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The influence of phonon bath on the control of single photon*
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The influence of vacuum fluctuation and phonon bath on the probability of single photon emission are both consid-
ered in the two-level system model theoretically; by using the master equations and generating function method we get
the analytical expression of the second-order fluorescence correlation function, probability of single photon emission, and
Mandel’s Q parameter. The results manifest that the coupling between the phonon bath and single photon source destroys
the superposition state induced by the square laser pulse, the Rabi oscillation damped rapidly with the increasing of tem-
perature. Theoretically, when the structure parameter of arsenide quantum dots & scaled to 0.1 times of the sample, the
critical coherence-temperature will rise up to hundreds of Kelvin, which means a step forward to the realization of coherent

control of single photon source at room temperature.
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1. Introduction

Quantum dots (QDs) which are solid-state nanostructures
are seen as excellent candidates for performing quantum infor-
mation processing tasks.!'~* QDs will work as a single pho-
ton source (SPS)>°! which means a deterministic trigger, SPS
emits one and only one photon once a laser pulse interacts with
itin a certain time interval T'.

The single photon control problem has been studied by
a two-level system (TLS) model”-8! theoretically. The single
atom or single molecule are modeled as an isolated TLS, only
influenced by radiation field (photon bath), i.e., which is the
environment noise.!”~'% For the sake of designing the optimal
probability of single photon emission (PSPE) and analyzing
Mandel’s Q parameter for photon statistics, the respective an-
alytical expressions had been discussed in previous work.!”]
Since the SPS is modeled as an isolated TLS, one only con-
siders the photon bath (which leads the master equation to the
Lindblad form!!'"-'?), while the solid-state systems, such as

x,[14-16]

QDs, 13 individual molecules in matri or color cen-

d!'7=191 should consider not only photon bath

ters in diamon
(vacuum fluctuation), but also phonon bath coupled with them.
In these solid-state systems, the electrons—phonon coupling
mechanism is a major source of optical dephasing.?*4! By
taking this mechanism into account, we include the environ-
ment temperature effects into the problem of single photon
control in solid-state SPS. This is the first theoretical work in
analysis of the influence of temperature on the single photon
control.

The goal of this paper is to study the influence of en-

vironment temperature on the coherent properties of photon
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emission and photon statistics. Both the analytical expressions
of the PSPE and Mandel’s Q parameter are derived and dis-
cussed. Our results and analyses about SPS pave the way for
realization of linear optical quantum information processing at
room temperature.

The rest of this paper is organized as follows. In Section 2
we present a TLS model based on the solid-state system, and
generating function formalism used for the derivation of our
modified generalized optical Bloch equations, then we derive
the analytical expressions of the PSPE and Mandel’s Q param-
eter. In Section 3 we discuss the physical meaning of those
analytical expressions. In Section 4 we draw the conclusion of
this paper.

2. Model and theory
2.1. Model and modified optical Bloch equations

Considering a single quantum dot (QD) that is modeled as
a TLS, with ground-state |0) and an excited-state |x), which is
coupled to the photon bath (vacuum fluctuation) and phonon
bath, both represented by sets of harmonic oscillators, and a
square laser pulse pumps the single emitter from electronic
ground state |0) to the excited state |x). We make a semi-
classical treatment of the coupling between the square laser
pulse and SPSL. The Rabi frequency 2 is not so large that it
dresses the states leading to Mollow’s triplet states. With the
rotating-wave approximation (RWA) on both the driving laser
and system-radiation coupling terms, the Hamiltonian is

_ hay hQ

TGZ + 76)‘ + Zha)kazak + Z(gk6+ak + g,t(i*a}:)
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+ Y hogbiby+ Y (f,0T b+ fi07 D). (1)
q q

Here a; (a}:) and b, (b;) represent the annihilation (creation)
operators for photons and phonons respectively, the subscripts
k and ¢ stand for the wave vector of photon and phonon re-
spectively, iay is the total exciton energy, @y (@,) denotes the
photon (phonon) frequencies, gx (f;) represents the exciton—
photon (exciton—phonon) coupling factor, and Rabi frequency
Q describes the amplitude of classical laser pulse with fre-
quency @, coupling to the QD by dipole approximation
Q=E(t)-|u|/h, E(t) is the time-domain envelope of the laser
pulse, u is the dipole moment. A period time-dependent Rabi
frequency Q(r) is

Q, 0<t<T, (2a)
a0 {
0, T <t<T+Ty, (2b)
and Q(t+n(T +Tp)) = Q(r) where n = 1,2, ..., (see Fig. 1).

