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Optical coherence: A convenient fiction

Klaus Mdmer
Institute of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark
(Received 29 May 1996; revised manuscript received 25 November) 1996

We conjecture that optical coherences, i.e., quantum-mechanical coherences between states separated by
Bohr frequencies in the optical regime, do not exist in optics experiments. We claim the exact vanishing of
optical field amplitudes and atomic dipole expectation values, and we discuss the seemingly contradictory
success of assigning finite values to such quantities in theoretical calculations. We show that our conjecture is
not at variance with the observed interference between different light sources. The connection to the concept of
spontaneous symmetry breaking and the identification of entangled states as pointer basis states is discussed.
[S1050-294®@7)06904-7

PACS numbgs): 42.50.Ct, 42.50.Lc, 03.65.Bz, 11.34.

I. INTRODUCTION the existence of optical coherence and as an element of vali-
dation of the convenient application of such coherence. In
In the classical theory of light, electric and magnetic fieldsSec. Ill we discuss the intensity oscillations recorded by a
obey Maxwell’s equations. Due to their high frequency wephotodiode illuminated by two independent well-stabilized
cannot observe the amplitudes of optical fields, and as thiasers. With the aid of the quantum theory of measurement it
radiation is not generated by classically moving charges bug shown that we may understand these oscillations without
is radiated from, e.g., atomic sources, a proper description giPPeal to nonvanishing amplitudes of either field. In Sec. IV
the light detection and preparation requires quantization ofve discuss some further consequences of the present work,
the field along with the radiating systems. Maxwell's equa-and we comment on the in-principle feasibility of making
tions and propagation properties from the classical theory ar@ptical fields with finite mean amplitudes. In Sec. V we point
through mode functions central for quantized electromagi© the similarities and differences with the spontaneous sym-
netic fields, but the field amplitudes are replaced by quanturetry breaking concept in other fields of physics. We con-

operators, and it is the vanishing of their expectation value§lude the paper with a discussion of the rigidity of classes of
that is the topic of this paper. guantum entangled states qualifying such states as pointer

If there are no mean fields, there is no mean polarizatiofp@sis states, i.e., states in accord with observed classical-like
induced in media illuminated by the light field, and the clas-Pehavior of the systems.
sical theory of light is not merely a “theory of mean values”
of the quantum theory. Large parts of optics and of atomic Il. ENTANGLEMENT, DENSITY MATRICES,
physics, e.g., the theory of dielectrics, the coupled Maxwell- AND CORRELATION EUNCTIONS
Bloch equations, and the role of atomic coherences, should
in principle be reexamined to verify that predictions based on We shall now briefly illustrate why optical coherence is
postulated mean amplitudes can also be obtained more riglot easily generated: For a medium represented by quan-
orously. tized, e.g., atomic, systems enumerated by the indewxth
A conclusion of this paper is that it does not matterbare energy levelg,; and stategi,), and quantized elec-
whether coherences exist or not; observable phenomena tPmagnetic fields described by field mode operators
optics and quantum optics are unchanged, and in this wag, ,a, , the Hamiltonian can be written
optical coherences may be regarded as a convenient fiction.
A discussion of the applicability of this fiction, or myth, N L
may, however, contribute to our understanding of the quan- ~ H=Hg+tHu+Hin, HF:; hoy(ayay+3),
tum classical correspondence, e.g., in the process of mea-
surement. In addition, we note the recent emergence of col-
lective atomic effects and many-body physics concepts in H :2 E, i )il
optics and quantum optics. Atoms, unlike photons, are not M=o Tallleitiab
created or annihilated in experiments, but a conclusion of the
present paper is that this is not a fundamental difference B
between, e.g., a laser and a coherent source of bosonic at- Hi=f > [f1,a]]i,)(jal+H.cl. (1)
oms. In turn, the validity of many-body physics concepts Nal]
such as spontaneous symmetry breaking might be examined .
along the same lines as the ones applied here for optics. The coefficients'} , contain the position dependence of the
In Sec. Il we recall the role of entanglement and correladmode functiondevaluated at the position of the particlg
tion functions in the interaction between matter and light.and the matrix elements corresponding to the motion of the
The ambiguity of interpretation of density matrices is charges in the quantized systefesg., atomic dipole matrix
pointed out both as an origin of unjustified conclusions onelements
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Lasers and conventional light sources rely on neargest that any specific laser at a given instant of time is in a
resonant interactions between an incoherently pumped m@ure coherent stathr)=exp(—|a|#2)=(a"/\/n!)|n) but a
dium and the radiated light field. The coupling is only effec-priori we do not know the value of its diffusing phase
tive among bare medium and field states of approximatelarg(«), and the average over this quantity yields the Pois-
the same energy, and the sumHir,, in Eq. (1) reduces to  sonian number distribution with vanishing mean amplitude.
one where the atomic transition operatéirs)(j,| only ap-  Complementarity implies that there is no physical difference
pear in terms witha, (a;r) if Epi—Eqj=fho, (—fio)). between an ensemble of number states and an ensemble of
The Heisenberg equations of motion for field amplitude op-coherent states if the ensemble averaged density matrix is the
erators contain only atomic transition operators having essame. Therefore, even if precise knowledge of the exact
sentially the same free evolution frequencies, (field + surrounding mattgrstate vector precludes a mean

