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Abstract

We discuss an exactly solvable model for the creation of entanglement between
two subsystems by the observation of decay products. The system consists
of two identical decaying boson modes, and the decay channels are observed
through a beam splitter. For a reasonable class of initial states the decay
process is completely decoupled from the buildup of the relative phase. Exact

expressions are derived for the distribution over the two output channels, and

for the conditional density matrix after a given detection history.

PACS numbers: 42.50.Dv, 03.75.Fi, 42.50.Lc

1. Introduction

Entanglement is one of the several fundamental features of quantum mechanics, with no
classical counterpart. Two quantum systems in a pure state are entangled when the state
of the combined system cannot be factorized into product states pertaining to the separate
systems. The possibility of entanglement arises naturally from the superposition principle. In
the case of two spatially separated subsystems, entanglement is known to lead to measured
correlations between the subsystems that cannot be understood in terms of local properties
of each subsystem alone. One may be tempted to believe that for two systems to be in an
entangled state it is necessary that they share a common past. This is true for two particles
arising from a common source, or separating after a collision. Practical examples are two
photons created by parametric downconversion [1], or polarized atoms exiting their interaction
region. A slightly more involved possibility is that each system of an entangled pair has been
interacting with a common partner system. More fanciful possibilities have recently been
realized, where two entangled pairs of photons separate in such a way that two photons, one
out of each pair, are brought to interfere, leading to entanglement of the remaining two photons
[2]. In this paper we analyse the creation of entanglement between two decaying systems by
the detection of their decay products in interference. The two systems are modelled as boson
modes, and can be thought of as two single-mode radiation cavities or two Bose—Einstein
condensates. Particles emitted from the systems enter the two input ports of a beam splitter
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and detectors are attached to the output ports. Finite detection efficiencies are allowed for.
In the case of Bose—Einstein condensates, this is a situation where spontaneous symmetry
breaking gives rise to a relative phase between the condensates [3]. We consider a class of
initial states where the detection statistics and the resulting buildup of the relative phase during
a detection history can be solved analytically. The method is based on quantum trajectories,
generalized to include imperfect detection efficiency.

2. Single histories of decaying system

2.1. Perfect detection efficiency

The evolution of an open quantum system can often be described by a quantum master equation
for its density matrixo” The simplest form of this equation is [4]

%/3 =[p= —%[19, 5] — %r(éfé,a Ny Yollos WS vor Yol (1)
where the operato€ represents the effect of a quantum jump dhds a measure of the
jump rate. The last term in equation (1) describes the gain in the final state after quantum
jumps. In the prototype case of spontaneous emission, the opérittine lowering operator
of the atom, which transforms the excited state to the lower state. For a decaying mode of
the radiation field in a cavityC' = a represents the annihilation of a photon from the mode.
Quantum master equations are valid when the correlations of the outside world decay so
rapidly that within the decay time the state of the system does not change appreciably [5].
Aninitially pure state of the system cannot be expected to remain pure. Loss of information
to the outside world increases the entropy of the state. However, the density jaaix ~
always be represented as an ensemble of time-dependent pure states, so that the density matrix
follows after ensemble averaging. This is the basis of the method of quantum trajectories
[6-8]. Each realization of the pure state of the system is specified by the precise specification
of the instants of time at which the quantum jumps occurred. The method is derived by
separating the evolution operatdiin equation (1) as

L=Lo+/[1 2

with £1p = F@f)éT the gain term. Then equation (1) can be expressed as an integral equation
T
p(T) = €T 5(0) + f dr e T 0Ly (1) @)
0

which after iteration leads to a formal solution of the master equation in the form of an
expansion inZ1. The integrand in each term can be viewed as a possible pure-state history
of the system with given instants of the jumps [9]. The first tgigil’) = €7 5(0) in (3)
represents that no jump occurred in the intervall[p),the second term describes all histories
with the last jump at time. The strength of the first terpo(7') = Tr 5o(T) has the physical
significance of the probability that no jump occurred during the interval [0T he pure-state
single histories are convenient for numerical simulation of single runs of the evolution of open
guantum systems.

