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This is to introduce a time-local effective hamiltonian unified cluster cumulant method based on the time-dependent multi-
reference cluster cumulant (TDMRCC) and thermal cluster cumulant (TCC) strategy developed by Mukherjee and his coworkers.
A factorized ansatz for U)P = [Ulgy [U]yP with P = [¢;> ® |0g > ® |0; >, where [¢; >, |05 > and |0; > denote the purely
quantum mechanical vacuum state, the thermal vacuum state, the base state for the solvent degrees of freedom respectively,
and [U]],, consists of operators admixing the thermally as well as the stochastically projected model space functions with
that of the virtual space outside the model space whose functions govern the time-evolution of [U]];, via the time-local ef-
fective operator, Vg [B, &, t](=<< V/[U|]s, >B >f), where < - >3 and < - >, denote thermal and stochastic averaging respec-

tively. The exponential ansatz is introduced both for [U],, and [U}];, and these ansatze are normal ordered with respect to

Shi' X
both the thermal and the stochastic variables, i.e. [U],, = {{e ' }B} and [U]]y = {e k'k}ﬁ, where m, n denotes sys-
f

tem boson creation and destructions operators and p, g denotes both boson creation and destructions operators. The aver-
aged evolution operator, << U, (f) >8> with respect to both the thermal boson variables in thermal equilibrium and the sto-
chastic variables is obtained. Finally, the mathematical expression for the second order cluster cumulant [XO’O](Z) is derived
for a quantum particle trapped in a 1-dimensional anharmonic oscillator potential coupled both to the stochastic and thermal

baths.
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1. A prelude

It is of great interest to develop microscopic theories for
studying the dynamic and thermodynamic properties of quan-
tum systems in the ground and in the excited states with
many degrees of freedom often encountered in the experi-

mental situations.
THERM AL

SUBSYSTEM
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STOCHASTIC BATH
FLUCFUAUON [T=0]

Fig. 1. Aschematic diagram of a subsystem interacting with bath (ther-
mal, stochastic/microscopic).

The experimentalists observe a few relevant degrees of

freedom called the “subsystem” and its dynamics is a com-
bined interplay of that of subsystem and bath (thermal, sto-
chastic/microscopic). If the time-scale of the subsystem, Tgg
is far apart from that of the bath, Tgthen the process is called
Markovian process. If, Tgg = Tp, then the process is called
non-Markovian process.

Our interest is to study non-Markovian process where
bath makes its presence felt via a time delayed effective in-
teraction (memory effect) whose actual form depends upon
the way the bath is averaged out (e.g. microscopic/stochas-
tic/thermal) and which causes quantum interference leading
to dissipation, de-phasing, line-shape etc. that experimen-
talists actually observe. Although the study of such a system
is relatively simple for the ground state, the situation for the
excited state is nontrivial displaying richness and complex-
ity. Itis not possible for us to mention all the theoretical stud-
ies in this evenly growing field of research. It is worthy to
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mention a few of them to begin with. Heller and his cowork-
ers'2 developed the time-dependent wave-packet formal-
ism which provide exact solution for Gaussian potential en-
ergy surfaces both at zero-temperature and at non-zero tem-
perature. But it is not suitable for non-Gaussian potential
energy surfaces as it is usually the case. Some other rel-
evant developments to study the non-Gaussian problems with
their specific features are time-dependent self-consistent field
(TDSCF) and multi-configurational variants (MCTDSCF)3,
wave-packet-path-integral method*, matrix-technique of
Balian and Berezin®, the projection operator technique of
Nakajima-Zwanzig-Mori®=8, reduced density-matrix based
methods?, time-path approach of Tanimura et al.1”, the path-
integral based method of Domcke et al.!":12. Mukherjee et
al.’3-15 developed a nonperturbative time-local effective
Hamiltonian approach called time-dependent multi-reference
coupled cluster method (TDMRCC). The TDMRCC method
admits of a factorized ansatz and a normal ordered cluster
expansion representation of evolution operator which guar-
antees the formulation to be size-extensive, scaled linearly
with the number of degrees of freedom and allowed a sys-
tematic truncation scheme. Some of the ideas of TDMRCC
method are exploited along with to develop thermal cluster
cumulant (TCC) method'®:"7 for computing equilibrium ther-
mal averages in an efficient and systematic manner.