field, we may still utilize coherent states in calculations.
. . TR The idea of associating pure states with density matrix
aax(t)__""xax(t)_';j Fanlia)ial(D), (2 problems has attracted much interest. For dissipative prob-
' lems of a very wide class, it has been shown that one may

and these in turn are coupled only to operators with the samgPnsistently evolve an ensemble of wave functions, so that
rapid evolution. Hence, if all such quantities have vanishingn€Y. on the average, reproduce the reduced density matrix
mean values at some initial time, they will never develop!" the system. These approaches have been described by the
nonvanishing expectation values. If only one frequency?ames “quantum trajectories(2], “Monte Carlo wave
range is considered for the field and the atomic transitiongunctions” [3], “quantum state diffusion,” and “decoherent
this can be attributed to the conservation of number of phollistories” [4]. The state vectors can be ascribed physical
tons plus atomic excitations in the system governed by th&'eaning as the states conditioned on certain measurements
Hamiltonian. performed on the surroundings of the system.

Entangled superposition states of the atoms and quantized The emergence of near—co.herent. field states in cavities has
fields are prepared. The dimensionality of the Hilbert spacdNUS been seen when the simulation scheme involves sto-
prohibits a treatment incorporating the quantum state of alfhastic differential equations for the state vectors, the quan-
systems contributing to an optics experiment: the state of aff!™ state diffusion picture. All such calculations, however,
atomic target for a laser beam is entangled with the field® of a kind where the wave function evolution is consistent
states, as inferred from the Hamiltonidh), but the field With homodyne or heterodyne detection, which requires a
state is already entangled with the state of the light inside thg.oherent local oscillator field. As such fields do not exist, the

laser cavity, which in turn is entangled with the states of thesimulations do not represent a rigorous analysis of the time
gain medium, which are entangled with the states of the in€volution of the system. Simulations associated with feasible

coherent pumggthermal reservor .... . It is not only conve- measurements of excitation and/or intensglow variable$

nient, it is absolutely necessary to break this hierarchy ofl® NOt produce coherences. In the next section we shall see

entanglement as close as possible to the target system Which kinds of states are produced during homodyne or het-

interest, and this is what we do when we replace field opers€"odyne detection. , o
tors byc numbers. As real-time monitoring of a signal oscillating in the op-

Note, however, that for light propagation problems thetical regime is not possible with classical devices, we are
wave equation for the field contains the polarization of thePound to measure slowly varying or stationary quantities

medium, but the spatiotemporal character of this equation iSUch @ power spectra. Historically, the field of quantum op-
the same whether it describes the classical quantitiedS has been strongly rooted in the growing awareness start-
(alledged mean values of field and dipole operatorsthe mg'around 1960 of 'ghe consequences in photodetection ex-
quantum-mechanical operators. If we are in the linear rePeriments of the difference between means of operator

gime, for example, the steady state atomic dipole operator iBroducts and products of operator megSk Consideringt
proportional to the field operator of the driving field with the S & fixed time afgument%we may multiply E@) from the
same constant of proportionality as between the mean dipol€ft by, €.g., the operataa, (t), and we obtain for the two-
and an injected mean electric field, hence the field is retime operatoraj(t)a,(t+7) the equivalent equation
fracted the same way, and in an interferometric setup the g

ig;‘ggdl.nterference pattern in an intensity signal will be re d—TaI(t)a)\(t‘f'T): —iwxai(t)ak(tﬂ)

A gquantum system, interacting weakly with its surround-
ings, can be described by a reduced density matrix, obtained o i ATV V(i
asgthe trace over the Hilt):J/ert space of the gjrrounding quan- Iazlj f“’”a‘(t)““m“'(HT)' @
tum system. No optical coherences exist in ttsystem
+surroundings state vector, and this is not changed by theThe operator quantities in this equation do not have vanish-
trace procedure. What is changed, however, is that a purieg mean values, e.g., a=0 the mean photon number ap-
state is replaced by a mixed state, represented by a densipgars on the right-hand side, and later the entanglement of
matrix. the field and the atoms contributes in the last sum.