£(t)

— T, —> —— T, —>

0 t

Fig. 1. (color online) The periodic square laser pulses is described by
Eqgs. (2a) and (2b). The starting point of the laser pulse is at t =0, and T
is the width of the pulse. Tj is the time interval between two successive
pluses with conditions Tp > T and Ty > 1/T".

The exciton population is described by Pauli operator
o, = |x){x| —]0)(0|, the lowering operator 6~ = |0)(x|, and
the raising operator 6" = |x)(0|. Since the fundamental band
gap hay is much larger than kg7, the photon field can be
taken as remaining at zero temperature, only the pure dephas-
ing process includes how the environment temperature affects
the PSPE and how it destroys the coherent property of pho-
tons. Presuming the phonon bath to be in thermal equilibrium,
by taking trace over the phonon modes, the spectral density

J@) = SIS0~ a,)
q

contains the entire information about the phonon bath which
completely describes the interaction between the QD and
phonon bath.!?! For arsenide QDs, the coupling to acoustic
phonons by means of deformation potential causes the pure
dephasing process that has been found to be the dominant de-
coherence mechanism at elevated temperature.!?!=231 An ap-
propriate choice for the spectral function and its related cut-off

frequency, can be specified by the QD environment. We adopt
the model in Ref. [26] and get the spectral density function as

J(®) = aw’exp l_ (;’)21 . 3)

In the model, the wave-function is determined by the spheri-

follows:

cally symmetric harmonic confinement potential for the QD,
the structure constant is

(Dh - De)2
o= 4
where the cut-off frequency @. = V2u /d, Dy, and D, are the
corresponding bulk deformation-potential constants, p is the
sample density, u is the velocity of phonon, and d is the elec-
tron (hole) ground-state localization length. The explicit form

[26

for ygeph Within Markov limit[?%! reads

Q3 Q\? Q
“Ydeph = anz exp [— (Q)) ] coth (ﬁz> . 5)

The formula manifests the influence of temperature 7 and

Rabi frequency (2 to the pure dephasing rate. We are more
interested in the high temperature situation, since the realiza-
tion of SPS in high temperature will be more practical. With
the temperature increasing, the first-order approximation with
respect to 7hQ /kg T is derived by Tayler series expanding, here
we consider the cutoff frequency @, ~ 10'? Hz which is far
larger than the Rabi frequency Q ~ 10° Hz, then we find an
approximation formula at high temperature

, anQ?
7Y deph = ) 1+

ZKBT) onQ2xT

hQ ) h ' ©

The functions of the pure dephasing rate with respect to the en-
vironment temperature in Egs. (5) and (6) are shown in Fig. 2.

400
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Fig. 2. (color online) The dephasing rate function with respect to temper-
ature. We calculated the parameters as those in Ref. [26]: D. = —14.6 eV,
Dy =—-48¢V,d=4.5nm, u=5110ms™!, p = 5370 kg:-m~3, then ob-
tained o0 = 0.032 psz. Here Q = 10I", I = 100 MHz, the crossing and the
circle represent the results of the modeled function Eq. (5) and the first-
order approximation function of temperature factor Eq. (6) respectively.
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When the kg7 is large enough in comparison with 7€2, the
dephasing rate displays a linear relationship with the environ-
ment temperature 7', which is in agreement with the result of
Ref. [27]. For simplicity, we just considered the resonance sit-
uation, in the rotating frame of reference with frequency @,
within Born—-Markov approximation and RWA, the dynamic

evolution of the density operator is given by

2 = —3100,+8()0..p)

-1 I .
+ 2 o po' fipckc_—io’c_p

+ '_Ydeph[GZa [GZapH' (7)

The first term describes the evolution of the coupling of the
driving laser to the system, 0(¢f) = @, — @, the second term
describes the influence of radiation field,!'!! ~, is the half
width of spontaneous radiation rate I in reference, 891 the
third term describes the pure dephasing process caused by the
coupling of phonon bath to the QD, this term includes the tem-
perature effects into the master equations. In the resonance sit-
uation, the frequency shift caused by the phonon bath has been
neglected, we obtain the stochastic Liouville equations by tak-
ing the pure dephasing process into account.*®! The main dif-
ference between the isolated system and the solid-state system
is that the dynamic equation contains the third term and Ygepn
is temperature-dependent.

