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Abstract

Motivated by the lack of a natural microscopic mechanism for production of optical fields with non-vanishing field
amplitudes, this paper investigates the claim that such fields do not exist, i.e., that, strictly speaking, classicdl optics an
most laser theory is wrong. We investigate interference between independent light fields, and we show that due to the
so-called back-action in quantum measurements, such fields become quantum entangled when they are detected, and
quantum effects conspire to produce measurements results indistinguishable from the ones predicted by classical op-
tics. Classical optics is of course an excellent theory, but the reason for that is ‘more quantum’ than one would have
expected.

Introduction rated by the energy of a single photbia), wheres (1103 JSis

Quantum theory is the correct microscopic theory of light anfflanck’s constant, and whesgs the optical frequency. The op-
matter, but it is not always possible to carry out a complete quaftator character of observables in optics have various consequenc-
tum analysis of a given problem, and it is not always necessar$: for example in terms of the precision by which one may mea-
classical treatments are often sufficient. If not at every applicgure field amplitudes and intensities, see for example Ref. 1.
tion, then at least at certain key developments, a classical trehight is emitted by atoms, when the electrons rearrange them-
ment should be justified by arguments for why it produces thselves in a state with a lower energy, and the photon energy equals
same results as the quantum theory. the change of atomic energy in the process. Although we talk

Section Il provides a brief introduction to the quantum theory oPout dipole radiation and we write down the atom-light interac-
light and matter. Reasons for classical theory being sometimt@n as a coupling of the polarization of the atom with the elec-
adequate are presented, and it is claimed that these reasondgdield amplitude of the light-DIE, the microscopic process
not hold for the classical theory of light. Section Il presents #iffers substantially from the emission of radiation from, e.g., a
guantum mechanical analysis of the photodetection of light froffassical antenna. Neither the initial (excited) state of the atom
two independent light sources. Due to the subtle role of melg-hor the final (ground) stafglhas a dipole moment, and nei-
surements in quantum theory, interference appears just like iper the zero-photon sta@ inor the one-photon staf has a

the classical theory, even though neither of the fields have &ean electric field amplitude.

amplitude or a phase. Section IV presents a brief formal proof & the course of time a superposition state

the wide validity of classical optics.

clel0)+c|g)l 1
Quantum theory of light and matter o100+ cloly M)

The quantum theory was presented in the 1920°es in a form tHf0!ves continuously between the product stef@ andjgll)
differs only little from its present formulation. Our knowledge@nd at no point, neither before, after or during the process, is
about a physical system is represented by a wave function of¥¢"€ @ non-vanishing mean value of the atomic dipole or of the
state vector, which obeys a certain equation of evolution, ﬂfélectrlc field gmplltude. The_state (1) is an entgngled state, where
Schradinger Equation. Physical observables are taken over frdRff €XPectation value of either quantity vanishes, because the
the classical theory, but their mathematical properties are slighither system occupies orthogonal states.

ly changed, for example the product of position and momentuhis quite easy to see, that for any system emitting light in the
of a particle depends on the order of the factors, and we rep@ptical domain, the creation of a photon is accompanied by a
sent physical observables as operators, acting on the wave fugange of state of the emitter, and if the 'whole laboratory’ is
tion to produce the predictions of the theory. The values observé@scribed quantum mechanically, there will never appear such a
in an experiment are predicted by the theory in terms of prob#ing as a mean field amplitué&We are not referring to the fact
bility distributions, and the meeting point for quantum and clagthat the amplitude averages to zero over an optical period, or the
sical theory is the comparison of mean values predicted by quapessibility that uncertainty about the phase, e.g., due to phase
tum theory with the values obtained from classical theory. A clagluctuations, renders the phase unknown, and hence also the slow-
sical theory is adequate if it predicts the quantum mean value, lgvarying envelope amplitude zero on average - the claim is that
expectation value, with good precision. Atoms have discrete effistantaneously, there is no possibility to even imagine a non-
ergy values for their various excited electronic states, as postgnishing field amplitude. There will be plenty of light, the in-
lated already in Bohr’s model for the atom in 1913, and light itensity is represented by the population of states with non-van-
also described quantum mechanically by a state vector and iing photon number|¢ [* in (1)), and there will be plenty of
observables like the total energy which has discrete values segatanglement of the different systems, so that quantities like prod-
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ucts of two different field amplitude€E,) do not vanish in lo wavefunction method has many applications: 1) the propaga-
general. tion of a wave function, conditioned on measurements, is much