In quantum descriptions of the laser a near-Poissonian From a formal perspective, one- and two-time expectation
photon number distributiofdiagonal density matrjxis ob-  values obey the same set of equations, merely with different
tained when the entanglement with the states of the gaimitial conditions. In the context of open dissipative systems
medium has been traced duf. Alternatively, one may sug- this connection is known as the quantum regression theorem
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[6] (valid under the Markov assumption for the system’s in-
teraction with its surroundingsThis provides another vali-
dation for applying alledged nonvanishing coherences in
place of the mean values of the operators in &j. they b
produce the correct quantitative results, not for one-time av-
erages and products lik@'(t))(a(t+ 7)), but for the ex-
perimentally relevant two-time expectation values like
(a"(t)a(t+7)).

Ill. INTERFERENCE BETWEEN TWO INDEPENDENT a
LIGHT SOURCES | D—— iDW

One of the cornerstones in quantum optics is the analysis
of photodetection experiments, and one lesson learned from C
this analysis is the apparent preservation of quantum charac-
ter of a signal into the classical electronic circuitry of the
detector. In heterodyne spectroscopy, for example, light from
a source is mixed with the field from a local oscillator. This
mixture is incident on a photodetector, and the photocurrent . -
is spectrum analyzed. The power spectrum does not FIQ. 1. Optical setup where the outpgt bear.n.s from two cavm.es
determine the Fourier transform of the autocorrelation func®® mixed on a beam splitter and the intensities of the resulting
) — - N beams are measured by two photodetectors.
tion of the mean currenit(t)=(E()(r,t)E()(r 1)), where

O iti -

E (r.0 d.eno-tes the posmve. fiequency part of the quan quency parts involving the operators=1/\2(a+b) and
tlzed_ electric field at the location of the detector, but the d=1/y2(a— b). What do we predict for the outcome of such
Fourier transform of the mean autocorrelation function )
Y e (=) (=) () ()= an experiment ?
H(1)i (t+ ) o(E(r HE(r t+ N ET(r t+ 1) ETI(rL1)). The density matrix treatment predicts no interference. In-

The field operatoE(*)(r,t) is a sum of free field parts deed, the two cavities will independently produce binomial
(annihilation operators for unpopulated field modasd a distributions,p(l,t):(,“)exp(—l“t)'[l—exp(—l“t)]”", and the
source part, which is here a coherent superposition of tthpectation values of the photon fluxBsc,I'd*d follow
fields emitted from the two sources. As only the source par&xponential decay lawEnexp(-TI't). '

is relevant for the intensity measurement, we introduce the . .

o L We shall now see that such a density matrix treatment
relevant combination of source annihilation operators, e'g'does hot provide an adequate descriotion of the experiment
for a 50/50 lossless beam splitter; (a+b)/2. Even if the b ; q P P '
o modes are uncorrelated so tth(alt)oc(c*c) feceives no In a photodetection mea§urement the ph.otocurrent represents

the counts of photons in certain time intervals. From the

contr|bu_t|on from.the cross terms involving'b,b a, the combined wave function of the two modes we know the
correlation function contains a term proportional to - : .
(aT(t)bT(t+r)a(t+r)b(t)) and there will be an interfer- probabilities for det.ectmg 0,1,... photons with the two de-
ence signature in the spectrum at the difference in frequenc ctors, {:md according to the quantum theory of measurement
detection event leads to a collapse of the wave function on

between the source and the oscillator, proportional to th . :
product of the autocorrelation functions for each modet® Subspace corresponding to the selected eigenvalue. We

(a'(t)a(t+7)) and(b'(t+r)b(t)). Hence, an interference can now build a quantum. trajectory, mpdifying the wave
peak in the power spectrum does not imply a field amplituddunction gradually according to the simulated detection
in either of the beams impinging on the detector. events in the two detectors. Our numerical procedure is de-
There are experiments in which fields are derived fromscribed in detail below, but let us first indicate how entangle-
such well stabilized lasers and with such close optical frement of the modes is introduced. In the initial state both
quencies that a photocurrent can be observed to oscillate gletectors have the same photodetection probability; assume
nusoidally on the time scale of seconds. The oscillations aréhat a photon is detected in the detector illuminated by the
in agreement with the analysis based on the photocurrert=1/\2(a+b) combination of the cavity fields. The state
correlation function, but the question is whether optical co-vector after this detection is then obtained as
herences in the field modes are required in order to explain|n,n)=n(|n—1,n)+|n,n—1))/y2 (to be subsequently
the interference observed. normalized. Now, the two cavity field modes have become
We now consider the following simple model, see Fig. 1:entangled{a*b)+0, and the two detectors no longer have
two single mode cavities are assumed to be populated byhe same detection rate. If the two eigenfrequencies differ,
photon number states, so that the state of the field is ththe wave function is not stationary, and the detection prob-
product statén,n)=|n)®|n) att=0. The modes have dif- abilities will oscillate at the frequency difference
ferent frequencies, and wy,, and both cavities have a par- A=w,— wy,.
tially transmitting mirror causing damping of the intensity = We examine the details of the evolution by a quantum
with the same decay rafé. The fields escaping the cavities jump simulation appropriate to the given detection scheme
are combined on a 50/50 lossless beam splitter, and the rg3]: a wave function is propagated with the effective Hamil-
sulting fields measured by two detectors have positive fretonian
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a0t R FIG. 2. Number of photons counted by the
8 two detectors in time intervals of
T 5t=0.0002""1. Time is given in units ofl" 2.
5 - Solid (dashedl line: mode-c(-d) detector. Re-
E 5 peated simulations with the same initial number
g | statesn= 10" in the two cavities show the same
5 20 f 4 periodicity of the two intensity signals, but the
I phase of the oscillations varies from simulation to

