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Transition radiation and the origin of sonoluminescence
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It has been shown by Liberatiet 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 number~s!: 78.60.Mq, 12.20.Ds, 03.70.1k, 42.50.Lc
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There exist mainly two ‘‘schools’’ in the effort to under
stand and explain sonoluminescence. One school argue
favor of the view that sonoluminescence can be underst
on the basis of gas dynamics~see@1#, e.g.!. In the second
main approach it is argued that the flash of light which
emitted from sonoluminescent bubbles is essentially du
energy which is released from the quantum vacuum~see@2#,
e.g.!. In this paper we will to some extent attempt to brid
the gap between these apparently incompatible views.

Our starting point is the physical scenario for explaini
sonoluminescence which was presented in@3#. There the au-
thors showed that sufficient energy in principle may be
leased from the electromagnetic vacuum in a dielectric m
dium with a time-dependent refractive index so as to acco
for the radiation emitted from sonoluminescent bubbles. T
authors adopted a model in which there is ahomogeneous
medium of time-varying refractive index. A detailed intera
tion mechanism, whereby this radiation can be released,
not specified. The approach taken in@3# was thus purely
phenomenological. We note that there are actually two ki
of phenomenology involved here:~i! already the use of the
refractive index as such means that the complicated inte
tion between field and matter is described in terms of o
single scalar parameter, the refractive index. It is this f
that gives rise to peculiar properties of phenomenolog
electromagnetic theory, such as the spacelike nature of
total four-momentum of a radiation field within a mediu
~cf., for instance,@4#!. We shall assume, such as in@3#, that
the use of the refractive index is meaningful in a quant
context also~otherwise, we would have to resort to som
kind of many-body theory, which would be an extreme
complicated approach!. From a physical viewpoint one ma
interpret the refractive index as a time-dependent exte
field, producing pairs of photons.~ii ! The second kind of
phenomenology in@3# is the assumption about homogene
of the medium. Of course, this is a very rough model, but
agree with the authors in that it ought to be a reasonable
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step towards a realistic theory.~In a later paper@5#, the same
authors take finite volume effects into account.!

Characteristic for the above-mentioned approach is
the produced electromagnetic energy has to be calculated
the Bogolubov transformation@6#. The calculational method
is essentially the same as that found elsewhere when ‘‘s
den’’ changes are involved, as for instance in case of emi
radiation energy from the sudden production of a cosm
string @7#.

Our main purpose with the present paper is to make a
step away from the phenomenological level and presen
simple account of the photon production in terms of the
cited or ionized atoms in the sonoluminescent bubble. T
kind of approach may reveal properties of the emission sp
trum that are connected with the interaction between vacu
and a time-dependent refractive index. That is, we may
tain some clues telling us about the relationship between
‘‘hydrodynamic’’ and the ‘‘vacuum’’ interpretations o
sonoluminescence. The present paper is to our knowle
the first attempt to bridge these two interpretations~although
in this context reference ought to be made to the very rec
paper of Motyka and Sadzikowski@8# dealing with atomic
collisions and sonoluminescence!.

In this paper we will show that a free electron, whic
interacts with a dielectric medium with a time-dependent
fractive index, induces production of any odd number
photons from the vacuum at the tree level. The process
be seen as a quantum-mechanically~and nonperturbatively!
modified classical transition radiation process.1 Excited
atomic electrons will also exhibit a similarly modified emi
sion spectrum. We suggest that these processes may pro
partial mechanisms for the observed emission of~at least
some of the! photons from sonoluminescent bubbles.

This paper is organized as follows. We will first briefl
consider the model that was presented in@3# with a special
eye towards the question of a consistent quantization of
electromagnetic field in a medium with a time-depend

1Two particularly useful references on classical aspects of tra
tion radiation can be found in@9,10#.
6639 ©2000 The American Physical Society
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refractive index. We then discuss qualitatively the emiss
of photons from free and bound electrons that live in suc
medium. At the end of this paper we point out one expe
mental consequence of our findings. We also point out a n
direction for further theoretical investigations into the que
tion of the possible importance of transition radiation in co
nection with sonoluminescence.