By utilizing state vectors |0) and |x), we expand the op-
erator equation Eq. (7) into the following density matrix ele-
ments differential equations

. 102
Poo = T(Po)c — Px0) + 2YspPoxs

. iQ

Pxx = _7(p0)€ —Px0) — 2YspPax;

. iQ .

Pox = _7([)” — pOO) + [16(t) - (’Ysp +7deph)]p0x’

. iQ .

Pro = 7(pxx —poo) — [16(2) + (Vsp +Vdeph)]Pr0-  (8)

By solving the above linear coupling differential equations
with initial condition (oo, Pxx, Pox; Px0) = (1,0,0,0), we ob-
tain the time-dependent analytical expression of density ma-
trix elements.
The definition of the second-order correlation function of
a photon is
(6" (T)o™ (T +1)o~ (T +1)0~(T))

0 = Gime e T e Tray O

Here 7 =1t — T represents the time delay between the first pho-
ton and the second one, T is the time that the first photon has
been recorded, g(? (7) is proportional to the probability of de-
tecting two emitted photons, separated by 7 and normalized by
the probability of independent detection. Since we get Py (1),

then utilizing the quantum regression theorem,*%3!1 we find
the analytical expression of g(?) (1) as follows:

g (7)
—1_ exp |: T(3’YSp ;"Ydeph):|

Q' (37sp +vsp) . Q'
X |:C05h (2> + T sinh T . (10)

Here Q' = \/(7aeph — Vsp)? — 422, which is a measurement

to characterize the quantum coherent properties of SPS.[3?]
When g()(t) is smaller than zero, the anti-bunching phenom-
ena occurt, this is a quantum light phenomenon which can-
not be explained by classical theory of light. Compared with
the formula in Ref. [30], we include the ygeph term. By using
Cook’s conditional density operator p(f) = Y2, o (zr),33
where n is the number of photons radiated in the time inter-
val t. We now transform the dynamic evolution of the emitter
described by Eqs. (8) into the following set of equations

n Q n n n—
o) = 2 (o) ol 23008,

00 — 2

\n IQ n n n

&) = _T(G(gx) _G)So))—z%p@gx)7

- (n IQ n n . n
6t = = (o) = o))+ (i8(1) = (3p +Yaepn) 01 -

. (n i‘Q n n . n
® = ( )gx)_ (go))_(15(t)+('75p+'7deph))6)50)~ an

6, = BN
Note that o(-!) = 0, the distinct difference compared to
Egs. (8) is the +275p6)£,'§71) term, this indicates that one other
photon must emit after the emitter has been excited; it is not
possible that two photons emit simultaneously by the SPS.
With the generating function method,®! we define the gener-
ating functions as follows:

=

Gij(s,)= Y o\ (1)s", i,j=0,x, (12)
n=0

where s is an auxiliary variable which can be specified on
needs. We define the generating Bloch variables as

U (s,t) = %(Gox(s,t) + Gy(s,1)),

Y (s,t) = i(Gox(s,t) —Gy(s,1)),

21
W (s.1) = %(Gxx(s,t) — Goo(s.1),
Y (5,1) = %(Gxx(s,t) + Goo(s,1)), (13)

and define the vector V' = (% (s,t), ¥ (s,t), # (s,t),% (s,1))T,
we then get the modified generalized optical Bloch equations
as

V()=Z(s)V, (14)

where
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- ('Ysp + ’Ydeph) 0 ([) 0 0
—o(t —(Vsp+Vdepn) —L2(¢ 0
o () ~Ceptum) Q0 s
0 'Q(t) _’Vsp(l"_s) _'YSp(l+s)
0 _'Ysp(l_s) _’Ysp(l_s)
2.2. Solution of the modified generalized optical Bloch | + lg(s T)(1+s)(1— e—Z'YSP(t—T))
equations 2 ’
+ ¥ (s,T)e 2w=T), a7)

We solve the modified generalized optical Bloch equa-
tions in two separate time intervals with two different Rabi
frequencies. At first, we consider the solution when 7' < t <
T +Tp, 2 =0, and zero detuning frequency 6(f) = @y — o, =
0, @ = 0, — ap. ®; (i = 0,x) represents the energy of QDs’
electrons in state |i) (i = 0,x). In this case, the modified gen-
eralized optical Bloch equations become