X simulation.
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1 r =(y(t+7)|a’b|y(t+
Her=fiog(a'a+ 3)+hap| bTb+ = | ~ifi - (a'a+bb) < Wﬁ mlatbly(t+ )
.
(4) => Jn—kyn—qg+k+1ckcy. . (7)
k=0

and the evolution is interrupted at random instants of time by o ] ]
quantum jumps |¢)—c|¢) or d|y), occurring with The value ofg is increased by unity, and an expression
|)-dependent rates  yo=T{(y(t)|cTc|¥(t)) and analogous to Eq5) is again valid after the action of theeor
ya=T{(t)|d'd|(t)). The last term inHq4 can also be d annihilation operator
written as—i#(I'/2)(c'c+d'd), so this is really the stan- q
dard Monte Carlo wave-function procedure for a master . Ckon_

axb cn—k,n—q+k
equation on the so-called Lindblad forr8]. ( )kZO d a+k)

The action of either of the jumps is to reduce the total
photon number by unity. Hence starting from a state with ,
definite total photon number,n2 at a later timeT the field :kzo cIn—k,n—(g+1)+k), ®
state of the two modes will be an eigenstate of the total N
photon n_umber operata’a+b'b .With eigenvalue_ B—d, where
whereq is the total number of simulated detection events.

This implies that we can write the wave function as cr=Vn—(k—1)c,_1* Vn—qg+Kkg, 9

q+1l

q and where a subsequent normalization should be introduced.
| (1)) = Z c(t)[n—k,n—q+Kk). (5) This semianalytic evolution is easily implemented on a
k=0 computer, and in Fig. 2 we show the outcome of a single run.
- . . In the calculation we have takem=10° photons initially in
As the non-Hermitian part ofi¢¢ acts identically on all  g5ch cavity, and a frequency differente-1000". We plot

terms in|(t)), it is sufficient to consider the Hermitian part the number of jumps of each type performed within time
in the determination of the evolution of the amplitudes be-indows of durationst=0.0001 % and the simulation

tween jumps, and by choosing an appropriate rotating framBroceeds until a total ofj=3000 photons have been de-

we obtain the equation,=ikAc, with the solution tected. In repeated runs, one obtains the same picture after a
short entanglement period, but the oscillations are shifted in
c(t+7)=c(t)explikAT). (6) time.

The simulated signal is identical to the one from two cavi-
The total jump ratey.+ y4=I(2n—q) is independent of the ties initially in a product of coherent stately,B)=
values of the amplitudes,, hence the time between jumps |a)®|8). This product state evolves as a two-mode coherent
is exponentially distributed, and we select the instant of thestate, |aexp(—iw,t — (I'/2)t), Bexp(—i w,t — (I'/2)t)), and
next jump from the time incrementr solving the rates of detection events have the expectation values
exp(—T'(2n—q)7)=¢, wheree is a random number be- I'[|a|?+]|B|?*2|a* B|cos@t+ ¢)lexp(—TIt), whered is the
tween zero and unity. Which one of the jumps to take isrelative phase of the two complex numbegsB. In our
determined from the ratio between the current values of thsimulation we have no mean fields in the cavities, neither in
ratesyqy*(2n—q)+(—)2 R¢Q], where the initial state nor during the time evolution, but after the
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FIG. 3. Time dependence of the quantdy
controlling the count rates in the two detected
00 4 field modes; time is in units df ~1. The value of
2RdQ]/(2n—q) is presented at 3000 different
instants for the simulation yielding the intensities
in Fig. 2. Q, and the rates, are smoothly varying
quantities.
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first few photodetections, the resulting entangled state bereadily identified. To calculate this result we must invoke the
haves just as a product coherent state with a random relatiyghotocurrent correlation function, assuming that the photo-
phased. current, although macroscopic, preserves the quantum char-
It is amazing that the wave functids) for some interval  acter of the field operators. Now, this macroscopic quantum
of time leads to a nearly uninterrupted sequence of detectionigehavior, mentioned earlier as a special aspect of quantum
in one detector, then, a quarter of a period later, to a CoMgptics, is indeed mysterious, and as pointed out by Car-
pletely random detection in the two detectors without de-michael[2] in the case of subshotnoise detection, the physics
struction of the memory in the wave function so that anothefs more readily understood in terms of quantum trajectories.
quarter of a period later only photons in the other detectolyere  the recorded signal is classical but it is accompanied
are recorded. The interference is due to the evolution of thgy, .y japses of the quantum state of the light source and this
quantityQ introduced in Eq.(?). At t=0, Q Va.”'SheS' pUt gives the signal its nonclassical temporal correlations. The
already after one detectio@=*n/2, and during the first signal in such a record necessarily shows the temporal be-