We follow @3# and choose to write Maxwell’s equations
a dielectric medium with a time- and position-independ
dielectric constante, and with the magnetic permeabilitym
set to unity, as~we set the speed of light,e andm in the true
vacuum to unity in the following!

div A1e] tf50, ~1!

2e] t
2f1div~gradf!50, ~2!

2e] t
2A1grad~div A!50. ~3!

f is the electromagnetic scalar potential, andA is the three-
vector potential. The first of these equations can be seen
‘‘generalized’’ Lorentz condition. We will furtherchoosepo-
tentials on the classical level such that

f50, divA50. ~4!

The resulting wave equation for the electromagnetic thr
vector field potential then has solutions in the form

Akl5Nkekleik•x2 ivt, k•Akl50, lP$0,1,2,3%, ~5!

whereekl is the polarization vector,Nk is a normalization
constant with respect to some suitably defined inner prod
andv andk are related by

2ev21k250. ~6!

The polarization vectors can always be chosen such
habea

kleb
kl85hll8 , whereh denotes the Minkowski met

ric with sgn(h)5(21,11,11,11). We will let l51,2 refer
to the transverse components of the electromagnetic fi
while l50 andl53 refer to the scalar and the longitudin
components, respectively.

It was assumed in@3# that the dielectric constant of th
medium suddenly changes from its initial constant value,
to another constant final value, i.e., it was assumed that

e~ t !→e initial5const,t→2` ~7!

e~ t !→efinal5const,t→1`. ~8!

It was shown that such a change in the refractive proper
of a dielectric medium may give rise to production of ph
tons. By making the change ine steep enough, it was show
that sufficient energy in principle can be released so a
account for the energy emitted in actual experiments w
sonoluminescent bubbles. The model does also reproduc
observed spectrum of the photons which are emitted fr
such bubbles with a high degree of accuracy.

There is at present a debate in the literature as to whe
the static Casimir energy is large enough to account for t
energy emitted by the sonoluminescing bubble. It was arg
in @11# that the static Casimir energy is by far too small. It
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only fair to mention, however, that in a series of papers@12#
it has been argued that the static Casimir energy is large
static considerations are not likely to be closely connec
with the dynamic sonoluminescence problem, we will n
pursue this subject further here.

We will now confront the question of whether the ele
tromagnetic field can be quantized in a consistent fash
when one assumes Eqs.~7! and ~8! to hold true. Our main
finding is that if one treats the ‘‘generalized’’ Lorentz-gau
condition along the same lines as in the standard Gu
Bleuer formalism, and along with the assumption of a tim
dependent dielectric constant in Eqs.~7! and~8!, one gets the
conditions

fuc&50, Aiuc&50, ~9!

by necessityat t→1`, whereAi is the longitudinal part of
the field potential (uc& denotes any photon state! without the
need to invoke gauge invariance, in addition to the condition

div A'uc&50, ~10!

whereA' is the transversal part of the field potential. Let
see how this comes about.

In the quasistatic asymptotic regions (t→6`) the elec-
tromagnetic field can be quantized along the usual lines. T
implies the existence of two in general inequivalent desc
tions of the quantized field. In the in region at infinite pa
the field can be quantized as

Am in5(
j l

~aj l
in Aj l

m in1aj l
in†Aj l

m in* !, mP$0,1,2,3%, ~11!

where it is assumed a finite quantization volume. Note t
this discussion is a general one in which we donot impose
the constraints in Eq.~4!. The$Aj l

m in% modes represent a com
plete set of solutions of the wave equation with respect
some suitably defined inner product(,). j refers to thekj
mode. A canonical~Heisenberg! vacuum state is as usua
defined by

aj l
in u0;in&50. ~12!

Similarly, in the infinite future we have

Amout5(
j l

~aj l
outAj l

mout1aj l
out†Aj l

mout* !, ~13!

which defines a vacuum state by

aj l
outu0;out&50. ~14!