In this paper, a systematic nonperturbative unified clus-
ter cumulant method is developed for studying the dynamic
and the equilibrium thermodynamic properties of the quan-
tum systems which are simultaneously coupled to the sto-
chastic and thermal bath. The evolution operator, U(t) is rep-
resented by an exponential ansatz to guarantee size exten-
siveness of the measured averaged propertries and the
ansatz is normal ordered with respect to the stochastic and
to the thermal variables simultaneously. Substituting the nor-
mal ordered ansatz in Heisenberg equation of motion and
applying the field theoretic tool like the Wick's reordering theo-
rem, a closed set of Time-dependant Multi-reference Unified
Cluster Cumulant (TDMRUCC) equations are obtained. Fi-
nally, the formalism is applied for calculating dynamic and
spectroscopic properties of a double well potential coupled
both with the thermal bath and stochastic bath simultaneously.

2. A unified cluster cumulant formalism to study the
averaged sub-dynamics of system-bath composite in
the quantum domain

The generic hamiltonian for the system-bath composite
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system is given by

H(t) = Hq(f) + Hg(t) + Vgp(t) 1
where Hg(f), Hp(f) and Vsg(f) are the hamiltonians of the sub-
system, bath and the system-bath interaction respectively.

Our task is to solve the Heisenberg equation of motion of the
time-evolution operator U(t) which is given by

U (f)
i =H()U(1) (2)
ot
In the interaction representation, eq. (2) is given by
o)
i
ot
where U, (f) = et U (8); V; () = e7Mol V (£) e7ol, and Hy is
the exactly solvable Hamiltonian.

= ViU () (3)

The general solution of eq. (3) is given by

U, (t) = Texp (—i jév| (t’)dt’j )

where T is the ordering operator in time.

The question is: how to obtain thermally and stochasti-
cally averaged time-evolution Operator,

<< Uy() 5> (say) ?

Let us choose some selected group of states from which
evolution is supposed to take place and define a Model Space
Projection Operator, P as a direct product space of these
states such that P = |¢;> ® [05> ® |0; >, where |@; >, [05>
and |0; > denote the purely quantum mechanical vacuum
state, the thermal vacuum state, the base state for the sol-
vent degrees of freedom respectively. That is, << Uj(t) > Bf
= PU/(t)P. In the spirit of time-depemdent multireference clus-
ter cumulant (TDMRCC)13-1% and thermal cluster cumulant
(TCC)'6:17 formalism, let us introduce a factorized Ansatz
for PU/(f)P as

UP=[Uls- lUIyP ®)

where [U}],, consists of operators admixing the thermally as
well as the stochastically projected model space functions
with that of the virtual space outside the model space whose
functions govern the time-evolution of [U}],, via the time-lo-
cal effective operator given by

Veﬁ‘ [ﬁ’ 5’ t] =<< VI[Ul]ex >ﬁ >f (6)
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Physically, the situation is equivalent to the formation of a
dressed subsystem which is driven by the effective operator,
Ve [B, &, t] which depends on the temperature variable, 3
[= (kT)~"] and on & that in turn depends on the anharmonic
strength of the system oscillator, the system-bath coupling
constant, and the strength of the colored noise.

The time-evolution of [U/],, and [U}],is governed by the
following equations:

. a[Ul]ex
i = VilUllox = Ullex Ver (B, & 1] (7)
' U/ly
i " = Ver 1B, &, LUy (8)

In order to maintain size-extensiveness and simplify opera-
tor differentiation, let us introduced exponential ansatz both
for [U}]¢y and [U)];, and make them normal ordered with re-
spect to both thermal and stochastic variables.

[Uer= {{esﬁ%f}ﬁ} 9

f

X
Uly = 18" 10
Uty = (™}, (10)
where {--} 5 denotes thermal normal ordering with respect to
creation/annihilation operators and {---}; denotes normal or-
dering with respect to the stochastic fluctuation variables, f.