722% gg]g? Lﬁ's g:)&ilrt]ituggy eizzrgict?leese;h?ic\i;asl;ge u-le—:rr]ée OThavior present in the correlation function because the average
b P P P q over many records reproduces this function. Structures in

jumps. In between jumps we obtain the differential equation . . . . .
Jump Jump N two-time correlation functions are not predicted as one-time

QtTr:AtQ V\:jhif[:h ElrovitlzieT:Fhesharmohnic \;ﬁria};ion in ir‘ltinSityfaverages by the density matrix, but if looked for experimen-
at the two detectors. In Fg. > we show the time evolution o tally they will be seen as such in individual realizations, and

REQ], displaying clearly the transition between an initial many experiments in quantum optics are individual realiza-

randomness and a subsequent harmonic evolution. As we S .
- jons, e.g., the joint intensity measurement of two laser

see, the random events have a negligible effect on the rel- . . : ;
eams just discussed in detail.

evant physical quantities at this point.[lR¥ is here plotted - .
at each jump performed in the program and it is observed to The analysis J_USt presented S closgly conqected to recent
evolve continuouslythe noise in Fig. 2 reflects the usual WOk by Javanainen and Ydd], in which an interference

count statistics for small count rajesThis resembles the Pattern in the detection of atoms populating two spatially
effect of photon detection on a coherent state, where jump@Verlapping Bose condensates is predicted due to the back-
have no effect because the state is an eigenstate of the jur@gtion of measurements. For further analyses of this prob-
operator. In our problem, both types of jump project the statéém, see also Ref8]. We shall come back to the discussion
vector in the 21— q photon number space onto state vectorsof matter waves below; here we just point out differences
with the same character residing, however, in thebetween the situation described by us and the one considered
2n—(q+1) number space. Numerically we verify that the by Javanainen and Yoo. Our interference occurs in time,
¢, amplitudes evolve smoothly during jumpafter the frus-  which does not play a significant role in the spatial interfer-
trated transient and to an excellent approximation we find a ence. In fact, the spatial structure is already present in their
binomial distribution after the detection off photons, multiatom wave function prior to detection in terms of spa-
ey 2=279(]). tial correlation functions. The effect of the first detection
Let us comment on the status of correlation functions inevents is to pin down the location of the periodic pattern.
connection with real time evolution. The density matrix More remarkably, whereas the spatial interference appears
treatment of the interference problem yields nonoscillatingduring measurement of the continuous variable in which the
photocurrents in the two detectors, but if these are connectddterference occurs, we monitor two discrete variables in our
to power spectrum analyzers the frequency differeicess ~ simulation. It is the ratio between the number of detection
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events in the two detectors that is able to establish an en- Another aspect about low frequencies is related to the
tanglement which evolves so as to produce the results showrrms that effectively contribute in the standard coupling of
in Fig. 2. matter and light. The smallness of the coupling constants
Our work is also closely related to a recent theoreticalf! , in Eq. (1) excludes coupling of states differing by ener-
study by Castin and DalibarfB] of the measurements on gies in the optical regime, but low frequency coherences may
atoms macroscopically populating two possible states, anbe established as the energy may be sufficiently well con-
being detected sequentially in a set of superposition stateserved in a microwave transition between two atomic levels,
Also here interference compatible with a common initial ran-both if a single or two field quanta are involved, so that an
dom superposition state for all the atoms is observed. atomic excited state with no photofjs,)|n,=0) may effec-
tively be coupled by the Hamiltonian in Eql) to both
li.)|ny=1) and|i,)|n,=2). The resulting superposition of
IV. OTHER VANISHING COHERENCES AND all three states then exhibits a finite expectation value of the
CANDIDATES FOR NONVANISHING COHERENCES photon annihilation operator. If the coupling strengths were

