PHYSICAL REVIEW A 74, 012319 (2006)

Three-way entanglement and three-qubit phase gate based on a coherent six-level atomic system
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We analyze the nonlinear optical response of a six-level atomic system under a configuration of electromag-
netically induced transparency. We show that the enhanced completely cross fifth-order nonlinearity generated
in such a system can be used to produce efficient three-way entanglement and to realize a three-qubit quantum
phase gate. We demonstrate that such phase gate can be transferred to an all-optical Toffoli gate, facilitating
practical applications in quantum information and computation.
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I. INTRODUCTION

Photons are considered as promising candidates for carry-
ing quantum information because of their high propagating
speed and negligible decoherence [1]. Many proposals have
come up for efficiently implementing all-optical quantum in-
formation processing and quantum computation, some of
which are based on linear optics, and others are considered
from nonlinear optical processes. As is well known, Kerr
nonlinearity is crucial for producing photon-photon entangle-
ment and for realizing two-qubit optical quantum gates.
Similarly, higher-order optical nonlinearities can be used to
produce an n-way (n=3) entanglement and to realize a mul-
tiqubit quantum gate. However, optical quantum gates cannot
be efficiently implemented based on conventional optical
media. The reason is that either the optical nonlinearity pro-
duced in such media is very weak, or there is a very large
optical absorption when working near resonant regime where
nonlinear effect is strong.

In recent years, much attention has been paid to the study
of electromagnetically induced transparency (EIT) in reso-
nant atomic systems [2,3]. By means of the effect of quan-
tum coherence and interference induced by a control field,
the absorption of a weak probe field tuned to a strong one-
photon resonance can be largely cancelled and hence an ini-
tially highly opaque optical medium can become transparent.
The wave propagation in resonant optical media with EIT
configuration possesses many striking features. One of them
is the significant reduction of the group velocity of probe
pulse. The other one is the giant enhancement of the Kerr
nonlinearity [4,5]. In recent years, the physical systems for
obtaining enhanced Kerr nonlinearity and a related large
cross-phase modulation (CPM) by using EIT effect have
been proposed, including “N” configuration [6,7], chain-A
configuration [8], tripod configuration [9], and symmetric
six-level configuration [10]. Based on the enhanced Kerr
nonlinearity, two-qubit entanglement with photons and atoms
[11-16] has been investigated and an all-optical two-qubit
quantum phase gate (QPG) [17-20] has also been con-
structed recently by using different schemes. However, as far
as we know, up to now only a few works [21] have explored
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higher-order (especially the fifth-order) optical nonlinearity
and its applications to multiphoton entanglement and optical
phase gates based on EIT effect.

In this work, we shall investigate a possible three-way
entanglement and three-qubit phase gates based on a coher-
ent six-level atomic system under an asymmetric EIT con-
figuration. We first show that, due to the quantum interfer-
ence induced by two strong control laser fields, the
completely cross fifth-order optical susceptibilities [22] of
the system can be greatly enhanced and at the same time the
linear and other nonlinear susceptibilities are largely sup-
pressed. This important property can be used to produce ef-
ficient three-way entanglement among three weak optical
(i.e., probe, signal, and trigger) fields. We then explore the
possibility of employing the enhanced CPM effect to devise
a mechanism of polarization three-qubit quantum phase gate
(QPQG). The three-qubit QPG proposed here is rather robust
and can be easily transferred to a universal three-qubit Tof-
foli gate. Notice that a Toffli gate can be constructed by some
more basic quantum gates, but its physical realization in a
compact way is needed to dramatically reduce the number of
qubit and manipulations that are required to perform a given
task. Although some studies of constructing Toffoli gates us-
ing different schemes exist [23-26], to the best of our knowl-
edge the work presented here is a suggestion for a practical
realization of a Toffoli gate in an all-optical way.