The integral equation (3) can also be used to derive the conditional density matrix for a
given history of the jumps. The situation that precigéjymps have occurred at the successive
time instants; < 2 < --- < ty, within the count interval [07'], is described by the integrand
of the Nth iteration. The corresponding contribution to the total density matrix at Tirise
then

pn(tL ta, ... ty; T) = €T =N pgholin=in-1) bl (). (4)
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The corresponding normalized density matrix describes the conditional state of the system,
given this detection history. It can be written as the normalized veysigtwy of (4), with

wy(t, 12, . tns T) = Tr py(ta, t2, ..ot T). (5)

The strength (5) represents the probability density for precigglynps in the count interval
[0, T] at the indicated time instants. The probability (7') for N jumps in the count interval
is obtained after integration afy over the ordered time instants< > < --- < ty.

2.2. Imperfect detection efficiency

For our purposes we also need the statistics of detected jumps [10] in the case of imperfect
detection efficiency. The corresponding single histories of the evolution of the system can no
longer be expressed as pure-state evolution [11]. For simplicity we assume that the jumps are
detected with the uniform efficienay (0 < n < 1). We separate the evolution operatbr

as in equation (2), but we redefine the detection pattias: nT'C5C'. The complementary

part of the gain term is included ifiy. With this redefinition of the partial evolution operators

the integral equation (3) remains valid. However, the single histories now represent a specific
number ofdetected jumps. Undetected jumps still contributefg to an amount 1 5, with

the result that single histories are no longer represented by pure states. In this case, equations
(4) and (5) give the density matrix and the probability density for a given number of detected
jumps at the indicated time instants. In the limiting case of full detection efficigreyl, the
standard pure-state trajectories are recovered. In the opposite limiting case @fthere is

no difference between the solution of the full master equation (1) and the density fgthix

during a detection-free period, sin€e= Lo.

3. Decay of single boson mode

3.1. Arbitrary initial state

The topic of this paper is the interfering decay of two boson modes. In order to fix the
notation, we first discuss the quantum trajectories with limited detection efficiency in the case
of a single boson mode. Particles are leaking to the outside world, where they have a chance
n to be detected. The system can represent a mode of the radiation field or a Bose—Einstein
condensate. A single decaying system is described by the master equation [12]

d
dr
This is identical to equation (1), with the Hamiltoni&h= hwa'a, and with the jump operator
C = a replaced by the annihilation operator of a particle from the mode. We are interested
in the conditional density matrix corresponding to a specific detection history. The initial

density matrixpo{0) can be expanded in coherent stdtésin terms of the Glauber—Sudarshan
P-function as [5]

1 ,
p=Lhp=—io[aa,p] - Er(amﬁ +patay+rapal. (6)

p(0) = / daat o) (| P(0) %

where the integration extends over the complgxlane. In order to find® we introduce the
characteristic function

x(A) = (@' ) = Tr p(0) d'e*"4 8)
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so thatknowledge of as a function ok determines the density matrix Then the distribution
functionP defined as the two-dimensional Fourier transformy of

1 * *
P@) = — / doh x (h) €0 )

determine(0) as in (7). The functio® is real and normalized. On the other hafds not
necessarily positive definite, so one cannotinterpretit as a probability distribution function. In
fact, whenp(0) is a number state, the functignis a polynomial, so that contains derivatives

of a delta function. The possibly singular behaviouPgiresents no problems in the present
paper.