If there are no mean fields, there is no mean polarization induc€@sier than the propagation of a density matrix if the system has
in media illuminated by light, and the classical theory of lighfhany states?) it leads to an interpretation of the noise in photo-
propagation and refraction is not merely a theory of “mean vafletection records3) it provides an understanding of the dy-
ues of the quantum theory”. However, the spatial and temporafmics of dissipative quantum systems, e.g. towards dark'states,
light propagation is the same for quantum mechanical operatd@$ing without inversiofietc.

and for classical quantities, i.e., the alleged mean values of ﬁeﬁjetection on a single mode field

and dipole operators. In the linear regime the steady state ato e number of photons in a single mode in a cavity are repre-

@po!e ope'rator Is proportional to the field o'pera'tor of the drlV'sented by the operatata, with mean valué&*allais the anni-
ing field with the same constant of proportionality as betwee

: - : ' Rilation operator and* is the creation operator for photons in
the mean dipole and an injected classical field, and the sa P b P

e . - . .
S . : e cavity mode. If it is a lossy cavity, the field leaks out, and we
observable refraction is predicted. And, as Dirac once formulat Y y s

ed it “interference is everv single photon interfering with itself” btain an exponential decrease of the in-cavity intensity. Instead
! y sing '€ pnox . 9 ... 'of this average decay curve, we may imagine an idealized photo-
a single photon has no amplitude, but in an interferometer diffef-

: . . dqtector outside the cavity which registers the photons leaving
ent paths lead to interfering (quantum) amplitudes, and the USURE cavity, and which for each detector “click” causes the appli-
interference pattern and, e.g., frequency resolution, appears. .

o i cation of the annihilation operataron the state of the field in

Is classical interference the consequence of single-photon quaRe cavity. These quantum jumps occur with a Faéerar) and

tum interference, or is the superposition principle for single phasetween jumps the state vector evolves according to a Schrodinger
tons inherited from Maxwell’'s equations, and thus classical 'rléquation with a non-hermitian hamiltoniad, = (w—¥silN)ata,

terference comes first? This ifien-and-the-egguestion, and ¢ the state vector has to be renormalized whenever needed for
we shall not insist here that self-interference effects, where tlgﬁe computation of expectation values, e.g., jump rates.

light comes from a single source, reflect any particular quantum. . . . . . .
d ¢ yp q WIS illustrative to apply this scheme to a single mode field with

nature of light. . -
] g ) ) ) two different initial states, a) a number sfatéand b) a coherent
Let us instead turn our attention to light from two different sources.

Consider two frequency-stabilized lasers, with their laser beangéate

d_irected onto a single_detector which re_cords the_in_cident inteq—he two elements of the dynamics have the following effect on
sity as a function of tlme._ In the clgssmal description the _tW9ne number state:
laser beams have well-defined amplitudes and phases, and if they

have slightly different frequencies, the fields interfere to pro-

duce a beat-node in the recorded intensity. Most opticians are

aware of such interference experiments (somebody they know - no jump: [n) - |n)

in Danish: “deres gamle moster” - saw the experiment, herself); ) )

the interference is observed, but what is its origin? The produhere an unimportant phase-factor has been omitted.
of the field operators for two different lasers which are not locke@he coherent state is an eigenstate of the annihilation operator,
to one another (the gain media are not mutually correlated but the anti-hermitian part di_, causes the different number
entangled), is a quantum mechanical operator with vanishirggate components ¢&(Jto decay with rates proportional
mean value according to the above argument, and we do not pagd after a time interval of duration one finds a modified coher-
dict interference in such an experiment. Is there a mysterioesit state:

spontaneous symmetry breaking mechanism in lasers that makes

jump: [n) — [n-1)
)

the light coherent when it is intense enough? The next section jump: |a) - |a)

will show that such a mechanism is not necessary at all. Lasers —i{wrirj2)r (3)

without mean amplitudes interfere perfectly, even though they no jump: |a) - ‘ae H(e-ir/ >

have not been locked to each other. The interference comes by

itself when we look for it! In case of the number state, we must introduce a back-action
) (jump) on the field state at each click, and only by accumulating