The descriptions of the electromagnetic field in terms of
in and out states are not in general physically equivale
since the productsb j 8l8; j l[(Aj 8l8

m in ,Aj l
mout* ) do not vanish in

general.
Let us now impose the generalized Lorentz-gauge con

tion on the positive frequency part of the operators abo
i.e., consider the general condition

~]nAn(1)1e] tf
(1)!uC&50, nP$1,2,3%, ~15!
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PRE 61 6641TRANSITION RADIATION AND THE ORIGIN OF . . .
where uC& is an arbitrary quantum state. (1) indicates the
positive frequency part of the operator. This condition
duces to the usual Gupta-Bleuer condition whene51. In this
true vacuum case the Gupta-Bleuer condition implies the
lation

~aj 3
in 2aj 0

in !uC&50,; j . ~16!

Let us follow the arguments in@3#, and assume that the sy
tem starts off in the true vacuum situation~ i.e., e initial[1),
and that the refractive index is turned on after some time
t→1` the Gupta-Bleuer condition can naturally be writt
in terms of the out operators

~ai3
out2Aefinalai0

out!uC&50,; i . ~17!

The state vector is unchanged, since it is time independe
the Heisenberg picture. The operator condition in this l
expression can be rewritten in terms of the operators ap
priate for the true vacuum situation. This results in the
pression

S (
j

a i j ~aj 3
in 2Aefinalaj 0

in !1(
j

b i j* ~aj 3
in 2Aefinalaj 0

in !†D uC&

50,; i . ~18!

a i j andb i j are the Bogolubov coefficients that relate the
and out states~see@6#, e.g.!. The condition in Eq.~16! can be
used to eliminate one of the in operators. We can then
particular reexpress Eq.~18! as

~12Aefinal!(
j

~a i j aj (0,3)
in 1b i j* aj (0,3)

in† !uC&50,; i . ~19!

(0,3) indicates that this condition holds for the scalar a
longitudinal components separately. This condition can
further simplified, by appealing to the definitions of th
Bogolubov coefficients, to read

~12Aefinal!ai (0,3)
out uC&50,; i . ~20!

Hence, consistency requires that we quantize the phys
i.e., the transversal, degrees of freedom in the out regio
the usual way, but put the scalar and the longitudinal co
ponentsidentically to zero, as was indicated in Eq.~9!. The
physical content of the resulting quantum theory is of cou
the one we would expect. However, what is remarkable,
very unexpected, is that we arrived at our conclusions, E
~9! and~10!, without the need to appeal to gauge invarian
or the equations of motion, att→1`, as in the standard
vacuum theory. It is unclear to us what the deeper sign
cance of this property is. We emphasize that this feature
general one, since the end result isindependentof the details
of how the dielectric constante changes with time.

We also note another feature which deserves to be m
tioned. TheuC& state is constrained by two relations whic
involve in operators, namely the constraint in Eq.~16! and
the one in Eq.~19!. Since theaj (0,3)

in operators are linearly
independent, the condition in Eq.~19! must hold for each
term in the sum separately, i.e.,
-

e-

t

in
t
o-
-

in

d
e

al,
in
-

e
d
s.
,

-
a

n-

~a i j aj (0,3)
in 1b i j* aj (0,3)

in† !uC&50, ; i , j . ~21!

It follows from these relations that the unphysical sector
uC&, uC&unphyscan be represented as a coherent state, i.e

uC&unphys5Ne(
i j

G i j (aj 3
in†aj 3

in†
2aj 0

in†aj 0
in†)u0;in&. ~22!

N is a nonvanishing normalization constant, and theG i j co-
efficients are defined by

G i j 52
b i j*

a i j
. ~23!

When applied to this coherent state the condition in Eq.~16!
implies

~aj 3
in†2aj 0

in†!uC&unphys50, ; j . ~24!

What all this amounts to is that the initial configuration
scalar and longitudinal excitations must have a particu
form. This form is dictated by the behavior of the dielectr
constant in the future. We emphasize that this point is
portant since there was no guaranteea priori that the initial
photon state does not contain physical scalar and longit
nal excitations as they are defined in the future. However,
model considered is consistent, at least at this level, since
can always choose the unphysical sector to have the form
Eq. ~22!. Let us now turn to the question of the nature of t
emission spectrum from free and bound electrons which
in a medium with a time-dependent refractive index.

