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The state of a signal-idler photon pair of spontaneous parametric down-conversion is a typical nonlocal
entangled pure state with zero entropy. The precise correlation of the subsystems is completely described by
the state. However, it is an experimental choice to study only one subsystem and to ignore the other. What can
we learn about the measured subsystem? Results of this kind of measurements look peculiar. The experiment
confirms that the two subsystems are both in mixed states with entropy greater than zero. One can only obtain
statistical knowledge of the subsystems in this kind of measureff®&h®50-2947®9)02610-4

PACS numbd(s): 03.65.Bz, 42.50.Dv

One of the most surprising consequences of quantum mdtnctions of the state ensure energy and momentum conser-
chanics is the entanglement of two or more distant particlesvation. It is indeed the conservation laws that determine the
The first example of a two-particle entangled state was sugvalues of an observable for the pair. Quantum mechanically,
gested by Einstein, Podolsky, and Rog&#R in their fa-  state(2) only provides precise momentufanergy correla-
mous gedankenexperimemt 1935[1]. The EPR state is a tjon of the pair but no precise momentugenergy determi-
pure state of two spatially separated particles which can bgation for the signal photon and the idler photon. In EPR’s

written as language: the momentusienergy of neither the signal nor
the idler is determined by the state; however, if one is known
|W)=>, s(a+b—cy)|a)|b), (1) o be at a certain value the other one is determined with

ab certainty. Notice also that sta(8) is a pure state. It provides

a complete description of the entangled two-photon system.
wherea andb are the momentum or the position of particle  Fo|lowing the creation of the pair, the signal and idler
1 and 2, respectively, ancy is a constant. It is clear that 5y nropagate to different directions and be separated by a
state(1) is a two-particle state; however, it cannot be fac-c,nsiderably large distance. If it is a free propagation, the

tored into a product of the state of particle 1 and the state 0fia40 \yi|l remain unchanged except for the gain of a phase,
particle 2. This type of states was defined by Sdhger as so that the precise momentufanergy correlation of the

entangled statef2). é:hair still holds. The conservation laws guarantee the precise

One, perhaps the most easily accessible, example of : i
entangled state is the state of a photon pair emitted in spor.\ll—aIue of an observable with respect to the paiot to the

taneous parametric down-conversié8DQ. SPDC is a individual subsystemsilt is in this sense that we say that the
nonlinear optical process from which a pair of signal-idleremangle‘j two-photon state of SPDCrisnlocal Quantum

photons is generated when a pump laser beam is incident JR€CTY does allow a complete description of the precise
a nonlinear optical crystal. The signal-idler two-photon statg€lation for the spatially separated subsystems, but no com-

can be calculated by first order perturbation from the SPDPlete description for the physical reality of the subsystems
nonlinear interaction Hamiltoniaj8], defined by EPR. It is in this sense that we say that quantum

mechanical description of the entangled systemaislocal
So far, our discussion involves no measurement.
W) =2, 8w+ wj—wp) In a type of measurements when “joint detections” are
S involved (for example, a coincidence detection for the SPDC
X 8(ks+ki—kpal(w(ke)a (w(k))|0), (2)  pain, itis the intensity correlation(W |1,1,|¥), or the fourth
order correlation of the fields(W|E{ESESHED)| W),
wherew;, k; (j=s,i,p) are the frequency and wave vectors which is measured. One may include sgjlarization, for
of the signal §), idler (i), and pump p), respectivelyw,  photon correlations in the coincidence joint detection too, as
andk, can be considered as constants, usually a single-modg the measurements for the EPR-Bohm sfafe If the cor-
laser is used for pump, ana! anda are the respective relations of the pair have been built up in the entangled two-
creation operators for the signal and idler photon. ¥he particle state from the beginning, it comes as no surprise that
the intensity correlation reflectperfect correlation (EPR,
EPR-Bohm, or EPR-Bell type correlatipof the pair: the
*Present address: Department of Physics, New York Universitydistance between the detectors would not matter. The en-
New York, NY 10003. tangled state indeed indicates and represents a very different
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physical reality: Does the signal photon or idler photon have Prism
a defined momenturtenergy in state(2)? No. Does the pair ke
have a definetbtal momentuntenergy in state(2)? Yes. In Ar Laser
state(2) the precise value of an observable is determined in (G5kInm) —=1 BBO
the form oftotal valueby conservation laws. In addition, one
cannot “imagine” two individual wave packets, one associ- s
ated with the signal photon and the other associated with the
idler photon. It is a nonfactorizable two-dimensional “wave
packet” associated with the entangled two-particle system
[5]. For this reason we call the signal-idler pair thkigho-
ton.” Many interesting phenomena involving biphotons have Lens_|
been demonstrated in two-photon interferometry and in two- IF
photon correlation type experimert8]. Several recent ex- Detector
periments have clearly shown that the two-photon interfer-
ence is not the interference between two photons. It is not the
signal and idler photon wave packets but the two-
dimensional biphoton wave packet that plays the [@le FIG. 1. Schematic of the experimental setup. A Michelson in-