Photodetection the effect of all jump events in the state vector, and by averaging

Systems which decay by emission of radiation are traditionallgver many realizations, we obtain the exponentially decreasing
described by rate equations or by master equations and denslgtection signal. The coherent states change continuously irre-
matrices, which average over the uncertainty in time of the emispective of jumps occurring or not: The mean photon number
sion events. About a decade ago, we introduced an alternatidecays exponentially with a rdfeand so does the click-rate.
method, which operates with a real time simulation of the detec-

tion record, in which detection events are simulated, and in whiclf® modes, entanglement _ o

the quantum state of the system, e.g., an atom, is updated accdig. NOW consider light emitted from two single mode cavities
ing to the measuremetAs exemplified below, when it is ran- 2d combined into two new beams by a 50/50 loss-less beam-
domly decided that a photon has been detected, the state vedilitter, see Fig. 1. The relevant combinations of source annihi-
of the system 'jumps’ to the component corresponding to th#tion operators andb arec = (a+ b)/f\/E for the field im-
event, and between jumps, the absence of photodetector clicks _
causes an evolution of the state vector (a null-measurement’#§9ing on one of the detectors auhe (a— b)/ /2 for the field

also a measurement), for details, see Refs. 5, 6. This Monte Ca#-the other one.
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amplitudes between jumps, and by choosing an appropriate ro-
tating frame we obtain the equation=imAc_ / 2 with the so-
lution

JMAT
,(t+7)=c,(DewF g ©

The total jump ratg +y =N is independent of the values of the
amplitudes: . The time between jumps is therefore exponential-
ly distributed and we select the instant of the next jump from the
time increment solving exp{l N7)=¢, whereg is a random num-

ber between zero and unity. Which one of the jumps to take is
determined from the ratio between the current values of the rates
Y= (N/2+(-)Re[Q]), where

a’'b

(W(t+1)lably(t+1))

i fN+m fN—m

-5 M MM e st

Q

()

The value oN is decreased by unity, and an expression analo-

Fig. 1. Output beams from two cavities are mixed by a loss-less beRUS 10 (5) is again valid after the jump action ofctbed anni-

splitter and the intensities of the resulting beams are measured by tidation operators.

photodetectors. The evolution is easily implemented on a computer, and in Fig. 2
we show the outcome of a single run. In the calculation we have
takenn=5000 photons initially in each cavity, and a frequency

Assume that the modes have different frequenmjeandey, =  differenceA=30r. We plot the number of jumps of each type

w+A, and that they are populated byhotons each dt= 0, occurring within time windowst=0.01" . In repeated runs, one

|(t=0)Z|n, nC] Both cavities are damped with the same deca@btains the same picture after a short entanglement period, but
constant’. the oscillations are shifted in time.

We examine the evolution by a quantum jump simulation apprd-he quantum analysis now accounts for the beat node, expected

priate to the detection scherhe: wavefunction is propagated from the classical description and observed in experiments: each
with the effective hamiltonian detection event causes a change (a back-action) of the quantum

state of the fields. The effect is dramatic already after the first
detection, where the state vector isYF

(n-1,ny£|n,n- 1>)/\/5. The probability that the second pho-
ton is registered in the same detector as the first one is 75%! At
t=0, the quantityQ introduced in Eqgn. (7) vanishes and we do
not predict any interference, but after the first detection,
. ; . . CEN/4, and during the first few jum adually approach-

by unity. Hence starting from a state with definite total photogS the value\I:sz IT?]e phi’ize d\g!; ttﬂ?lggintudegenziron the

ntl_JﬁnberJ.\I:Zn, ?tta Iaftter: t';nftrehﬁ?d statet;)f the two mgfl()as IS explicit sequence of jumps. Between jumps, Eqn. (7) reveals a
stiftan eigen-state ot the total photon number ope " simple oscillatory behavior @, which provides the harmonic

This implies that at no time of the simulation will there be a NONariation in intensity at the two detectors. In Fig. 3, we show the

van|sh|t_ng rr:etan Val.l:].el c;f any 0(]; the f'te."ld amplltttjdes, WZ'Chh".’lr volution of Red] accompanying the counts represented in Fig.
proportional to annihiiation and creation operators, and whicg -, displaying clearly the transition between an initial ran-

thus require th{."t the system populates states with different phc%mness and a subsequent harmonic evolution. The noise in Fig.
ton numbers, simultaneously. 2 reflects the count statistics for the small number of counts in