II. MODEL

We start with considering a lifetime broadened atomic
system, where atoms with six levels [three lower (L) state
levels [1), |3), |5), and three upper (U) state levels |2), [4),
|6)] interact with five laser fields (see Fig. 1). Such configu-
ration can be realized in Zeeman-split alkali atoms by apply-
ing an external magnetic field B to split the degenerate levels
in the lower and upper states. The lower (upper) state levels
have the quantum number of total angular momentum F=1
(F=2) and different magnetic quantum numbers m
=—1,0,1(m=0,1,2) (e.g., the D, line of ¥’Rb). The Zeeman
shift of the sublevels in the lower and upper state is given by
Ay y=(up/ h)Amg; yB, where up is the Bohr magneton and
g1 (gy) is the gyromagnetic factor of the lower (upper) lev-
els. We assume that the transitions from |2)«|3) and
|4)«+|5) are driven by two strong, continuous-wave (cw)
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FIG. 1. The energy-level diagram and excitation scheme of a
lifetime broadened six-level atomic system interacting with two
strong, cw control fields of Rabi frequencies () and (), and three
weak, pulsed (probe, signal, and trigger) fields of Rabi frequencies
Qp, Qg, and Q.

control laser fields of 7 polarization and with Rabi frequen-
cies Q. and Qy, respectively. The transitions from |1)+«|2),
|3) <= |4), and |5) <~ |6) are driven by three weak, pulsed laser
fields of o* polarization, called probe (with Rabi frequency
Qp), signal (with Rabi frequency{)s), and trigger (with Rabi
frequency ()7), respectively. Here the Rabi frequencies asso-
ciated with the laser fields that drive the atomic transitions
are defined as () =-D;;&;/h, where & denotes the kth elec-
tric field envelope and D is the relevant electric-dipole ma-
trix element related to the transition |1)<—> /). The detunings
8 (i=1 to 6) are defined as &,=(E,—E;)/ h—-wp, 5=(E,
—E3)/ﬁ—wc, 53:(E4—E3)/ﬁ—(1)5, 54:(E4—E5)/ﬁ—(1)3, and
8s=(E¢—Es)/ fi—wy, where E; is the energy of the level |i)
and w; (j=P,C,S,B, and T) is the frequency of the laser
field Wlth the Rabi frequency ();. The evolution equations for
the atomic probability amphtudes ai(t) (j=1 to 6) read

r x
d] =- ?1 —iQPaz, (13)
: I . .
ay= ? 18, |ay—iQpa; —iQcas, (Ib)
: I
dy==| T+ i85 |as — iQeay — iQay, (1c)
. Iy . .
ay = ? 1513 lQSa3 - lQBas, (ld)
. I's *
as= E i614 |as — iQpas — iQ7aq, (Le)
r
dg=— (?6+i515>06—i9705» (1f)
where 512251—52, 5]3=512+53, 5l4=513_54a and 515=514

+6s. I'; denotes the decay rate of the state |j), introduced in
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a phenomenological manner for describing the effects of
both spontaneous emission and dephasing [27].

III. ENHANCED COMPLETELY CROSS FIFTH-ORDER
NONLINEARITY AND GROUP-VELOCITY
MATCHING

We assume that the initial state of the system is in the
ground state |1). Notice that if the intensity of the probe,
signal, and trigger fields is much weaker than the intensity of
the both control fields, due to the quantum coherence and
interference (i.e., EIT) effect the depletion of the ground
state |1) is not significant and hence one has a,= 1. This
means that the pumping effect among different ground-state
levels can be neglected during the evolution of the system
because the population of atoms will remain nearly in the
state |1). For solving Eq. (1) we assume that the typical
temporal duration of the probe, signal, and trigger is long
enough so that a steady state approximation can be em-
ployed. In order to get the expressions for nonlinear optical
susceptibilities of the system we consider higher order con-
tributions to a,, which can be obtained by using the normal-
ization condition =% |a[>=1 [28]. We solve Eq. (1) under
this condition and obtain the following expressions for the
susceptibilities of three weak fields:

N, |D12| *

Xp== ﬁeOQP ey
= X0+ XoplEP + XSIES + XEHEN + XohplEnl*

+XPPS|5P| |5S|2+X§351)’T|5P| |5T|2+XPST|ES| |5T

b}

(2a)
N, |D%4|
Xs=— P XSP|5P|2+X§512P|5P|4+X.(951'2T|5P|2|5T|2»
€ s
(2b)
N, |D56|
Xr=- = XhslEplPIES, (2¢)
T P TPS plIcs

where N, is atomic density of the system and ¢, is the
vacuum dielectric constant. The explicit expressions of linear
(x"), third-order (x'¥) and fifth-order susceptibilities (x**)
on the right-hand side of Eq. (2) have been given in the
Appendix.