The representation (7) allows us to express the evolution of the total density matrix and
the state during a detection-free interval in terms of the evolution of coherent states. Itis easy
to check that the total evolution of a coherent state described by the master equation (6) is
determined by the identity

T la) (] = |a(T)) ((T)] (10)

with the time-dependent coherent state givendiy’) = « exp[—(iw+1/2)T]. For a
detection efficiency), the effect of a detection is described by the operatgy = napat.
This also defines the evolution operator for a detection-free time perifglas. — £1. Since
obviouslyL1|e) (x| = nle|?|«)(«|, the detection-free evolution of an initial coherent state is
given by

0" |a) (| = exp(—nlal*(1 — e ")la(T)) (7). (11)
Hence, the initial condition (7) gives the time-dependent solution

A1) = [ daale (T @) (12)
whereas the contribution to the density matrix corresponding to a detection-free interval is

po(T) = / doa [or(T)) (@(T)| P () exp(—nler|*(1 — &~ 1)), (13)
The trace of (13) gives the zero-detection probability

po(T) = / door P(a) exp(—nlal?(L—e 1)) (14)

Since the coherent stale) is eigenstate of the annihilation operator with eigenvaluthe
effect of the detection of a particle as describeddycan simply be accounted for. The
contribution (4) to the density matrix correspondingMaletections in the interval [@]] at
the instants; < 1 < --- < 1y is now easily evaluated, with the result

Pt iz, ... tn; T) = /dza la(T)) {ee(T)]

N

x P(e) exp(—nla|*(L — &™) [ [(Cnle?e™™). (15)

i=1

The trace of (15) gives th¥-fold probability densitywy (11, t2, . . . , tn; T) for preciselyN
detections at the given instants of time, and the ratjgwy gives the conditional density
matrix, given thatVv particles have been detected. After/si+fold integration ofwy over
the ordered time instants, one obtains the normalized probability distribution for prefisely
detected particles in the interval [D], with the result

1
pn(T) = / oot P(a)m(maﬁ(l — e TTHN exp(—nla?(1—eTT)). (16)
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The distribution (16) has the form of the average of a Poisson distribution, withfilnection
as the effective probability distribution over the coherent-state iadéhe mean value is

N = / doa P(a)n]e)?(1— e T (17)

which is determined by the time integral of the detection rgféx(r)|2. The probability
distribution py can be sub-Poissonian, since the funct®fa) is not necessarily positive
definite. A sub-Poissonian distribution occurs when the difference between the variance and
the mean value a¥ is negative. This difference is found in the form

2
AN2 — N =21 —eTT)? (/ oo P(o0)|a|* — (/ oot P(a)|a|2> ) (18)

which is negative when also the initial distribution of the number of particles in the mode is
sub-Poissonian.

3.2. Poisson distribution of particle numbers

The expressions simplify considerably when the functiqny) is non-zero only for a single
value of |¢|. Then the initial state is specified by the distribution over the phase of
a = r exp(—iga). In equations (12)—(16) we can make the replacenfetie P(e) —

[ dpa ga(da), with g4 a normalized distribution over the phagg. The time-dependent
probability distribution over the number of particles in the mode is Poissonian, with mean
value(n) = r2 exp(—I'T). In this case, the/-fold distribution function for detections at the
instants, 12, . . ., ty takes the simple form

N
wn (1, 12, ., tn; T) = exp(—nr2(L— e ") [ Jaryr2e ™). (19)
i=1
Since the detection probability is determined only by the value, ahis distribution is
independent of the phase distribution. The corresponding contribution to the density matrix
(15) takes the factorized form

Bt 12, oo tns T) = N (1 f2 - 1) / dba g4 (Ga)|a(T)) (a(T)] (20)

where now the time-dependent value of the coherent-state parameter is giwgi by=
rexpl—igs — (iw + I'/2)T]. The integral in (20) is the conditional density matrix after

N detections. Notice that this conditional density matrix is identical to the unconditioned
density matrix (12) in this special case. This is due to the fact that the detection probability
is independent of the phagg,. This also implies that subsequent particle detections are
uncorrelated, so that the distribution (16) reduces to a Poisson distribution. The mean value of
the number of detections 1§ = nr2(1 — e I'T). The simplest example is an initial coherent
state|r exp(—i¢o)), so thatg, is effectively a delta function. Then the state remains a pure
state at all times, given by the coherent statexp(—i¢o — ioT — I'T/2)).