As mentioned above, in@3# the dielectric constant wa
assumed to be a position-independent parameter, ena
one to obtain a rough order of magnitude of the energy em
sion from the medium. In order to actually understand w
triggers the emission of photons, one must look at the mic
scopic dynamics more closely. There are two different phy
cal mechanisms that are very natural to consider: first,
molecules in the bubble may be excited, eventually ioniz
by photonic interaction. Second, the molecules may exp
ence this effect because of fluid dynamical forces, indu
by shock waves. As for the latter possibility, the fluid d
namical theory of sonoluminescence given by Kwak and
workers @13#, based upon the theory of dense gas in
bubble as given, in particular by Wu and Roberts@14#, is
quite impressive. Now, it is also an experimental fact th
some amount of noble gases is required in the bubble
make the sonoluminescent process work. What is the ph
cal reason for this? The explanation is as yet not comple
clear, but is most probably related to the fact that the sph
cal symmetry of the noble gas atoms prevent the excita
energy from becoming distributed over rotational or vibr
tional modes. The rotational symmetry thus helps to ma
the emitted frequencies high.

From these physical considerations we adopt hencef
the following model: there exists a thin gas of free electro
in the bubble; we do not specify whether it is the result
photoionization, shock wave effects, or a combination
these. Mathematically, we take the initial quantum state
sufficiently early times to be

u i &[u1;in& ^ u0;in&, ~25!
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6642 PRE 61BJO”RN JENSEN AND IVER BREVIK
where we have suppressed all quantum numbers. The
vector in the tensor product describes the number of in
electrons, while the second vector designates the numbe
initial photons. We write the final state in the same vain

u f &[u18;out& ^ un;out&, ~26!

where we have put a prime on the fermionic state in orde
distinguish it further from the initial fermionic state. Th
interaction term between the electron field and the elec
magnetic field in the bulk is

HI5Am j m5eAmc̄gmc, ~27!

where e is the fundamental electric charge.c denotes the
electron-positron field,c̄ its conjugate, andgm represent the
usual gamma matrices. This interaction is the only one
will consider. Hence, we neglect any effects that are ass
ated with having to deal with a finite volume, or effects th
appear due to the motion of the surface of the confin
volume. However, we will briefly return to these issues at
end of the paper.

The asymptotic properties of the dielectric constant
characterized by Eqs.~7! and~8!. The incoming electromag
netic vacuum state, as it is canonically defined att→2`, is
in general related to the outgoing electromagnetic vacu
state, as it is defined att→1` by @see Eq.~7.9! in @15# for
the case when thea and b matrices are diagonal. It is
straightforward to generalize that expression to the one
Eq. ~28!#

~f0!21u0;in&5e[1/2(
i j l

g i j l
* aj l

out†a2 j l
out†] u0;out&. ~28!

f0 is in general an arbitrary constant, which we will s
equal to unity, * denotes complex conjugation, andg i j
[(b i j /a i j )* . This relation follows due to the completene
of the Fock spaces. From the expression foru0;in& in Eq.
~28! we see in particular that any energy emission~in the
form of photons as they are defined in the future! from u0;in&
in the far future must involve correlated pairs of photons.
dielectric media it is only the electromagnetic fluctuatio
that are changed when one compares with the pure vac
case, i.e., when considered as free fields it is only the sec
quantization of the electromagnetic field which is modifi
when e.1, while the second quantization of the electro
positron field is identical to the one in the true vacuu
Hence, the part of the Fock space that is associated with
incoming electron in Eq.~25! is not altered during the
change in the refractive properties of the medium. It is th
appropriate to change the notation in the definition ofu f & into

u f &5u18; in& ^ un;out&. ~29!

Photon emission from a free electron at the tree leve
the out region is described by theS-matrix element

Sf i[E ^ f uHIu i &, ~30!

where* indicates integration over all space time. By keepi
just the first nontrivial term in Eq.~28! theS-matrix element
above can be expanded as
rst
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Sf i5E ^ f uHIu18; in& ^ u0;out&

1 1
2 E ^ f uHIS (

i j l
g i j* aj l

† a2 j l
† D u18; in& ^ u0;out&1•••

[Sf i (1)1Sf i (2)1•••. ~31!