We have focused on the vanishing of field amplitudes@rge enough in Eq), the gap to optical coherences could
associated with the fact that superpositions between stat&§ bridged, but this situation is not likely to be achieved.
differing by optical Bohr frequencies do not exist. Other Deviations from the rotating wave approximation in the
properties of fields are also affected by this fact. Or, rather, &tomic case would not lead to optical mean fields, but to
number of phenomena should remain entirely unaffected, aeoherences between states separated by two photon energies.
it should be possible to identify the quantities appropriatelyThese, however, would be so weak that they would play no
replaced by alledged nonvanishing coherences in the descrifRl€ in the evolution of the fields we study in experiments.
tion of the relevant systems. Accepting mean fields at low frequencies, we are also

One example is squeezed light. Amplitude squeezing is #rced to accept the possibility of producing coherent optical
reduction of the fluctuations of, e.g., the Hermitian field op-radiation by high harmonic generation, or, maybe more effi-
eratora+a' below the vacuum level. The squeezed vacuurfiently, by the backaction in an experiment where the inter-
state involves a superpositon of all even-number photofierence between the initially incoherent light and the coher-
states, and in the computation (fa+a")?2), it is the non- ~ €nt low-frequency radiation in a nonlinear crystal is
vanishing expectation values af and @")2 that produce Monitored. _ . S
the reduction in fluctuations compared to the coherent state Another possible source of coherent optical radiation is
with the same mean photon numbe'a). Now, these co- charged particles oscillating at optical freque_nmes as, e.g., in
herences are completely negligible in optical systems, hené@_e free-ele_ctron Iase_r._ In this system a static magnetic field
squeezed states of light are also part of the convenient mytfith @ spatial periodicity on the order of centimeters, in a

spanned by postulated coherences. A closer scrutiny of thigP-called wiggler, is experienced by a relativistic electron
mechanism responsible for squeezed light generdfiaur- ~ b&am as a time varying field. The frequency of this field may

wave-mixing, down-conversionreveals the absence of Well be in the optical range. The electron beam undergoes
squeezing, provided the pump beams are not assumed to gensity fluctuations due to the interaction with the field, and

in coherent states, and it reveals the entanglement betwed® rapid oscillations cause emission of radiation, which may

pump and signal beams in squeezing experiments. Th@ave & nonvanishing mean value.
analysis of different experiments may point to the pump- Recently, sonoluminescence has been suggested to be a

signal entanglement, or the backaction in measuremerffu@ntum optical effect where the rapid contraction of a
records like in the previous section, as the true “squeezing’bUbble ina dielectric causes creation of photon pairs via the
mechanism, and definitely shows that fictitious, “mythologi- change in mode structuré0]. Like the free-electron laser
cal” squeezed states represent much more efficient ways 9" one-photon coherence, this may be a real source of two-
obtain the same results. photon coherent, i.e., squeezed, light.

We have intentionally emphasized that coherences in the The point of this paper is not to demonstrate that it is not
optical regime are not created, and we explicitly appealed td)OSSlbI_e to create _optlcal coh_erence. | am suggesting that it
the fact that normal sources of optical radiation are not clash@s, with few possible exceptions, not been done so far and,
sical oscillators but quantum systems, and the vanishing diore importantly, that coherences are not needed to account
their dipole moments is crucial for the argument. For lowfor the rich variety of phenomena observed in optics. Some
frequencies, a moving charge distribution gives rise to a tim@henomena, e.g., the properties of squeezed light, should
dependent electromagnetic field, and most RF sources, radR§obably be further examined to clearly display the validity,
stations, and microwave ovens are likely to produce radiatioR" rather usefulness, of alleged coherences.
with nonvanishing amplitude. Of course, this distinction be-
tween high and low frequencies ig only ac_ceptablle togethel, spoNTANEOUS SYMMETRY BREAKING AND MEAN
with the acknovyledgment of classical physms, being correct FIELDS IN MANY-BODY PHYSICS
for the description of such macroscopic phenomena. Rather
than entering the discussion of the transition between the There are cases where systems choose states with nonva-
guantum and the classical world at this point, let us note thapishing expectation values of certain operators, although the
if one assumes that domains of physics are correctly degoverning Hamiltonian does not lead to these values. When,
scribed by classical physics, one must accept that classicalfpr example, the state of a system does not have the same
moving charged objects exist and that they emit coherergdymmetry as the Hamiltonian, one refers to ‘“‘symmetry
radiation. breaking,” and theories of symmetry breaking are wide-
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spread. Without entering a discussion of the qualitative dif-order, introduced by Penrose and Onsddé#, who ascribe
ferences between different systems we mention localizatiofinite values to the expectation value of matter field products
and orientation of macroscopic bodies, the macroscopi¢y'(x)#(y)) for very distant positionsx andy, is quite
magnetic moment of a ferromagnet, and the magnetic ordegnalogous to the two-time corelation functiter two space
ing in an antiferromagnet, where it is meaningful to talk points correlation functionof the electromagnetic field. The
about spontaneousymmetry breaking. One way to intro- Successful application of mean field amplitudes in many
duce spontaneous symmetry breaking is through a weak eRody physics is here reminiscent of the equally successful
ternal perturbation. The larger the system, the closer the ef@PPlication of mean electromagnetic fields in optics. In both
ergy eigenvalues and the weaker is the perturbation need&@Ses the long range order is due to the existence of a mode
to make a symmetry-breaking state the preferred state of th@(tendlng"o_ver a larger spat_lal fa”_@ﬂ?‘xwe" mod_e of the
system—observations may have the same effect due to tHi¢!d: Schraiinger wave function of individual particlgsthe
back action mentioned earlier; see also R&]. mode does not need to be populated in a superposition of
Our argument against the existence of optical coherencégfferent number states for long range order to persist. .
is that states possessing such mean amplitudes belong to " Many-body physics, atoms or electrons make transi-