When the system is a Bose—Einstein condensate, states with different particle numbers
do not superpose, and the density matrix must be diagonal in the particle number. The initial
state is diagonal in the number of particles only when the phase uniformly distributed.
Hence in equations (12)—(16) we can make the replaceihést P(«¢) — [dgpa/27. The
time-dependent state (12) is then a Poissonian statistical mixture of number states.
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4. Decay of two boson modes

4.1. Two representations

Now we consider two independently decaying boson metdasdB. The combined density
matrix obeys the master equation

d U SN ~nn
E[) = —iw[a'a, p] — EF(aTap +pata) +Tapat

—iw[b'h, py] — 51“(17*17,0 + pb'h) +Thpb'. (21)

When the density matrix(0) at time 0 can be expressed as a produghy of terms
corresponding to the separate systems, also the combined Glauber—Sudarshanfacion

can be written as a produ#}y (@) Pg(8). Then the state of the modes is unentangled. Since
the two modes evolve independently, the time-dependent solution of the master equation (21)
is just the product of two solutions of the form (12). Hence, the two modes remain uncorrelated
at all times. Also when emitted particles are detected, while the products from both modes
are distinguishable, no entanglement can arise.

The situation is quite different, however, when the emitted bosons from the two modes
are observed in interference. Since it is undetermined whether the particle arose from mode
or from modeB, entanglement can arise. The effect of a detection on the density matrix can
be described by the substitution

p(t) — (@A) (22)
in terms of the detection operator
&(¢) =% (@ +e?h) (23)

that is the superposition of an annihilation of a particle from either of the two modes. After
detection of a particle as described by an operator of the form (23), the conditional density
matrix no longer factorizes. This is the basic mechanism for the creation of the relative
phase between two Bose—Einstein condensates when they are observed in interference [3, 13].
Spatial interference between two condensates has been observed in a number of experiments
[14, 15].

We assume that particles emitted from both sources are combined in a beam splitter and
detected at the two output ports. The setup is sketched in figure 1. Particle detection is
described by the two orthogonal detection operators

ér = @+b)/V2 (24)
This same detection scheme has been analysed by Castin and Dalibard [3] in the case of
two condensates. The operatets 6bey the standard commutation rules.[¢L] = 1,

[C+, 5] = [+, E;] = 0. The master equation (21) can be rewritten in terms of the operators
¢4 rather than in terms af andb, with the result

P T N T TP v DUy
—p = —iw[chéy, p] — EF(c+c+p + pcicy) + e pck

dr
iorata oA P o aat -
—iw[cLe—, po] — EF(C_C_,O +pclc)+Tc_pcl = Lp. (25)
Since this is just a different form of the same equation, the solutions of (25) are identical to

those of (21). No entanglement can be created by the full evolution given by the right-hand
side of (25).
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A B

Ds BS @D_

Figure 1. Sketch of setup of two decaying modes. The outputs are mixed by a beam splitter BS
and particle detectors D+ and D_ are attached to the output ports.

4.2. Detection-induced correlation

The result of a detection history can be described as a direct generalization of the one-
mode case discussed in section 3. A detection history is now described by specifying for
each detection within a time interval [0, T] the time instant and the detection channel.
Just as in equation (2), we separate the evolution operator £ in equation (25), with
L1p = D(sélpés + -l pé_) = L1+ + L1, with n1 and n the two detection efficiencies.
These two terms describe two types of quantum jumps corresponding to the two detection
channels. We consider afactorized initial state in terms of the combined P-function as

p(0) =/d2a d2 loe, B){at, B| Pa(cr) P (B) (26)

where |, ) denote two-mode coherent states. These states are eigenfunctions of a and
b, and therefore also of é4. The eigenvalue relations are é+|e, B) = yla, B), With
v+ = (a £ B)/~/2. Therefore, the variables y. in equations (27) and (28) are functions
of « and B. Now it is easy to evaluate the contribution to the time-dependent density matrix
corresponding to zero detectionsin theinterval [0, T'], and theresult is

po(T) = €97 5(0) = / oo dofB | (T)), B(T)) (e(T), B(T)]