L1 .1 T,
H,, = ha)a(a a+z)+hwb(b b+5)— hz(a at Bk) (4)

and quantum jumplg/L c|ywOor WO djgoccur with|yEde-

We write the wavefunction as the time intervals considered in the simulation. Note that it is the
back-action of this noisy signal that serves to establish the very

W) = N ¢ (1) N(t)+m N(t) - m> 5) stable entanglement reflected in the smooth evoluti@ of
mz;([) " 2 ’ 2 If the simulation had been started with both fields in coherent

states, like in (3), the jumps would have no effect on the state,
whereN(t) is the total number of photons at tithend the sum  which would gradually progress along a time dependent product
overmreflects our uncertainty about the precise division of thetate of coherent states, and the jump probabilities would oscil-
N photons between the two cavities. As the anti-hermitian part gfte precisely as predicted by classical theory.
H_, acts identically on all terms |gi(t) (it is sufficient to consid-
er the hermitian part in the determination of the evolution of the
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60 given by[AEFTr(pA). The probability,P(a), of detecting any
particular eigenvalue of A is the expectation value of the pro-
jection operatov) , on the associated eigenspd@)=Tr(oA)

=Tr(A,pA,), where the last expression follows frdkﬁ =A,.

N
o
T

Even detection records from sequences of measurements do not
enable the observer to go beyond the density matrix and identify
any such thing as the “true” states populated probabilistically by
the system: The density matrix conditioned on the detection of a
i certain eigenvalua of an operatoA is given by the projection

on the corresponding subspapgt,)=A, p(t )AJTr(A, p(t)A,).

The density matrix for an isolated system evolves according to a

PHOTODETECTOR COUNTS
<]
=
T

unitary operatorp(t,) = U(t,,t,)p(t,)Ju(t,,t,)". We can there-
fore write the joint probability of detectirgg att, anda, at t, as

0
0.000 0.020
Jtia,t ) =Tr(A ULt A U(t,t )plt
Fig. 2. Number of photons counted by the two detectors in time inter- (32 28 l) % (2 1) & (1 ") (") )
valsdt=0.01l%, time is given in units ¢f?, solid (dashed) line: mode- U(tl’tO)TAa]U(tz’tl)T/\az)

c (-d) detector. Repeated simulations with the same initial number states

n=5000 in the two cavities show the same period of the two intensi . . . . .
.ngne readily generalizes to an arbitrary detection record with

signals, but the phase of the oscillations varies from simulation to sint-, .
eigenvalues, detected at the instartts

ulation.
P(an tn'a'—l’ n-: l’ al’tl)
The density matrix Tr(A, U( ot 1)/\a A U(tlyto)P(to) (10)
From number states to classical fields i
In quantum descriptions of the laser a nearly Poissonian photon U(tl,to) /\E,H...U(tn - 1) A,)

number distribution (diagonal density matrix) is obtained when

the entanglement with the states of the gain medium has be¢ane considers different observables at different times, the pro-
traced out. The same density matrix can be expressed in ternjgction operators in the expression should be replaced by the
of coherent statdaCwith |a” equal to the mean photon number,ones pertaining to the relevant operators and eigenvalues.

A, and the phase distributed uniformly on [@],2 The entire detection record is completely classified by the value
of the density matrip(t), and there is no difference between the
predictions based on one or the other statistical construction of

p=e"y %| )(n| = %T [aefvme et ) B

If nis very large, we expect the same signal for the ptahe]

and for any statn, n,Cwheren,, n,[h. It is a fundamental fact 10
of quantum theory, the formal proof is given in the next sub-
section, that all probabilistic information about the outcomes of
experiments is contained in the density matrix, and there is nei-
ther need nor room for assigning a particular statistical construc-
tion of p, such as the first or the second expression in Eqn. (8).
Hence, there is complete agreement between the outcome of ex
periments from a statistical sampling of results based on e|the$> ..
number states or on coherent states. For most purposes, afleld%n
a coherent state behaves just like a classical field, hence laser
experiments are perfectly described by classical fields (with a
priori unknown phases) even if precise knowledge of the exact 05
(field + surrounding matter) state vector explicitly puts the mean
field to zero. For large photon numbers, the Poisson distribution
is so narrow that the average over different number state compo- | | ‘ ‘ ‘
nents equals the result obtained with just one characteristic choice  0.000 0.005 il(;jg 0.015 0.020
of nJn, so even single number states yield the same interfer-

ence phenomena as coherent states, as observed above. Fig. 3. Time dependence of the quantity Q, controlling the count rates