Substituting the above normal ordered egs. (9) and (10)
in the egs. (5)-(8) and using the techniques of normal order-
ing and generalized Wick’s theorem, the following time-de-

; f
pendent equations for the cluster operators SE%" and X, ,

is derived
aspaf e
[ fr;,f; — P19 rf P2.,q rf
i p H{[V]’”Z,nz ,exp(SmZz,nZ2 )}[3} ] _
fImn
p.af
H{exp(Sk’s’f).[veff(ﬁ, ¢ t)]kk} } } (11)
BItdmn
) an,k
= :B[Veff(ﬁ: & Ol exp(X /”)}Jkk (12)

p.a.f

denotes con-
m,n

P1.41.f P2.92.f
where H{[V/]m11,n11 'eXp(SmZZ,nzz )}B} ]
f

tractions of system (e.g. 4,1 andlor 41,) and bath (e.g.

byb) andlor p1b, ) thermal boson variables, and/or con-

tractions of stochastic variables, e.g. ff. Since

oshaf
; m,n . ) o
P! ot P=0ineq. (11) taking the P— Projection from

both side, we have

{{W”fn’ﬂ’f-eXp(Sf%ét‘Lz'f)} }
Bl mn
tLf
H{exp(sr,s ).[veff(ﬁ,;t)lk,k} } }
B¢

Equating the connected closed component from both sides
of eq. (13), we have

Verr (B, & Ok =

g d cl
P1.q4.f p2.92.f
H[V]"ﬂyrﬂ ,exp(szz,nzz )} } (14)

B
f Ikk

p.a.f

p.af

(13)

mn

where the superscript “cl” denotes closed component with
no thermal and stochastic variables free after contraction.

In fact, we solve for the cluster amplitudes Sﬁ;}‘l,ff starting

with an initial value and also the effective potential, [V [,
&, tlly p which is used to obtain the value of X, , with k=0, 1,
2, by solving eq. (12). The advantage of factorization of
U,into [U}]4, and [U}], with added normalization is also evi-
dent through the ease in taking time-derivative of the expo-
nential of operators and convenient disentanglement of them.
The normal ordered representation prevents §.§ and xx
contractions which results in terminating the infinite power
series of S and/or X to a finite power in the right-hand side of
egs. (11) and (12).
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Finally, the averaged evolution operator with respect to
both the thermal boson variables in thermal equilibrium and
the stochastic variables

<<U(t)>5>¢ = PU(H) P

bl

where << Uj(f) > 5 > is exact for system in which the Hamil-
tonian operators obey “closed” Lie algebra. Otherwise, we
have to restrict our computation up to finite rank of cluster
operators (here ‘rank” means the sum of powers of aT and a
operators).

(15)
f

Itis worthy to note that the cluster amplitudes S£%" and

Xi  when propagated in imaginary-time, one can calculate
the equilibrium partition function as

<U(B)>p

=p {esr%,%f"'xkvk} p{exo,o} — %00
B B

f

(16)

where X , is the operator part of X, , other than the pure
number.

3. Calculations of observable properties
We can calculate the following observable properties :

(i) Survival probabilities, P;(f):

Pif) = |< i |Uj(0)i > (17)
That is,
Poolt) = 1< 01U, (8|0 >12 = [explX o(]I. (18)

Pyy(t) =< 11U, 011 >[2 = |explXo o(B](1.0 + X; 4(H)Z (19)
etc.

where Py(f), P44(f), ... are the survival probabilities of ground,
first excited,..... states respectively. One can plot the calcu-
lated values of Py(f), P44(f) against time, f to observe the
time-variation.

(i) Transition probabilities, Py _ ; (f):

Pre i(t) = [< FIU(O)i > (20)
(iii) Power spectra:

The power spectrum can be obtained from the expres-
sion given by
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/(@)ocj(;”« Uy (t)>g>rx e dt (21)

One can plot the calculated values of /(w) against the fre-
quency, o, to observe the spectral pattern.

4. Perturbative solution of TDMRUCC equations

It is instructive to derive the perturbative variant of the
TDMRUCC egs. (11) and (12) in interaction representation.
Then, the first order TDMRUCC equation of external cluster

cumulant, 'sP97 (f) is given by

agpaf

je=n :[{{[v,(t)]} B}f}p’q’f

mn

(22)
and that of the Cluster Cumulant, (X, , (f) is given by

) 6(1)Xk,k
i— {{["’(t)]}ﬁ}k,k

It is worthy to note that in eq. (22) there is no contribution
from the second term of eq. (11), i.e.