%(S,l) = _(’Ysp+'7deph)02/(svt))v

V(s,t) = —(’Ysp +'7deph)7/(s7t)>

W (s,1) = —vsp(1+ )W (s5,1) —vsp(14+8)¥ (s,1),

Y (s,t) = —ysp(L =)W (5,1) —yp(1 =8)# (5,¢).  (16)

Taking the generalized Bloch vector V(s,T) =
(% (s,T), 7 (s,T),# (s,T),% (s,T))T as the initial condition,
after making Laplace-transformation, and performing simple
algebra operations, we derive the time-dependent generating
function solution as follows:

Y (s,t) = %W(S,T)(—l F5)(1— e 2rlt=T))

At time t = 0, the SPS is at the ground state, and the
vector of the reduced density matrix elements ¢(t = 0) =
(1,0,0,0)T. Thus, we have the initial condition of the gen-
eralized Bloch vector (% (s,0), ¥ (s,0), # (s,0), % (s,0) =
(0,0,—1/2,1/2,), 2 = const., and zero detuning frequency
oL = oL —ap = 0. Now the modified generalized optical
Bloch equations become

U(s,1) = —(vsp+Vaeph) % (5,0) + 8(1) ¥ (s,1),
V(s,1) = =8)U (5,1) = (vsp +Vaeph) ¥ (5,1)
— Q)W (1),
W (s,t) = Q)Y (s,1) —vsp(1+8)# (5,1)
= Yop(1+5)¥ (s,1),

W (s,t) = —vsp(L =)W (5,1) = ysp(1 = 5)¥ (5,¢). (18)

By making Laplace-transform ¢t — z on both sides of Egs. (18)
with initial conditions given above, then transforming the dif-
ferential equations to algebraic equations. The solution of the
algebraic equations is given below

0
(24 27p) Q2

2[23 + 22 (Yaeph + 37sp) — (— 1 +)75p2% 4 2(27deph Ysp + 273, + 22)]
= (2+27sp) (Z+ Ydeph + Ysp)

19)

5,2) -
2)

2[Z3 +22 ('Ydeph + 3'Vsp) —(=1+ s)'ysp-Q2 +Z(2'Ydeph'Vsp + 2'752p + 'Qz)]
Zz + Z('7deph + 3'75p) + 275p (P)/deph + PYsp) + Q?

2[2% + 22 (Vdeph + 37sp) — (=14 5)75p 22 + 2(27dephvsp + 273, + 22)]

We could derive the initial condition of Egs. (16) by making

the inverse Laplace transform of this solution with z — T.

2.3. Probability of single photon emission and Mandel’s QO
parameter

Here we are interested in the probability of single photon
emission and Mandel’s Q parameter. Once we get the gener-
ating function, under the condition 7y > 1/, we only need
the solution when t — oo

lim % (5,1) = 3/ (5, T) (-1 +) + 3 #(5,T)(1 +5),  (20)

t—boo

\ - o .
the probabilities of emitting n photons after time ¢ (T <t <

T + Tp) could be obtained by SPS interacting with laser pulse
in time interval T, and then we get the fractional moments
of N(#). The formulas to extraction probability and fractional
moments are presented below

10"

Py(t) = mzﬁ@(&tﬂto, 2D

a}’l

(n)y — 9
(V) =252
where (N) = (N(N—1)(N—=2)---(N —n+1)), (n <N).
Through Eq. (21) and Eq. (22) we can derive the PSPE, the av-

Y (s:1)]s=1, (22)
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erage number of N photon emission in time #, and the second-
order fractional moment of N as given below

(5,7 + (5, )]s

P = 5
s
+%(0,T)+%(0,T), (23)
d
(N(N=1))
=2 i7//( T)+i27/( T)+a—2@( T) (25)
e W s 252 0 o1
The definition of Mandel’s Q parameter is
(N?) — (V)
0= —1, (26)
(N)
it also could be written as
N(N—1)) — (N)?
o WO - 1) - (N o

(N)

2.4. Analytical expression of the probability of single pho-
ton emission and Mandel’s Q

By Egs. (20) and (23), we can derive the zero-order ap-
proximation solution of the PSPE with respect to spontaneous

T /73 —4Q2
22 (e

T, /’y‘2 —402
TP ginh 91)2 . 8)
\/ 752p - 492

radiation rate s as follows:

1 e Taepn/2

T (Z'Ydeph + 3'Ysp) Ar
exXp | — —2 o
Q =

—= sinh

Within zero approximation, once the emitter is in the fixed
pure dephasing rate, i.e., the environment temperature is small
enough such that the coherence still exists, the probability will
oscillate without damping, this is the unreasonable case caused
by neglecting the spontaneous radiation rate ysp. For the sake
of physical reasonability, the spontaneous radiation rate -y
should be included into the exponential part of the above for-
mula, we thus correct Eq. (28) by including the spontaneous
radiation rate sp. The corrected formula of the PSPE is

B efT('Ydeph+3"/sp)/2 h TQ/
) 2 R
('Vsp + 3’Ysp) . TQ
+ oY sinh > ) (29)

By making use of Egs. (20), (19), (24), and (25), we can derive
the analytical expressions of the first-order fractional moment
and the second-order fractional moment as follows:

_ 29deph + 3¥sp Ay . TQ'
(N) = exp [ T (2 ﬁsmh 5

TQ'
+Blcosh< > )}+C1, 30)
N 27deph + 3¥sp Ay Q'
(N(N—1)) = exp [—T( 5 oY sinh >
TQ'
—|—BzCOSh< > )} +C, (€10

where the coefficients A;,B;,C; (i = 1,2) are given in Ap-
pendix A. By substituting Eqgs. (30) and (31) into Eq. (27) we
obtain the analytical expression of Q as follows:

/ !
(Tf ) +Bzcosh(T;2 )] +C

T(2 3 A
exp |:_ ( ’Ydep;Jr 73p)j| |:Ql/

— sinh

TQ' TQ'
> + Bj cosh > +C

T2 37 A TQ' TR
— exp {—(%er’h—i—%p)} [1 sinh< > + B cosh( 5 ﬂ +C. (32)

2

3. Discussion

Since there must be no damping with fixed pure dephas-
ing rate ygeph in Eq. (28), we should take the spontaneous
radiation rate into consideration in deriving Eq. (28) and
then obtain the corrected formula of PSPE, i.e. Eq. (29),
this equation includes both the thermal fluctuation and vac-
uum fluctuation into the PSPE. We also discussed the in-
fluence of the laser pulse on 2 and T and showed the re-
sults in Figs. 3—6 with Rabi frequency Q2 = 10, 15, and 20
respectively, while the structure parameter is still taken as
a = 0.032 ps>. Comparing these figures, we find that the
oscillation increases simultaneously with £ increasing, and

Q/

2

Ydeph Needs to be larger to damp the Rabi oscillation. This
indicates that with 2 increasing, the coherent property of sin-
gle photon emission can be sustained in higher temperature.
However, we should notice that the ~ygepn is affected by Q
at the same time, we could not increase the critical coher-
ence temperature by increasing €2, but in some reasonable
range, the bigger £2 can guarantee higher critical coherence-
temperature. Since coherent control of quantum light®* will
be necessary for the future high-efficiency sources of indistin-
guishable single photons, 3! especially its realization at room
temperature. The above discussion about finding the criti-

cal coherence-temperature just throws a little light upon the
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4
“Ydeph / r

Fig. 3. (color online) The probability of single photon emission with the
influence of the laser pulse on pure dephasing rate Ygeph and time interval
T, where we take I' = 27y, = 1, and Q = 5.

" 4
r 00 2 Yaepn/ I

Fig. 4. (color online) The probability of single photon emission with the
influence of the laser pulse on pure dephasing rate vgeph and the width of
the laser pulse. Here we take I = 25, = 1, and = 10.

1.0
0.8
0.6

0.2

: 20
12 16

- 8
00 ’chph/ r
Fig. 5. (color online) The influence of pure dephasing rate ygeph and the

width of laser pulse on the probability of single photon emission. Here we
take I' = 275 = 1, and Q = 15.

2 16 %
8
’Ydepl./r

Fig. 6. (color online) The influence of pure dephasing rate ygeph and the
width of laser pulse on the probability of single photon emission. Here we
take I' = 2yp =1, and Q = 20.