Based on the above result we now show that the suscep-
tibilities associated with completely cross fifth-order nonlin-
earities can be greatly enhanced under EIT condition. This
can be easily seen from the explicit expressions of ) (j
=1,3,5) provided in the Appendix. It is obvious that, if we
take 8),=0,4=0, d3 and d5 depend only on I'; and I'5, which
describe spontaneous emission and dephasing processes of
the states |3) and |5). Notice that such processes can be
greatly suppressed if working with ultracold atoms. In this
case the values of I'; and I's can be made small (usually only
few kHz or even smaller) [29]. Under such conditions the

completely cross fifth-order susceptibilities, i.e., XEDSST’ xs‘j’gT,
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and X(TS;S, given, respectively, by (A8), (All), and (A12),
have giant values while other susceptibilities (including the
linear, third- and fifth-order ones) are efficiently suppressed.
Thus the system produces only completely cross fifth-order
CPM effect among the probe, signal, and trigger fields. In
addition, the imaginary parts of the enhanced completely
cross susceptibilities are much smaller than their relevant
real parts if one chooses 8;5>>1"4/2 and hence the absorption
of the probe, signal, and trigger fields can be largely can-
celled. The physical reason for the enhancement of the com-
pletely cross fifth-order susceptibilities, suppression of other
susceptibilities and the cancellation of the absorption is due
to the EIT condition [i.e., [ (i=P,S.T)<|Q,* (j=B,C),
81,=05,4=0] that results in quantum coherence and interfer-
ence between the lower state levels.

Next we present the expressions of group velocities of the
probe, signal, and trigger fields. The group velocity of a light
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pulse is given by v,=c/(1+n,), where c is the light speed in
vacuum and

w d Re(y)
0.

2 Jdw ®

1

ng=7 Re(y)
is the group index. As we know, the group velocities of the
probe, signal, and trigger must be small and comparable in
order to achieve an effective CPM effect [30]. Unlike the
six-level scheme used in Ref. [10], our present scheme is
asymmetric and hence the group velocities of the probe, sig-
nal, and trigger fields are generally not equal. We assume the
probe and signal fields work at the center of the EIT window,
i.e., 8;,=0;4,=0, and neglect the dephasing rates I'}, I'5, and
I's, which are typically much smaller than all the other pa-
rameters. Under the EIT condition, we obtain the explicit
expressions of the group velocities from Egs. (2) and (Al)-
(A12) for the probe, signal, and trigger fields,

P_ 2h EOC|QC|2|QB|2 (42)
% 2 2 2|QB|2 2 2 2 ’
No|D o wp| |Qp]* = Q] Q |2+|Qs| +B +|Q*[Q4°B
c
S = 2 1 €6c| Q| Qs (4b)
£ N D3y og| Qp*(1+ Q7 B)
2% x| Q| Q)7
o7 = o 2] |2 3l _ )
No|Dsol*w7|Qp*| Q4B
|
with acquires a large phase shift conditional to the state of the
A2 108 QL2 5 other two optical fields. A three-qubit QPG can be repre-
B:(1—3| 7 _| sl >|Q |2B_| s 2| 6,85 + T%/4 sented by the input-output relation |a)p|B)s| V)1
Q> Qg T QP SE+T%4° —explichap,) | @) p| B)s| ¥)7. where a, B, =0, 1 denote three-
qubit basis.
_ /4 £ _T%4 We choose two orthogonal light polarizations |o~) and
B= 5355;2/, =55 (5)  |o*) to encode binary information for each qubit. We assume
52 +1774 5% + 1774 that the six-level system shown in Fig. 1 is implemented only

For simplicity when obtaining the above results we have set
I',=T',=T¢=I". We note that three velocities vt vg, and vg
can be made both small and equal by properly adjusting the
Rabi frequencies and detunings (see the example given be-
low).

IV. THREE-WAY ENTANGLEMENT AND THREE-QUBIT
PHASE GATE

We know that a significant three-body interaction is a key
ingredient for the production of three-way entanglement and
the construction of three-qubit QPG. In this section we dem-
onstrate that such interaction can be realized in our system in
terms of the giant completely cross fifth-order phase modu-
lation induced by the EIT effect, by which an optical field