X Pa(e) P (B) exp(—(n+ly+ >+ 0|y 51— e 7). (27)
The time dependence of the coherent states | (T'), B(T)) is the same as defined in section 3.
The probability for zero detectionsis the trace of (27), so that

po(T) = / oo Ao Pa (o) Pp(B) exp(—(nsly+ 2+ n-ly—19 (1 — e TT)). (28)

When the two efficiencies n.. are unequal and the distributions P4 and Pp have afinite width,
thelast linein (27) doesnot factorizein thevariablesa and 8. Thisindicatesthat entanglement
has been created by the ssimple fact that a detection experiment has been performed with a
null outcome. Thisis particularly obvious when a detector is attached only to the output port
D.. Then after an interval with zero detection, the entangled state is described by the ratio
of equation (27) and (28), with the substitution n— = 0. This situation is reminiscent of a
measurement scheme discussed by Plenio et al [16]. Here an entangled subradiant state of
two atomsis created by a null result of a photon measurement leaking out of a cavity.

A detection history is specified as 11, s1; 12, s2; .. .; ty, sy, With 7; the time instant and
si = Dy the channel of the ith detection. Each detection tends to enhance the entanglement
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between the two modes, even though they share no common past. Thiswill beillustrated in
an exactly solvable specia casein section 5.

5. Initial states with Poisson particle statistics

In analogy to what we did in section 3.2 for one boson mode, we now assume that the initial
state of each subsystem is characterized by P-functions that are non-zero only for the single
vaue |a| = |B| = r, while the efficiencies n» = n— = n are equal. Hence, the initial
state is fully symmetric. Setting o = r exp(—ig4), B = r exp(—igp), one notices that
the integrations effectively extend only over the phases weighed by a factorized two-phase
distribution g4 (¢4)gp (¢p). The solution of the master equation (21) (or (25)) isthen

p(T) = /d¢A dpp la(T), B(T))(T), B(T)Iga(Pa)gB(PB). (29)

Formally, by iterating equation (3), this density matrix can be unraveled into a summation and
integration over all possible detection histories. A detection at the output ports D givesrise
to a multiplicative factor proportional to |y+|? = 2r? cos?(¢/2), or |y_|? = 2r? sin?(¢/2),
with ¢ = ¢4 — ¢p the relative phase between the two modes. For the contribution to the
density matrix corresponding to a given detection history we find

Pt s1: 2,525 ..o iy, sn; T) = exp(—2nr2(1— e T'T))

x [T@rnr?e ™) / da A [oe(T), B(T)((T), B(T)]

i=1
xga(pa)gp(@p) O ($/2) SN?"(¢/2). (30)

Here n and m are the number of detections in each channel, so that n + m = N is the tota
number. This effect reflects the change of the state at a quantum measurement. The trace
of (30) gives the distribution function for the indicated detection history, with the factorized
expression

= F(n.m) exp(—2nr?(1— e "T) [ [@@ryre ™). (31)
i=1

This is the probability distribution for precisely N detections in the interval [0, T] at the
indicated instants of time #; and the indicated detection channelss; = D-. The information
onthedistribution over thetwo detection channelsiscontained in the coefficients F (n, m). The
remaining r-dependent factor representsthe probability distribution for precisely N detections,
summed over both detection channels. This expression is quite similar to equation (19) for
the N-fold distribution function of a single decaying mode, the only difference being that now
the detection rate is doubled compared to the single-mode case. The statistics of the total
number of detections is given by a Poisson distribution, with mean value 2pr2(1 — e I'T),
The coefficients F (n, m) are defined as