problem of realization of SPS at room temperature. For the
sake of finding good SPS at high temperature, we propose
to find specific QD with structure parameter ¢, which is far
smaller than the sample in our model, the temperature could
get far higher than that in our situations in Figs. 4-6, because
we can see from Eq. (6) that when ~ygepnh = const, o o< T-1.
Here we estimate this possibility by setting the Rabi frequency
£ =10 in Fig. 4, the critical pure dephasing rate vqeph is about
Ydeph ~ 20, then we find the critical coherence temperature in
Fig. 2 is about 15 K with structure parameter o = 0.032 ps?.
When a = 0.0032 ps?, we will sustain the coherent property
of single photon emission at critical coherence-temperature
T ~ 150 K. Since the expression of Mandel’s Q parameter
is too cumbersome, it is not intuitional to analyze the physi-
cal meaning of this formula, we have to utilize the numerical
method and plot the three-dimensional figures to show how
these variables affect it straightforwardly, instead of finding
a way to simplify the large expression. From the variation
trend shown in Fig. 7, we could judge that equation (32) is rea-
sonable, since there exists oscillation while the dephasing rate
Vdeph is small enough, which means that the dephasing process
is very slow in comparison with the period of Rabi oscillation,
but as the environment temperature increases, the pure dephas-
ing rate geph also increases, which leads to dephasing rapidly,
and the Rabi oscillation disappears with temperature increas-
ing. We could also see that Mandel’s Q parameter tends to
about —0.2 with the pure dephasing rate yqepn increasing. This
indicates that with ~ygepn increasing, the photon radiation pro-
cess tends to be a sub-Poissonian process.

0.5

Q ('Ydt thT')
s
(@)
4

—1.0 o
4 X\\\ - //*//\10
= 8
2 6
mr “Ydeph / r

Fig. 7. (color online) The influence of pure dephasing rate Ygeph and width
of laser pulse on Mandel’s Q parameter. Here we use the same parameters
as those in Fig. 3.

4. Conclusion

In conclusion, we include not only the vacuum fluctua-
tion but also the phonon bath into the process of single pho-
ton emission firstly. The coupling of vacuum fluctuation to
a single emitter causes the population relaxation and phase
destruction, [>3-37] but how the temperature affects the prob-
ability and the quantum coherent property of single photon
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emission has not been considered in this mechanism. In
this paper, we introduce the electron—phonon coupling mech-
anism, which causes the pure dephasing process, to explain
the influence of temperature on that problem theoretically. A
possible way to find practical SPS at the order of magnitudes
of room temperature has also been proposed, namely nanos-
tructure which owns smaller structure parameter o will have
higher critical coherence-temperature. Our results provide a
way to find excellent QDs for the realization of SPS at room
temperature in theory.

Appendix A
The coefficients A;, B;, and C; (i = 1,2) in Egs. (30) and

(31) are given below.

Q? (4'753;) - 7'Ysp-Qz — "Ydeph (4732}) + -Qz))

M 2(27spYdeph + 2’Ys2p +Q2)? ) (A1)

R (A2)
2(27vsp"Ydeph + 2~y52p +0Q2)2’

1= W[+ T (raepn +759)]2% + (1 +2Tvsp)94, (A3)

2(2’Ysp’ydeph + 2’Yszp + QZ)Z

Ay = {293epnYop + 3078, — 2347, Q + 21672, Q1 + 169, T
— 6675,TQ 4375, TQ* —12Q° +207,TQ°
- 27§eph(_37$2p + ’YSPng + 92) + 73eph (4753p
— 167 Q2% + 1675, T —TQ* — 872, TQ?)
+ Vepn (6075, —3675,Q% — 1693, T +2073,TQ°
+ 59p T2 +12Q%) + Ygepn (— 10293, + 9613, 27
+ 607 Q2" — 1645 T — 729, T Q7
+ 5775, TR +4T2°%)}
_’}/sp-(24
((Vaeph = Ysp)? —422) (27vdephYsp + 273, + Q22)*
(A4)

B, = {—273eph75p - 34785p + 1467:p_()2 _ 40’)’spQ4 B 16’ysf’pT
+ 3075, T Q% — 2T Q° + 1573, TQ* + Y4epn (5674,
+3075,Q% + 5473, TQ* — 8Q2%) + 273, (—475,

+ YpT Q% + Q%) + Yaepn (— 1273, + 147 Q7
+ 167, T+ 10735, TQ* +TQY)}

X

« Yp2*
((’Ydeph - ’Ysp)Z _ 492) (Z’Ydeph’Ysp + 2’752p ¥+ 92)4 )
(A5)
4
%P‘Q 5 2 4
G = 42 T - 2002 T
(27deph78p + 2’}/52[) + 92)4 { Sp P

- 8’732pT‘Q2 + TQ4 + Zygeph’ysp(Z’ysszz - zfySPT + 1)
+ 75 (AT Q% + 34) + 7, Q*(T7 Q% — 10)

+ 2Yaeph (475 T% + 275, (T2 Q% + 3)

— 12937 —Q%)}. (A6)
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