However, an experimentalist can choose to look at onderferometer is used to study the spectrum of the signal of SPDC. A
part of the entangled system and to ignore the other. Thgandpas_s spectral f_ilter centerec_i at _702.2 nm _with 83 nm FWHM of
subsystems may be separated spatially. For instance, one Czéﬁ;agssmn transmittance function is placed in front of the photon
use a photon counting detector to register a “click” event of counting detector.
the signal photon of the two-photon state of SPDt a o ) )
“click-click” event.) to study only the properties of the sig- iS Shown in Fig. 1. The measurement is based on a “click”
nal and leave the idler undisturbed or to be predicted. WhalyPe single-photon detection; however, the photon source is
can we predict for the idler photon in this kind of measure-8n entangled two-photon source of SPDL3 mm BBO
ment? Before answering this question, it may be better to ask3-BaB,0,) crystal pumped by a 351.1 nm cw argon ion
first: “what can we learn about the signal photon in this kind!aser line. The orthogonally polarized signal-idler photon
of measurement?” pairs are generated satisfying the collinear degenécate

An interesting situation arises: while the two-photon stateered at wavelength 702.2 nrtype-Il phase matching con-
of SPDC is a pure state, the respective states of the signgition [13]. The idler(extraordinary ray of BB®is removed
and idler photon are not. The states of the individual signaPy & polarizing beam splitt¢PBS. The signalordinary ray
and idler are both in thermaixed states. This has been Of BBO) is then sent to a Michelson interferometer. A pho-
pointed out by several researchers, €817, from differ-  ton counting detector is coupled to the output port of the
ent perspectives. The significance of the fact that two partéiterferometer through a 25 mm focal lens. A 702.2 nm spec-
each in a mixed state constitute a quantum mechanical sygral filter with Gaussian transmittance functipbandwidth
tem in a pure state was emphasized by Yurke and Pofagek 83 nm full width at half maximumFWHM)] is placed in
as an example of purely quantum thermalization, that is, obfront of the detector. The counting rate of the detector is
taining mixed states out of pure states in a Hamiltonian systécorded as a function of the optical arm length difference
tem. Cerf and Adami[11] introduced themutual (S, AL of the Michelson interferometer.
=Sg.5) and conditional (Syg, Sgja) entropy (or informa- The experimental data are reported in Fig. 2. The enve-
tion) for a two-particle system similar to the mutual and lope of the sinusoidal modulationgn segmentgis fitted
conditional entropies as defined in classical probabilityVery well by two “notch” functions(upper and lower part of
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theory: the envelopke We find that this fit is better than a fit using
Gaussian functions. The width of the triangular base is about
S=Saet+SgatSaB: Sa=SaptSas 225 pm, which corresponds to roughly a spectral bandwidth
of 2.2 nm.
Sz=Sg|at+Sas- 3 To find an explanation of this result, we must first exam-

_ _ ine the two-photon state of SPDC. The state of the signal
For an entangled two-particle system in a pure statethat  photon is obtained by taking a partial trace of the two-photon
S=0), the relations in Eq(3) give state density operator, integrating over the spectrum of the

idler, and vice versa:
SA+ SB‘A:OI SB+ SA|B:0' (4)

The paradox of the whole system entrdpigeing zero while ps=trip, pi=trsp, (5)
an entropy of either of its parS, or Sg is positive(which is
a formal expression of the statement that the informatiorwith
contained in the whole system is less than the information
contained in its parjgs suggested to be resolvable by allow-
ing the conditional entropy to take on negative values.

In this paper we report experimental work along the lines R
of this discussion. The reported experiment hinges on a typiwherep is the density matrix operator an) is the two-
cal Fourier spectroscopy measurement. The schematic setppoton state?2).