parts of Hilbert space that are not coupled to any conceivabliONS between different states, so that the dynamics of a cer-
tain part or phase of the system is entangled with the sur-

initial state for our systems. To introduce an oscillating am- : . .
plitude in the quantum system by spontaneous symmetr u.n_d|ng system: and also here mean f|eIQS may substantially
acilitate calculations. For example, Bogoliubov transformed

breaking, the symmetry breaking perturbation would have t th fini ic|
contain a quantity oscillating at an optical frequency. Such £Perators(16] and states without definite particle number,

perturbation cannot be thought of as a random inhomogené:9- in BCS theory of s_uperconduEtlvm;]ar;]d in nuclear p_hhys-
ity in the environment and even if it could, to be significant /¢S, aré more convenient to work with than states with a

for the production of optical coherence, for example in adefinite particle number. It is noteworthy, however, that

laser cavity, the perturbation needs to be strong and persidtheén Bardeen, Cooper, and Schrieffer introduce the BCS

tent to overcome dissipation—otherwise, the injected coherVave function in their seminal paper on superconductivity

ence will rapidly spread out on a large number of degrees dfL/): they only “ ... for the moment relax the requirement

freedom. We cannot take the limit of a vanishing perturba-that the wave function describes a system with a fixed num-

tion and keep a mean amplitude. This is not at variance Witil??r.Of particles, ... .”.In Fhe foIIovylng d|scusspn they ex-
semiclassical laser theories in which the motion of apI|C|tIy extract the projection of this wave function on the

c-number amplitude is governed by a “Mexican hat” poten- SPace ol electron pairs, bringing the problem into analogy
tial. In these mathematical models a weak symmetry break! ith the entangled states in our analysis of the interference
ing perturbation is sufficient to establish a nonvanishing am- etween two light SOUrces in Sgc. ”.I' .

pliude, but in such theories one first postulates mean A general and very illuminating discussion of the useful-

amplitudes and then factorizes operator products accor 16SS ,Of violat'ing conservation laws has bgen given by Lipkin
ingly. 18] (in addition to particle number, also linear and angular

Rather than deal with spontaneous symmetry breaking irtpomehntum are offerled as examr?légtatrl]n%m t_hﬁ Ir;]troduc-
our exact quantum optics systems, we may refer to the meaiP" the samcle .goahs asd"r‘:e ave ha W'tt) dt e prcfasent
field approximations as “symmetry-breaking approxima-PaPer—to explain why and how we can use bad wave func-

tions.” The system and the interactions are simply replacedions 1o calculate real properties of a system—Lipkin derives
by something different whiclti) is easier to deal with for- &n approach of model Ham"to';“af_‘s’ effectively subtracting a
mally and conceptually and whidfi) yields nearly the same part from the Hamiltonianf{wa'a in the case of an optical

results as the more cumbersome exact approach, if such df§ld modé so that different eigenstates of the subtracted

approach within the symmetry conserving framework is fegOperator are degenerate and superposition states become

sible at all. The discussion in the preceding sections showg!genstates of the new model H?mlltonldh. Similarities in

that in optics we cannot distinguish experimentally betweer{€ Physics described by andH'" ensure the usefulness of

the physical situations described by the exact treatment aridf® _result,s obtained with the latter. The mechanism of intro-

the symmetry breaking approximation. ducmgH hgs found prqctlcal appllc_atlons in the Lipkin-
Laser cooling and evaporative cooling have recently madé\logaml_ pairing scheme_ in self—conS|st'ent nuclear structure

it possible to achieve Bose-Einstein condensation in a dilutg@lculations[19]. It provides conservation law conserving

gas of atom¢12). A related line of research is to produce a Wave functions which, in particular for low nucleon num-

coherent source of matter waves, an atom |f&&y14). This pers, are more adequate th_an the BCS states with their rela-

has caused an interest in applying concepts from the atomiévely large number fluctuations in these cases.