H{exp(sw Ve (8. k,k} } }
B¢

g t)kk Ts itself a closed operator.
Likewise, the second order TDMRUCC equations of ex-

(23)

p.q.f

, because [V4 (B,

mn

ternal cluster cumulant, @ sP4" (1) is given by

@qpai pat
.0 Srﬁ,rf _ p1,94.f () oP2.92.f
i i H{[V,]mhm .exp( sz,nz ) ,
f

mn
@ paf
NC=eo T
Bt Imn
6(2)ka (2)
O Xk Ty e oo X e
i— {{[ et (B.E] 1 exp( i )}BLk (25)

It is worthy to note that the n-th order perturbative cluster
cumulants " s (f) and (X, , (f) can be obtained by us-
ing the value of cluster cumulant of lower orders and subse-
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quent time-integration. This would be more clear while cal-
culating with a simple system.

Finally, the averaged evolution operator up to n-th order
can be calculated as

n) X kk

<< U0 >5>71= VIR (0] = P O[U, (0] P= ¢ (26)

We shall show explicitly its second order variant, )[R (1),
taking a concrete example to illustrate the theory in Section
5.

5. lllustrative application

5.1. The normal ordered working hamiltonian at finite
temperature:

Let us consider a model system-bath composite Hamil-
tonian given by

P2 1 000, 2 4 Pk 1 2 5

H=7+§wsxs+€Xs+nxs{2k7+§®kyk]

+ Gstoc. X 26y Cos (wf) X F(f) * Xg+ Zpy X * vy (27)
where the symbols have their usual meaning k = 1 to Np,
maximum number of both variables and f () is the Ornstein-
Uhlenbech colored noise having stationary Gaussian distri-
bution. The stochastic variable f (t) satisfies the following
properties:

(1) =0= (F(t) ~ F(typg), V5
(Flta) Flt2) = F(t1,t2)=[%).e‘“t1“2|

<f(t1) f(th» = 2“all (n)pairs H<f(t1) ) f(tz»
where A is the coloured noise strength.

In the second quantization representation, the Hamilto-
nian becomes

H:ws(aTa+1J+ < (aT+a)2
2 20

4 1
+£4i2] (aT+a) +kak(B;Bk+§j+
Wg

+ s xf(t)x (a ool | g¢ "“’Ot)

+ 27k (aTBk+aB;(r) (28)

where g’s: (gstoc. x 2Eol\20 ) and 'y'k = (Yk/«IZws 20, )

are the modified coupling constants of the system-stochas-
tic bath and system-thermal bath respectively; af/a and BTk/
B, are the creation/annihilation operators of the system de-
gree of freedom and k-th thermal bath degrees of freedom.

Let us apply the Bogolyubov transformation to the sys-
tem operators a'/a leading to AT/A operators as

A=N(a-ta"); AT = N(a' - t,a); (29)
1

such that [AT, A]=1,and N = T“z) .

This leads to the following transformation

a=N(AT +t,A); af = N(A + £, A); (30)

(aT +a)= K- (AT + A) (31)
(ala) = N2.(1+t2) ATA + N2 by (AT2 + A2) + N2t2) (32)

(1+t1)
(1-tg) -

The hamiltonian in eq. (28) in terms of AT and A becomes

1+t2
H=og — .ATA{iKZ](AHA)2
1—t1 Wg

where K = (33)

t
(AT + A)4+ms.[—12} (AT2 4 A%) 4

() t
S 1
—+ _+0) . W

1

+ g x F(f) X [AT- (N- el + N £, - e70l)]

+ g xF(O)x[A-(N-t, - e7@ol+ N g7@ol)]

+Z 00y (BB + 5) + 2 v IN- (ATB + ABf)

+N-t,-(ATB] + AB,)] (34)
Let us apply thermal normal ordering operation both on the
system part and thermal-bath part of the above hamiltonian
(eq. (34)) in the following way

(ATA) = {ATA} 5+ n; (AAT) = {(ATA} g+ (n + 1);

n=[ePw-1.0]"
(AT +A)={(AT+ A)}5

(35)
(36)
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(AT + A2 = {(AT+ A g+ (2n + 1) (37)