Fln,m) = / dp g(¢) cos(¢/2) SN?"($/2) (32)

with g(¢) = [dop ga(ds + ¢)gr(Pp) the normalized distribution function over the relative
phase ¢ in the initial state. The coefficient F'(n, m) represents the probability that the N
detections occur in an ordered sequence s1, s2, ..., sy over the two detection channels D,
with precisely n detectionsin the channel D+ and m = N — n detectionsin the channel D_.
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Obvioudly, the detection statistics depends only on theinitial distribution of the relative phase
¢, not on the absolute phases of the two modes, nor on their population. More importantly,
this probability depends only on the total number of detections (n and m) in each channel, not
on their time order. This makes it easy to obtain the probability distribution for the possible
partitions (n, m) over the two detection channels, withm = N — n. Since for given n and m
the total number of time orderings of the N detections is a binomial coefficient, we find the
expression for the probability that n out of the N detections occurred in the channel Dx,

p(n,m) = (1;1) F(n,m). (33)

For agiven value of N, these probabilitiesindeed add up to one. Naturally, the specific values
of the coefficients F(n, m) and the probabilities p(n, m) depend on the initial distribution
g(¢) of the relative phase. In order to evaluate these quantities, it is convenient to introduce
the branching ratios f+ (n, m), defined asthe probabilitiesthat after a detection history with n
and m particles in the two output channels, the next detected particleis found in the channel
D.. From the significance of the coefficients F (n, m) it is obviousthat

_ Fin+1m) _ F,m+1)
f+(nsm) - F(n,m) f—(nsm) - F(n,m)

Theseratiosobey thesumrule f+(n, m) + f—(n, m) = 1. Thevalues of these branching ratios
depend exclusively on the distribution function g(¢) over the relative phase that specifies
the initial state. Once the branching ratios have been calculated, the definition (34) shows
that the coefficients F (n, m) can be written as a product of branching ratios corresponding to
the sequence of detections of particles. The fact that the resulting product does not depend
on the specific order of the detections restricts the possible values of the branching ratios.
For instance, they must obey the identity fi(n,m)f-(n+1,m) = f_(n,m) fs(n,m +1) =
F(n+1,m+1)/F(n,m). Infact, amoment’s reflection reveals that knowledge of the ratios
f+(n,0) for al values of n is sufficient to evaluate al branching ratios, and thereby all the
coefficients F(n, m). Mathematically, thisis equivalent to saying that these branching ratios
are sufficient for reproducing the rel ative phase distribution g(¢).

The normalized conditional density matrix, given a detection history (ng, mo) in both
output channels, is given by

(34)

p(no, mo; T) = /d¢A dép o (T), B(T))(a(T), B(T)|

x ga(pa)gp(dp) COST0(p/2) SN*"0(¢/2)/F (no, mo). (35)

It is equal to the ratio of (30) and (31), it is fully specified by the detection numbers ng and
mg and it does not depend on the instants or the ordering of the detections. Equation (35)
shows as the effect of each detection that the combined P distribution function is multiplied
by cos?(¢/2) or sin?(¢/2), apart from normalization.

Knowledge of the coefficients F(n, m) aso allows us to derive expressions for the
conditional statistics of the number of detections, following a given initial number of ng
and mg detectionsin the two channels. Since F (n, m) representsthe probability for a specific
order of the detections, the conditional probability that the next N detections follow a specific
sequencesi, 52, . .., sy iSgiven by

F(n,m | no,mo) = F(ng+n,mo+m) | F(no, mo) (36)

which again depends only on the partition (n, m) of the conditional sequence. For the
conditional probability distribution over the partitions we thus find
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N
p(n,m | no, mo) = (n ) F(no+n,mg+m)/F(no, mo). (37)

These same expressions follow from the conditional density matrix (35) astheinitial state.