when the probe, signal, and trigger have o* polarization,
which can be easily realized by choosing suitable atomic
levels. For a o polarized probe there is no sufficiently close
excited state to which level |1) couples and no population in
|3) and |5) to drive the signal and trigger transitions. So the
probe, signal, and trigger only acquire the trivial vacuum
phase shift ¢y=k,L (i=P,S,T; L denotes the length
of the medium). When the probe and signal are o* and o~
polarized, the probe, subject to the EIT produced by the
|1)-]2)-|3) levels A configuration, experiences a self-Kerr
effect and acquires a nontrivial phase shift d)i, while the
signal and trigger acquire again the vacuum shifts (j)g and qﬁg .
For a ¢, o%, and 0™ polarized probe, signal, and trigger, the
first two fields will experience a cross-Kerr effect and ac-
quire nontrivial phase shifts </>;,, and ¢!, while the last ac-
quire still the vacuum shift ¢;. Only when all three fields
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have the “right” polarization, they all acquire nontrivial
phase shifts denoted by ¢f", (;Sf", and ¢;,.

Assuming that the input probe, signal, and trigger polar-
ized single photon wave packets can be expressed as a su-
perposition of the circularly polarized states [17-19], i.e.,
|l,//t—l/\2|0'>+l/\2|0'+> (i=P,S,T), where |o%),
=f dwf,(w)ai(w)|0) with &(w) being a Gaussian frequency
distribution of incident wave packets centered at frequency
;. The photon field operators undergo a transformation
while propagating through the atomic medium of length L,
ie., a.(w)—awexplio/c[idm.(w,z)]. Assuming that
n.(w,z) (the real part of the refractive index) varies slowly
over the bandwidth of the wave packet centered at w;, one
gets [0 —exp(=igl)[o%), with ¢l=w/c[fdzn.(w;,2).
Thus, the truth table for a polarization three-qubit QPG using
our configuration reads

|07 plo®)s| 0y — expl—i(¢g + ¢ + do)llo7)plo™)sl o),

(6a)

|o*) plo)slo%)r — exp[—i(@) + ¢+ Bp)]|o™)plo7)s|o)r,
(6b)

>S| g >T’
(6¢)

|0 plo™)slo7)r — expl= i(dyg + By + do)llo)plor

lo*)plo*)slot)r — exp[— l(¢all+¢dll+¢all)]| Y plot)sloh)r,
(6d)

. 1

W;th ¢§=kPL(1 + ZWX; )]2 + ¢I;P+ dppps ‘ﬁfq: ¢/};+ d’PS‘SF ¢PP§’
b= Po+ bsp+ bspps D= Pu+ Per+ Gppr+ dpsts Pai=dy
+ ¢gpr, and d)aTH: gz’)g + ¢rps. The completely cross phase
shifts are given by

02O erf(£ps)
= ey —————5L 3) —PS’ 7
bps=kp 4|D34|2 e\ Xps Eps (7a)
232 2
dorm kol AL gy g
4|Dsg|* épr
P12 Qp) erf(fsp)
bsp = ksL————— Re(x) — =2~ (7c)
S s 4|[)12|2 g SP
/
bpsy= ka773 2754|QS|2|QT|2 e X(PSS)'T erf(fPST) . (7d)
4|D3y)?|Dsgl? Epst
P Q[ Qo erf(fspT)
bspr=ksL——————— Re(x\) (7e)
ST 4D Dsg? Xser Espr
oo PO g el
4|D | D3yl Erps
where §U—V2L(l v /v’)/(Tv 2 and f,-jk=\5L[(l

-v /01)2/7211'2+(l -v /vk)f/fzvlz]l/2 (i,j,k=P,S,T) with 7,
bemg the tlme durat10n of the pulse If group velocity match-
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ing is satisfied, i.e., £—0, the erf(&)/ & reaches the maximum
value 2/~

A three-way entanglement can be calculated by “residual
entanglement,” which indicates the amount of entanglement
among the probe, signal, and trigger that cannot be ac-
counted for by the entanglements of arbitrary two weak
fields. We stress that the residual entanglement will be
greatly suppressed if one of the fields is fully entangled with
another. Therefore, an excessive 1nteract10n only between
two weak fields, which is valued by )(l ,)( and x
very harmful to the residual entanglement léortunatelly, in
our scheme we can suppress such interaction which favors
the residual entanglement. As in Ref. [31], the residual en-
tanglement for a three-qubit pure state can be written as fol-
lows:

LpsT= C?’(ST) = Chs—Cpr=2(\NP M), (8)
where 7\11D 5 and )\fs are, respectively, the square roots of two
eigenvalues of ppgppg, While )\fT and 7\§T are defined in a
similar way. The reduced density matrix ppg=Tr{(ppsy) With
ppst being the density matrix of the output state, and ppg
=a’f ® aipj,sa'f ®o*f, with o, being the y component of the
Pauli matrix.

