). The incoming electromag- ) .
netic vacuum state, as it is canonically defined-at—, is B AR (g AKM* 1A}, (32)
in general related to the outgoing electromagnetic vacuum i _ i
state, as it is defined &t- -+ by [see Eq(7.9) in [15] for Wher_e in the last two lines we have expressed the in opera-
the case when ther and 8 matrices are diagonal. It is torsinterms of the out operators. TAf!A'” modes have been

straightforward to generalize that expression to the one ialculated for a particular case i8] in terms of hypergeo-
Eq. (28)] metric functions. The relevant part of tf&matrix that de-

scribes emission of a single photon from an electron is then
i * _outf_outt i
(¢0)*1|O;|n>=e[1’2”2 Tinan a(ijtx]|0;out). (29 9ven by

¢o is in general an arbitrary constant, which we will set Sfi(l):f ((out; 1|Z [ﬁijAﬁ'”jL(aijAJf;ln)*]a?;tho;out)
equal to unity, * denotes complex conjugation, amg A

=(Bij/a;j)* . This relation follows due to the completeness _

of the Fock spaces. From the expression [fyin) in Eq. ®ferm|on§>. (33
(28) we see in particular that any energy emissian the

form of photons as they are defined in the fulfrem [0;in) gy,ch emission at the tree level is in the literature called tran-
in the far future must involve correlated pairs of photons. It radiation and is a well known phenomenon, although
dielectric media it is only the electromagnetic fluctuations quantum field theoretical treatment of it seems to be

that are changed when one compares with the pure vacuu ong the first ones. AfteBy;(;, has been computed it is
case, i.e., when considered as free fields it is only the seco raightforward to computs;;,, which describes the emis-
guantization of the electromagnetic field which is modifiedsiOn of three photons of whiér: two are back to back. When
when e>1, while the second quantization of the electron-gy f,rther terms in Eq(28) are taken into account we find
positron field is identical to the one in the true vacuum.io: an electron may emit any odd number of photons.
Hence, the part of the Fock space that is associat.ed with the gono1uminescent bubbles may consist entirely of noble-
incoming electron in Eq.(25) is not altered during the ¢ atomg16]. Such atoms have ionization energies of the
change in the refractive properties of the medium. Itis thug,qer of 15 eV. As the observed radiation in experiments
appropriate to change the notation in the definitiofffinto it sonoluminescent bubbles have a typical energy of the
If)=1";in)®|n;out) (29 order of 3—4 eV, it can be argue@ee([3], e.g) that the
' ' ' presence of free charges in a sonoluminescent bubble is an

Photon emission from a free electron at the tree level irnlikely hypothesis. However, in practice, with a mixture of
tonic or hydrodynamicmakes it conceivable that there ex-

) ists a thin electron gas there nevertheless. And, as men-
SfiEf (F[H[i), (30 tioned, this is at the core of our model.

It was argued in17] that it is in principle possible to
where/ indicates integration over all space time. By keepingexperimentally verify whether the vacuum picture of sonolu-
just the first nontrivial term in Eq.28) the Smatrix element minescence is a viable one by measuring two-photon corre-
above can be expanded as lations. Our main aim in this paper is to investigate whether
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the inclusion of free or bound charges will induce furtherit will be induced correlations between odd number of pho-
properties to the radiation which is emitted by such bubblestons when one measures theaival times of photons from
Transition radiationfmeaning the emission of singlepho-  sonoluminescent bubbles.

ton from a chargeis a well known physical effect which will It may seem straightforward, and therefore tempting, to
be present irany dielectric medium with a time-dependent compute the efficiency of the production of the extra corre-
refractive index as soon as free electric charges are preseiited photon pairs in transition radiation processes by putting
On the assumption of the presence of a thin gas of electrorthe Bogolubov coefficients which were computed 34 into
inside sonoluminescent bubbles it follows that transition ra-our formulas. We want to emphasize that the inclusion of the
diation must also be taken into account in order to underaccelerated cavity walls may be ofucial importancefor
stand sonoluminescence. In this paper we have shown thatsaich estimates. However, transition radiation in connection
guantum treatment of transition radiation reveals that a fresvith accelerated layer surfaces appears to be a completely
electron does not necessarily emit only a single photon, but incharted area in the literature. Hence, realistic estimates of
may in fact emit any odd number of photons. This findingthe efficiency of the transition radiation mechanism to pro-
opens up new directions for further experimental work.duce correlated pairs of photons must await future studies of
Clearly, since electrons can emit any odd number of photonthis particular problenj18].
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