Since the electron-positron field is insensitive to a chang
refractive index we will neglect this part in the following i
order to simplify our formulas. Att→2` the $Am% poten-
tials have the general form in Eq.~11!. These potentials are
propagated forward in time by the equations of motion wh
take an explicitly time-dependent refractive index into a
count ~these equations are reproduced in@3#!. In order to
compute theS-matrix we utilize the relation

Am5(
j l

~aj l
in Aj l

m in1aj l
in†Aj l

m in* !

5(
i j l

$@a i j Aj l
m in1~b i j Aj l

m in!* #aj l
out

1@b i j Aj l
m in1~a i j Aj l

m in!* #aj l
out†%, ~32!

where in the last two lines we have expressed the in op
tors in terms of the out operators. TheAj l

m in modes have been
calculated for a particular case in@3# in terms of hypergeo-
metric functions. The relevant part of theS matrix that de-
scribes emission of a single photon from an electron is t
given by

Sf i (1)5E S ^out;1u(
i j l

@b i j Aj l
m in1~a i j Aj l

m in!* #aj l
out†u0;out&

^ fermionsmD . ~33!

Such emission at the tree level is in the literature called tr
sition radiation and is a well known phenomenon, althou
our quantum field theoretical treatment of it seems to
among the first ones. AfterSf i (1) has been computed it i
straightforward to computeSf i (2) which describes the emis
sion of three photons of which two are back to back. Wh
still further terms in Eq.~28! are taken into account we fin
that an electron may emit any odd number of photons.

Sonoluminescent bubbles may consist entirely of nob
gas atoms@16#. Such atoms have ionization energies of t
order of 15 eV. As the observed radiation in experime
with sonoluminescent bubbles have a typical energy of
order of 3–4 eV, it can be argued~see @3#, e.g.! that the
presence of free charges in a sonoluminescent bubble i
unlikely hypothesis. However, in practice, with a mixture
gases in the bubble, the complexity of the interactions~pho-
tonic or hydrodynamic! makes it conceivable that there e
ists a thin electron gas there nevertheless. And, as m
tioned, this is at the core of our model.

It was argued in@17# that it is in principle possible to
experimentally verify whether the vacuum picture of sono
minescence is a viable one by measuring two-photon co
lations. Our main aim in this paper is to investigate wheth



e
le

l
nt
se
ro
ra
e
a

fre
ut
ng
rk
on

o-

to
re-
ting

the

tion
tely
s of
ro-
s of
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the inclusion of free or bound charges will induce furth
properties to the radiation which is emitted by such bubb
Transition radiation~meaning the emission of asinglepho-
ton from a charge! is a well known physical effect which wil
be present inany dielectric medium with a time-depende
refractive index as soon as free electric charges are pre
On the assumption of the presence of a thin gas of elect
inside sonoluminescent bubbles it follows that transition
diation must also be taken into account in order to und
stand sonoluminescence. In this paper we have shown th
quantum treatment of transition radiation reveals that a
electron does not necessarily emit only a single photon, b
may in fact emit any odd number of photons. This findi
opens up new directions for further experimental wo
Clearly, since electrons can emit any odd number of phot
ys
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s

it will be induced correlations between odd number of ph
tons when one measures thearrival times of photons from
sonoluminescent bubbles.

It may seem straightforward, and therefore tempting,
compute the efficiency of the production of the extra cor
lated photon pairs in transition radiation processes by put
the Bogolubov coefficients which were computed in@3# into
our formulas. We want to emphasize that the inclusion of
accelerated cavity walls may be ofcrucial importancefor
such estimates. However, transition radiation in connec
with accelerated layer surfaces appears to be a comple
uncharted area in the literature. Hence, realistic estimate
the efficiency of the transition radiation mechanism to p
duce correlated pairs of photons must await future studie
this particular problem@18#.
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