We now provide a practical system working with a ultra-
cold ¥’Rb atomic gas, in which Doppler effect can be made
small. Atoms are confined in a magneto-optical trap, with the
pertinent lower levels (5S,,,, F=1) and upper levels (5P,
F=2) (see Fig. 1). The Zeeman shift of the sublevels in the
lower and upper level can be adjusted by the intensity of an
apphed magnetic field. After taking B~340 G (gL——% and
gu=—7% ) we obtain A; =27 XxX3Xx10%s™! and A =2
% 10% s7!, which are smaller than the hyperfine splitting of
the lower levels (6.8 10°s7!) and upper levels (8.1
X108 s7)). We take 8,=6,=25X108s7!, &=8,=-6.0
% 10 s7! (a perfect EIT regime for the probe and signal for
5]22 51420), 5522.5 X 107 S_1 [32], QCZQBZS.OX 107 S_l,
Qp:1.6>< 107 S_l, QSZZOX 107 S_l, QT:1'3 X 107 S_l, F
=0.5%X107 s7!, and N,=10'> cm™3. With these parameters,
the probe, signal, and trigger have a mean amplitude of about
one photon when these beams are tightly focused and has a
time duration about 1.0X 1077 s. The intensity of the probe,
signal and trigger are [,=84X10"*Wcm™, =13
X 1073 Wem™ and I7=5.5X 10" W cm™. We remark that
the intensity of a single 800 nm photon per nanosecond on
the area of 1 um? is 1,;,=2.5X 1072 W cm™2. This shows that
our scheme makes nonlinear phase shifts of the order of 7 be
possible with a single photon. Furthermore, the system re-
mains only the completely cross fifth-order susceptibilities
(i.e., only ngr, ngr’ and X(TS;ZS are nonvanishing), and the
imaginary parts of these susceptibilities are one order of
magnitude smaller than their real parts and hence play no
significant role. By using the CPM effect, the probe, signal,
and trigger fields can acquire nontrivial nonlinear phase
shifts when all of them have “right” polarization. In addition,
the group velocities of these three optical fields can also be
nearly matched with the values given by v, P~6.3
X 10* m/s, v5=5.1x10° m/s, and vj=1.0x 10* m/s, re-
spectively. Based on these results we may obtain a three-
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FIG. 2. (a) Dimensionless group velocity v;/ v of the probe,
signal, and trigger fields versus dimensionless trigger detuning s/ y
for v=10* m/s. Solid line denotes the probe, dashed line denotes
the signal, and dotted line denotes the trigger, respectively. (b):
Residual entanglement versus 5/ for y=107 s™!. The maximum
occurs at ds/ y=2.5 where the group velocity matching is satisfied.
The parameters used in (a) and (b) are the same as in Sec. IV.

qubit phase gate, in which a total nonlinear phase shift up to
7 radians can be obtained for L=0.22 mm. By a detail cal-
culation we find that the residual entanglement {pgy of the
gate can be as large as 25% (the maximum of the residual
entanglement).

~ Shown in Fig. 2(a) is the dimensionless group velocity
v,/v of the probe (i=P), signal (i=S) and trigger (i=T)
fields versus the dimensionless trigger detuning &5/ 7y for v
=10* m/s. The figure shows clearly that the group velocities
of the three laser fields can be matched approximately in our
asymmetric six-level system if one chooses 2.4=dJ5/y
=2.5. Figure 2(b) shows the calculating result on the re-
sidual entanglement versus s/ for y=107 s~!. Notice that
the maximum of the residual entanglement locates at about
2.4=65/y=2.5, where the group velocity matching of the
three laser fields occurs.
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FIG. 3. The quantum circuit for realizing the Toffoli gate. U
denotes the QPG with Ry being a single-qubit rotation.

The experimental demonstration of the quantum phase
gate requires the measurement of total nonlinear phase shift.
The fluctuations of light intensities and frequency detunings
of the probe, signal, and trigger fields will result in errors of
the nonlinear phase shift. Based on the parameters given
above, our calculation shows that the light intensity (fre-
quency) having fluctuations of 1% will yield an error less
than 4% (2%) in the phase measurement. It is crucial to
minimize the effect of relative detuning fluctuations, which
can be achieved by taking all lasers tightly phase locked to
each other. A similar result has also been reported in chain-
lambda and tripod configurations which are used to realize
two-qubit phase gates [17,18].