physics and quantum optics communities to the description

of physics with many atoms, and in particular to make de- V1. DISCUSSION

scriptions that do not invoke those concepts of many-body

physics which are directly at variance with the atomic phys- In this paper we have discussed coherences in optics. We

ics starting point. For example, the fact that atoms are nohave argued that mean optical amplitudes are not created and

created or destroyed rules out the existence of nonvanishingpt detected in experiments, and we have shown that a num-

mean fields for atoms, but interference phenomena may exider of properties of light and atoms, which are usually un-

nonetheles§7-9,19. derstood in terms of mean fields, can be accounted for by
For atoms, the mean fields may effectively represent nonquantum states of the systems with no coherences in the

vanishing correlation functions. The off-diagonal long rangeoptical regime. Apart from their representation of autocorre-
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lation functions, mean fields, in a compact form, exhibit theton number space. Of coursgy) and this statéyy_,) are
essential features of entanglement, e.g., between atoms andhogonal, but wheiN is large they are experimentally in-
guantized fields and between different field modes as in thdistinguishable. Here, measures of identity and/or difference
detailed study of the two-mode problem in Sec. lll. Someother than the inner product are called for.

explanations of the success of optical mean field descriptions The concept of @ointer basisi.e., a basis of states natu-
presented in this paper may justify the use of mean fields fofally populated by quantum systems and preferred in the
atoms—in both cases mean fields serve as convenient matpalysis of a probabilistic density matrix result, has been
ematical tools. On the practical side there are many differintroduced as a means to understand the emergence of clas-
ences between a conventional optical laser and an atom las§ic@l behavior in systems described by quantum mechanics

as the roles of fields and particles are essentially exchangetfCl: Entangled states of the kind derived in this paper seem
but a mean field description is not, in principle, more valid int© have all the properties required by such pointer basis
one case than the other. states, and in addition they exist over the whole range from

Let us comment on an aspect of the more general relatiorf'€ Macroscopic to the microscopic, or they are brought into

ship between classical behavior, mean fields, and entanglégiStence when the appropriate measurement is performed—
states, which is pointed out by the discussion in Sec. Ill, and hich is npt true for the coherent states underlying the mean
which may be at the origin of the understanding of a wide€d theories.. _

range of optical systems and experiments. We have dis- | ne states derived in Sec. Ill are different from). We
cussed why the coherent states reproduce very well and vef§und @ binomial d'smblﬂog of the photon number differ-
efficiently the results based on the entangled states; we mu§Pce in the two modescy P=279(1), which is narrower
now ask ourselves why these entangled states behave [igan the distribution for the wave functiofys) with
coherent(classical states. In contrast to a number of studies|@|”=|5|> and with N=|a|?+||?=2n—q. |yy) may be
discussing the fragility of entangled states and the rigidity ofobtained byN successive applications of the creation opera-
coherent states, our identified entangled states are robu @@’ +pb™ on the vacuum stat®,0), whereas the state
against the influence of the environment, e.g., of physicaf5) is derived “from above” byq applications of the field
observation. annihilation operatora+b on the stat¢n,n). But, as shown

Consider the Simp|e Optics examp|e of a product of twoby the simulations, the entanglement is sufficient to preserve
coherent states for two oscillatotsy)=|a)®|8), projected the character of the state under the action of the annihilation

onto a number state eigenspace, operatorsa+b anda—b with only a small increase in the
range ofk values due to the increase dnin each detection.

ak BNk We may imagine physical situations leading to other classes

|¢N>:Nk2 Wﬁ“(m“\'—k), (100 of entangled states with well-defined total photon number.

=0 vkt V(N=k)! Closer examination of the properties of such states may add

where A is a normalization constant. With a conventional @ NéW direction of investigation to the recently very active

view of entanglement, the state) would be described as field of entanglement_ in quantum physics; see, e.g., [2a}.
very nonclassical. It preserves, however, its character aftéid references herein.

being acted upon by any linear combination of the annihila-
tion operators of the two oscillators; the resulting state is
simply the projection of the product coherent state) The author is grateful to Ejvind Bonderup for his numer-
(eigenstate of the annihilation operafoos the (N—1) pho-  ous suggestions and comments on the manuscript.
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