(AT + AP = {(AT+ AP} g+ (Bn+ 3) - {(AT+A)} g (38) {

(AT + A= {(AT+ A} 5+ (120 + 6) - {(AT2 + AZ)} 5
24n+12)-{AT A} g+ (12n% + 12n + 3) (39)

*(
(BIBy) = BJBk} Ny (BkBI:r)'{BI:er}ﬁ (e 1);

- 1402
n, = [ePx-1.0]" (40) H:[ws.[ ;a1J+e{ 1 J+n.[ 21 2}x(6n+3)}
where £2,is the modified optimum Thermal Hartree fre- 1 @t sy

t?
1-t?

J [(1-0q)2/4oq] |

The thermal normal ordered Hamiltonian (eq. (41)) in terms
of o4 becomes

quency to be shown in eq. (43). At A}ﬁ"'
After the above transformations, the hamiltonian in eq.
4 1-a?
(34) becomes +| 0. M +{ < j+ 22 % (6n+3) .
r 9 40(1 20)3(11 2('080“1
1+t € | g2 | N L4
H=| og. |t — Ko+ —2.K x(6n+3) |.
1—t1 Og Og
- (AT2ea%) | K4 (AT Y g+
{ATA) 5+ 402
+| o t12 +{LKZJ T K* |x(6n+3) . Jos o [a-a? ) traf | (e
I 1=t 20 20)3 2 1 4oy 1 2aq | 2050 )
AT +[4 : (A A g+ 2n +1) 32”2 X (20 +1)
4msoc1
t2 1+t2 -
+H =+ ! 1 +{LK2J (+oq) —iogt, (1=01) iogt
[2 8[1412 H 3[1412] 20 g X F (D) x 1 ofar 6710 - e/ |+
n L4 2 [ . 1
@n+1)+| —=.K" |.x(4n“+4n+1) + , (1—oq) —iwgt | (1H01) imgt
{40)? ] +gs xf(f) x [2\/> e 0+—2\/OT1.e 0 —+

+ g x F(f) x [AT- (N- e@ol + Nt - g7l )] +
+g (O x[A-(N-t;- glogt + . e"""ot)] +

Bip 1 ex v | ) g 4 aBh) +
+Zk®k{ k k}ﬁ+zk®k Mo |+ kYk 2\/‘  + ABg) +
+2, 7 IN- (ATB, + ABJ) + N-t, - (ATB} + AB,)] (41)
(1-a4) tpt
Let us define a new parameter a.q = [(1 = t,)/(1 + t,)], that 2Jar - (ATB{ +ABy) (42)
leads to

) Let us implement “Thermal Hartree” condition for which the

K =(tIJoug); N =11+ aq) *12Jog T ty = (1=l (1+ )l coeffcient of AT2 + A2} will be zero and under this condi-

tion the coefficient of {ATA}ﬂ will be (@ ¢04) = Q y (say),

{1”1 ] 1+ a?)204]; { f1 ] [(1- a?)daq]; gng  Where Q yis the modified harmonic frequency correspond-
1-tf 1-tf ing to an optimized Gaussian.

678



Mandal: A time-dependent multi-reference unified cluster cumulant formulationto study the subdynamics efc.

Therefore, the thermally normal ordered Hamiltonian

under finite-temperature Hartree condition takes the simpli-

fied form given by

{AT4 + A + 4 x (AT34)

- _n
H=Q y - {ATA}5 + 20,)?

+4x (ATA%) + 6 x (AT2 A2)) 5+

9s |, iy At
+[[JOTJ (t) 6+(t)} AT

Is | ripyx _
[[JOTJ f(f) 6_(t)} A+

L (1+a
+Z 0 {B;Bk}fzk“/k{(z a1) -(ATB,+ AB]) +
(1=01) |, tnt
——(A'B}+ AB}) |+ <H>

where

a2 1+a?
<H>= &ers' 1 + o o -n+
2 40(1 20(1
€ 3n 2
—— - (2n+ 1)+ 5 “(2n +1)“+
2Qy Q)

1
+ Ny +—
kak( K 2)

0..(1) =%'|:(1—0t1) e"”ot +(1+oq) e_io’ot}

= [cos( gf) - i 0y sin(o )],

0_(t) =%-[(1—a1) e 04 (1+ay) e’wﬂ

= [cos(w of) + i 014 sin(w )]