6. Special cases

6.1. Initial coherent states

A trivial special case of section (5) arises when both modes are in a coherent state. Then the
phase distribution function g(¢) = §(¢ — ¢o) with ¢ the difference of the phases of @ and .
Thisisanatural situation when the particles are photons leaking out of cavities. However, for
Bose condensates, thisinitial stateis not possible, sinceit is not diagonal in the total number
of particles. In this case, the branching ratios (34) are f+ = cos*(¢o/2) and f_ = sin®(¢o/2)
for al valuesof n and m. Thedistribution (33) over thetwo channelsisbinomial, with average
numbers of detections N cos?(¢/2) and N sin?(¢/2) in both channels. When the phase
differenceis ¢g = /2, the branching ratios are equal to 1/2 and the probability distribution
(33) over the channelsis

1 /N
pom =5 () @)
just as the conditional distribution (37). Likewise, the conditional density matrix (35) after
(n, m) detections is equal to the unconditioned density matrix (29), so that the density
matrix is not affected by the detection. The measurement process is highly classical, and
no entanglement is created. The average value isn = N/2 and the standard deviation is
equal to An = +/N/2. In the limit of large detection numbers N, the distribution (38) is
well approximated by a Gaussian, specified by these numbers. Hence, the relative width
decreases with N. The conditional density matrix given a certain detection history isidentical
to the unconditioned solution of the master equation (21), which represents a product of two
coherent states at all times.

6.2. Initial uniform phase distribution

The opposite extreme case occurs when the initial phase distributions of both modes are
completely uniform. Then initially both modes are diagonal in the number states, with a
Poissonian distribution. The unconditional state that solves the master equation is given by
(29), with g4 = gp = 1/27. This state is unentangled and diagonal in the number state of
both modes at all times. This uniform-phase state has been considered for the analysis of the
buildup of afixed relative phase between two Bose condensates in a continuous measurement
[13]. Infact, the detection statistics depends only on the distribution function of the relative
phase, which is also uniform, so that g(¢) = 1/2x. Initially, thereis no preference for either
channel, and the two branching ratios f+(0,0) = f_(0,0) = 1/2 are equal. However, after
a number of detections, a preference is created for the channel that had already the most
detections. This effect has been discussed for Bose condensates starting from initial number
states in the limit of large numbers[3]. Here we derive exact expressions for the statistical
distribution, while accounting for the limited detection efficiency, and the decay of the modes
during the detection interval.

Fromthedefinition (34) of f+, itiseasy to show for the case of auniform phasedistribution
that f+(n, 0) = (2n+1)/(2n + 2). Furthermore, we have argued that the product of branching
ratios al ong a detection sequence depends only on theinitial and final values of (n, m), not on
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the specific sequence. Together with thesumrule f1 + f_ = 1, thisallowsusto obtain simple
exact expressions for the branching ratios

2n+1 2m+1

frlnm) = 55 f-(nm) = S5 (39)
with N = n +m. Thisyields exact expressionsfor the coefficients F in the form
(2n)!(2m)!
Fom) = 28 Nt (40)

Thisleadsin turn to the exact result for the probability distribution (33) of N detected particles
over the two channels,

p(n,m):zziN(Zn”> <2n'1"> (41)

Whereasthe binomial distribution (38) has maximal valuesforn = m = N /2, thedistribution
(41) is maximal for n = 0 or m = 0, s0 that the detected particles tend to bunch in one
channel. Hence the detection histories bifurcate into sequences with practically all detections
in the same output channel. For these most probable detection histories, with most particles
in one channel, the phase distribution becomes very narrow. The conditional density matrix
after a detection sequence (n, m) with n < m (or n > m) is given by equation (35), which
contains a phase-dependent function that strongly peaksat ¢ = 0 (or at ¢ = 7). Thisstateis
highly entangled, provided that the remaining number of particles per mode r? exp(—I'T) is
still appreciable. Thisillustrates the strong correlation between successive detections.