With the above parameters, we can realize an operation
U=I-2|111)(111| when the total nonlinear phase shift gives
(2N+1)7r radians (N=0,1,...). By applying a single qubit

rotation Ié,- to the trigger field with

cos — je”' sin —
A 2 2
Ri(ev (P) = 0 s (9)
—ie®sin— —cos —
2 2

we can easily obtain the Toffoli gate by lA]TOffon
=R(/2,m/2)URF (7/2,7/2). The explicit operation is il-
lustrated in Fig. 3.

V. CONCLUSION

To sum up, we have investigated the three-way entangle-
ment and three-qubit phase gates based on a coherent six-
level atomic system. We have shown that the completely
cross fifth-order optical susceptibilities are greatly enhanced
and the linear, third-order and other fifth-order nonlinear sus-
ceptibilities of the system are simultaneously suppressed due
to the quantum interference effect induced by two strong cw
control laser fields. Based on such important feature we have
demonstrated that the system can produce efficient three-way
entanglement among the weak probe, signal, and trigger la-
ser fields. Different from the work in Ref. [21], here we have
addressed a feasible method to fulfill the group velocity
matching among the three weak optical pulses without using
isotopes or solid quantum dots. In addition, we have ex-
plored the possibility of implementing a robust three-qubit
QPG, which can be further transferred to a Toffoli gate by
applying a single-qubit rotation. Our work is the first sugges-
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tion for constructing Toffoli gates in an all-optical way. The
results provided in this study may be useful for guiding ex-
perimental realization of three-way entanglement and three-
qubit phase gates and facilitating practical applications in
quantum information and computation.
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APPENDIX: EXPLICIT EXPRESSIONS OF THE
SUSCEPTIBILITIES IN EQ. (2)

The expressions of the susceptibilities in Eq. (2) are given
by

PHYSICAL REVIEW A 74, 012319 (2006)

o NDLP 4

= s Al
r ﬁ €o d2d3 - |QC 2 ( )
oo NdPol' di(af + |0 A
ﬁ3€0 (dyds — |QC|2)|d2d3 - |Qc|2 2
3 __ Ny D |D3yl* ds
" e (duds— Qs (dods = Q)
(A3)
G N Dpo’IDsg* dyd,
" e dgldyds—|QpP) (dydy — Q)
(A4)
NaDpl*  ds(lds* +1Q%)?
=2l __aaf e 0P

hiey (dady—|Qc?)|dads = [QP

() _ Na|D12|4|D34|2|: ds(|ds|* + Q) N ds ( dsds tec
rrs he (dyds = |Qp|*) (dads = [l dads = [ dods = |Qc \ [dads = |QcP(dyds - [Qp1)
d2 + 00
_ (P +[94Pl0d )] (A6)
|(dads = Q) (dyds — Q]|
5 _ Na|D12|4|D56|2[ drdy(|ds|* + Q]?) . ds ( (lds + Q) d, ee )}
o o€ Lds(dads = [Qp*)(dads = |Qcl)dods = QP dods = QP deldads = | QPP (duds = Q) ’
(A7)
5) _ No|D1oP|D34l*|Dsel* 1 (A8)
= m e de(dyds - |QB|2) (dyd3 - |QC|2) ,
No No|Dp|D3yl* ds|Q? (A9)
S he (dyds = |Qpl*)|drds = [ Q]
5) __ NolDyo['1Daa*  ds(lds]* + || (A10)
Ser m e (dyds = |Qpl*)|dads = [ Q[
6) __ Na|D12|2|D34|2|D56|2< |Qcf? . dyds| Ol ) (AL1)
ser e dg(dyds = | Q") |dads = Q) deldads — [Qp*Pldods = Q)
5) NolD1o*ID34P|Dsel* QP10 (A12)
rrs he dgldyds = [Qpl*Pldads - [Qc]P

where c.c. denotes corresponding complex conjugation term, N,=N/V is the density of the atomic gas. We have also made the
definitions d2= 51 —iF2/2, d3= 512—ir3/2, d4= 513—ir4/2, d5= 514—ir5/2, and d6= 515—ir6/2.
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