Quantum theory of measurements in the two detected field modes_. The_ value ef 2Re[Q]/N is presented
All probabilistic information about a quantum system is containeaefore and after every guantum jump in the simulation, butitis seen to
volve smoothly, and the noise in Fig. 2 can be ascribed to count statis-

in its density matriy. The expectation value of any operaas .o

05
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Discussion 8. C. Cohen-Tannoudji, B. Zambon, and E. Arimondo, “Modele

From the indistinguishability of results obtained with different ~ Simple damplification sans inversion de population etudie

ensembles of wave functions with the same density matrix fol- Par la methode de sauts quantiques”, C. R. Acad. Sci. Paris
lows the validity of results obtained with coherent states and clas- 3141139 (1992); “Proprietes statistiques de la suite de sauts
sical fields in many situations in optics. As illustrated in Section duantiques associe a des processus dissipa&id'1293

1, the price one has to pay for not using classical fields or co- (1992). )

herent states is one of much more complex calculations, and ofre M- Sargent, M. O. Scully, and W. E. Lanitgser Physics
must incorporate the back-action on quantum systems from mea- Addison Wesley, New York (1974).

surements. The purpose of that section, however, was not to pi¢: J- Javanainen and S. M. Yoo, “Quantum phase of a bose-
duce quantitative results but to demonstrate that classical behav- €instéin condensate with an arbitrary number of atoms”, Phys.
ior becomes fully consistent with quantum dynamics, and the Rev. . Lett. ) 76, 161 ) (1996);
need for a postulated separation between processes that must be: |- €irac, C. W. Gardiner, M. Naraschewski, and P. Zoller,

de-scribed by quantum theory and the ones that must be described“cominuousn observation of interference fr.inges from Bose
by classical theory partly disappears. condensate”, Phys. Rev.54, R3714 (1996);

Th vsis originall tof th thor's dissatisfacti T. Wong, M. J. Collett, and D. F. Walls, “Interference of two
€ analysis originally grew out of the author's dissatistaction g, Finstein condensates with collisions”, ibid R3718;

\t':]'th th,? telxt book thSCI’IptIO? oflasers.- |tfsr|10uld be pois't.)tlﬁ Phy Y. Castin and J. Dalibard, “Relative phase of two Bose-
eoretical means 1o come 1o a meaningiul agreement wi € Einstein condensates”, ibid 55, 4330 (1997).

classical theory without relying on authoritative statements fro M. R. Andrews. C. G. Townsend. H.-J. Miesner. D. S. Durfee

theorists advocating symmetry breaking, or experimentalists re- .D .M. Kurn an,d W .Ketterle “O,bs.er;/ation of ,int.erf.erence '

ferring to their empirical experience. The research, and its con- between two Bose condensates”, Scietitk 637 (1997)
tinuation to more elaborate problems do not form a crusade ’ '

against the use of classical theory. On the contrary! While add-

ing to our understanding of some specific phenomena, these stédbout the author

ies may also lead to new knowledge and insights in the issue 1@l us Maglmer received the DOPS
correlation, interference and entanglement. Award 1998 for his work on the-

Since this project started, related questions have appeared in ator@tical quantum optics. He has
optics and matter wave interferometry. It was, for example, been associate professor at Insti-
disputed questions, whether two Bose condensates that had riexe of Physics and Astronomy at
er seen each other, would interfere. If two Bose condensed cloullarhus University since 1991 car-
of atoms emerge from different directions to overlap in space gting out teaching and research in
a certain time, will the atomic density be modulated in space?tfie areas quantum optics, lasel
one just calculates the spatial density, assuming a fixed humhmyoling, Bose-Einstein conden- _
of atoms in each condensate, there is absolutely no modulati@ates, and quantum information. -

but if one simulates the detection of the atoms, the first click at ‘». &

any position immediately causes the remaining atoms to have a

modulated density, and the modulation is enforced until a per-

fect sinusoidal density is found for the whole clétitihe exper-

iment! of course showed the interference.
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