For large particle numbers, the distribution (41) can be represented by a simple continuous
approximation. Fromthe Gaussian limit of thebinomial distribution onefindsthat the binomial
coefficients occurring in (41) can be approximated by

<2n”) wzzﬂd%. (42)

In the limit of large N values, the distribution (41) is therefore well represented by the
continuous normalized distribution

qg) =1/7/v(d —v) (43)

over therange 0 < v < 1 of the variablev = n/N. The variable v and the complementary
variableu = m/N = 1—v determinethenumber of detectionsinthetwo output channels. The
average value and the standard deviation of v can be directly evaluated after the substitution
v = co(¢/2), with the result

_ 1 A 1
V== V= ——
2 2V2
which confirmsthat the standard deviation of n is of the order of the total number of particles
N.

(44)

This limiting distribution (43) can aso be understood geometrically by considering
the situation that two fields with amplitudes proportional to a = exp(—i¢4)/2 and
b=exp(—i¢p)/2 enter the input port of the beam splitter. The amplitudes of the two output
channels are then proportional to the sum and difference of these fields, which correspondsto
intensities proportional to v = cos?(¢/2) and i = sin(¢/2). A uniform distribution over the
relative phase ¢ = ¢4 — ¢p reproducesthe distribution ¢ (v). Thisisillustrated in figure 2.

While during the detection history, the distribution over the relative phase ¢ becomesvery
narrow, the phases¢ 4 and ¢ 5 of the two modesremain compl etely undetermined. Conversely,
the state remainsdiagonal inthetotal particle number in thetwo modes, whereasthe difference
in particle number in both modes becomes undetermined. This can be seen explicitly from
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Figure 2. Geometrical picture of distribution of relative intensity v. Thelengths of the dotted lines
determine the intensities v = |a + 5|2 and ;v = |a — b|2. A uniform distribution over the relative
phase ¢ reproduces the distribution (43) over v.

the expression (35), in the special casethat g4 and gp are uniform, and ng >> mo, so that the
distribution for the relative phase ¢ strongly peaks at the value 0.

7. Conclusions and discussion

We have obtained exact expressions for the conditional density matrix of two decaying boson
systems when the decay products are brought into interference by a beam splitter. The
expressions become particularly simple when the initial states are diagonal in the number
states, with a Poisson distribution. In this case, the total decay summed over both output
channels is an autonomous process which is not affected by the quantum measurement. On
the other hand, the distribution over the relative phase is completely determined by the specific
detection history and the statistics of the detected particlesin both channels can be completely
solved. This s illustrated in equation (34) for the branching ratios for the next detection
and in equation (35) for the conditional density matrix, following a detection history with n
particles in the channel D+ and m particles in the channel D_. The description is equally
valid for photons leaking from cavities, or for bosonic atoms leaking from two condensates.
In either case, the model illustrates the spontaneous buildup of the relative phase during the
decay process. For bosonic atoms, no off-diagonality in the total number of particles can exist
for initially isolated systems, and then it cannot arise during the decay process either. This
means that the phase of each subsystem separately must remain completely undetermined,
even when therelative phase attains a specific value. Thisimpliesthat the states of the systems
get entangled, even though they have never been in contact directly.

For an initially uniform distribution of the relative phase, the probability distribution of
the detected particles over the two channels can be solved exactly, and the result is given in
equation (41). Since this probability distribution is normalized, we obtain as a byproduct the
sum rule for binomial coefficients,

N
Z<2”> <Z(N ’”) =2, (45)
—=\n N—n
This distribution expresses strong correlations between successive detections. An accidental
asymmetry between the two channelstends to be amplified as the detection history proceeds,
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leading to awell-defined relative phase. It isremarkablethat no operator for therelative phase
entersthedescription[17]. Infact, the detection processisdescribed by the operatorsc.., which
are special cases of the phase-dependent superposition operator (23). It has been pointed out
that states with maximum visibility in interference experiments based on such field operators
are the eigenstates of the effective number operator cf(¢)c(¢) [18]. It is therefore significant
that after a detection history the conditional density matrix becomesdiagonal inthe eigenstates
of ches and el c_. A detection history can be considered as a quantum measurement of these
particle numbers, which forces the state into the corresponding eigenstates.
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