p=|¥)(¥|, (6)
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FIG. 2. Experimental data indicated a “double notch” envelope N EQ. (9) we consider a multimodea continuous fre-
of the interference pattern. Theaxis, AL in xm, is the optical arm  qUENCY spectruinentangled system with a single quantum,
difference of the Michelson interferometer. Each of the dottedn=1. The operato(9) describes the statistical distribution of
single vertical segments contains many cycles of sinusoidal moduthis quantum. This is a good approximation since the cou-
lations. The spike aAL =0, usually called “white light condition”  pling in SPDC is weak and greater number statesl that
for observing “white light” interference, is a broadband interfer- correspond to higher perturbation orders are extremely un-
ence pattern which is determined by the spectral filter. likely. On the other handy= 0 represents vacuum fields that

do not result in detectiond4].
First, it is very interesting to find that even though the Now we can understand very well the experimental re-

two-photon EPR state of SPDC is a pure state, pé= p, sults. (i) For a spectrum of sifcfunction we do expect a
the corresponding single-photon state of the signal and idle‘??ur?le .noth:h e;‘}’il‘?pec’j in the mgasuieme”tlanld tk:je base
are not, i.e.p2,#ps;. This agrees with the earlier men- ' 1€ riangle, which is determine dyL, is calculated to

tioned fact that the entropy of the system is z@yore state be 225um (we have considered the optical path difference is

. twice the arm difference in the Michelson interferomgter
while each subsystem has an entropy greater than zerg

(mixed statg. The zero entropy condition for a system in acorrespondmg to a 2.2 nm bandwidth. The experimental re-

sult, from fitting, is about 225 nm, which agrees well with
pure state reflects the fact that the quantum stétte pro- o o .
vides acompletedescription of the system. On the other the prediction{15]. (ii) We see that the spectrum of thig

hand, the mixed state of each subsystem only reveals itnal photon is dependent on the group velocity of ititer

statistical nature Shoton, whiph is not measured.at all in our experiment.
In the experi.ment we realize a collinear degenerateHowever’ this comes as no surprise, because the state of the
tvoe-1l phase matchinf;lB] This means that the SPDC crvs- S|gnal_ photon is cglculated frqm the two—photqn statg by in-
ype-ll phase m : . Ty tegrating over the idler modegii) We also see immediately
tal orientation is such that the orthogonally polarized signal- "~ ==, . . )
idler pair with degenerate frequeney= w,/2 is emitted col- that ps# ps, so the signal and idler single-photon states are
linear. We select this direction by a set of pinholes during the?0th mixed states. It is then straightforward to evaluate nu-
experimental alignment process. Then the integral in(@g. Merically the von Neuman entropy[17] of the signal(or
can be simplified to an integral over a frequency detuningdler subsystem,

parameterv (the detailed calculation can be found in Ref. A
[5]): Ss= —trpsIn ps], 11

based on the “double notch” fitting function. Note that op-
vy =A J dv®(DLv)al(w+v)al(w— »)|0) @) erator(9) is diagonal. Taking its trace is simply performing
0 S ' ’ an integration over the frequency spectrum with the spectral
density of Eq.(10). To compute the integral of E¢11) for
where the sinc-like functio® (LD v) follows from Eq.(2)  the density matrixps of Eq. (5), we replace variable by a
considering a finite length of the SPDC crysdftal. It repre-  dimensionless variablBL v/2 and evaluate the integral nu-

sents a frequency spectrum of the two-photon state, merically. The calculation yields
1— g iDLV S,~6.4>0.
®(DLy)= —5——, €S)

This again indicates the statistical mixed nature of the state
of a photon(subsystemin an entangled two-photon system.
which is determined by the finite crystal lendthand, spe- Based on the experimental data, we conclude that the en-
cifically for the collinear degenerate type-lIl SPDC, by thetropy of signal and idler are both greater than zérixed
difference of inverse group velocities for the sigfaidinary  statg, while the entropy of the signal-idler two-photon sys-
ray) and the idler(extraordinary ray. D=1/u,— 1/u,. tem is zerdpure statg This may mean that negative entropy
The constant\, is found from the normalization condi- is present somewhere in the system, perhaps in the form of
tion trp=(¥|¥)=1: the conditional entropy11]. By the definition of the condi-



2688 DMITRY V. STREKALOV, YOON-HO KIM, AND YANHUA SHIH PRA 60

tional entropy, one is tempted to say tlywen the result of obtain statistical knowledge of the subsystems. Neither the
a measurement over one particle, the result of measurememeasured subsystem nor the remaining parts is in a pure
over the other must yield negative informaticfhis para- State. The individual subsystems are described statistically
doxical statement is similar to and in fact closely related to?Y the quantum theory before the measurement and after the
the EPR “paradox.” We suggest that the paradox comegneasurement.
from the same philosophy. We gratefully acknowledge many useful discussions with
In the kind of measurements when the experiment onlyv.H. Rubin. This work was supported, in part, by the U.S.
involves a subsystem of an entangled multiparticle systen®ffice of Naval Research and by the National Security
and leaves the remaining parts undisturbed, one can onkgency.
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