Transforming the above Hamiltonian (eq.(43)) into its in-
teraction representation with respect to both the system’s
optimized frequency and the thermal-bath frequencies, we
have

V, = Ax - _e4/QMt+ Al 'e—4/QMt+
41 41
AT3A . AfA3 , Af2A2
{/—IJ . eZI'QMt + {# . e_2IQMt + /—/ +
an! 113! 212!
B

ey (1+0Lq) 2 X{(A/TBk,/)} e lQu-ot |
2 Q1

ey (1+ay) 2 x{(A,BT )} o Q-0
2 (o] ki B

where A = [24n/(212 M)z] . This is the required normal or-
dered potential at finite temperature.

5.2, The cluster cumulants upto second order for
ground state of the subsystem:

As discussed in Section (4), the second order cluster
clumulant for the model space operators of the subsystem,
denoted by @)X, ,(f), can be obtained if we know the first
order cluster cumulants of the virtual space operator, denoted

by (1)sP4f (1), that being connected to the interaction

potential,V, leading to only the k numbers of system creation
operators, ATI and equal numbers of system annihilation op-
erators, A,. For the ground state problem, the second order
cluster cumulant for the model space operator is (2)X0,0(t).
Let us compute the first order cluster cumulants as follows.

The time-dependent equation for the first order cluster
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cumulant, ('$$5° (8), is given by

o000 00,0 .
, 0 00 syt
i =i, |, et @)
Integrating eq. (45), we have
1 .
“)8218"’(“)?“[—4%}*‘64@“‘” (40

Similarly, the first order cluster cumulant, 'S99 (#), is given
by
515000

. 04 000 —4i0,t
i— —[{{[vl(t)l},g}f}oy4 = Axe~40ut (47)
Integrating eq. (47), we have
(120004 _ 1 —4iQyt
So4 (t)—Ax[mMJx(e Pt (48)

For the first order cluster cumulant, 'S 3;?*0 (), is given by

a(g000 00,0 .

O0VS3 00 oinyt

=i, | = Axe® N 49)
Integrating eq. (49), we have

1 .

(1)82’?’0(1‘) =-Ax [EJ x (e2Mmt_1q) (50)
Similarly, the first order cluster cumulant, V950 (1), is given
by

1 Y

For the first order cluster cumulant, VS99 (#), is given by

a(g000 00,0
— 2= [}, = (52
Integrating eq. (52), we have
M990ty =i Axt (53)

0.1

For the first order cumulant, (1)81% (f), we have

680

505001 0
; 6;»0 :[{{[V/(t)]}ﬁ}fﬁ;J1

gs At iQyt
=|| == [xe"x0,.(t)]-e "M
(v

where 0, (t) is defined in eq. (43) and generalised Novikov’s
Theorem8 has been applied.

(54)

Integrating eq. (54), we have

(05001 = _[ 9’

{ (1-0u1) }
2\/(1,»1 ((00+.QM—I'7»)

x (e I‘((DO+_QM—/.)\.)t_ 10) +

L[ 95 { (t+aq) }
2\/?1 ((Do—QM+I'7u)

(DO—_QM-F/‘)\.)t_ 1 0)

x (e it (55)

Similarly, for the first order cumulant, (1)8(?;?’1 (f), we have

5 (15001 o
R :[{{[vl(t)l},;}f}z:1

9s it it
=||——==|xe"'x0_(t)|-e” M
[J)roeen]

where O_(t) is definedin eq. (43) and generalised Novikov’s
Theorem8 has been applied.

(56)

Integrating eq. (56), we have

Mg001 | _9s | |_ (-aq)
So1 (l‘)—[2 ;J {(w0+QM+ik)}

x (e —I‘((D0+_QM+I‘)\.)t_ 1 0) +

[ g5 { (1+a) }
2Jaq ) |(@g=Qy—id)

% (e I‘((DO—_QM—/.)\.)t_ 10)

For the cumulant, 95 (f), we have
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o (g 0k0 0k0

; 6;»0 - [{{[V/ tn ﬁ}fL,YOY

_——y (1+a1)'“/,k « ol (A0t
21

This leads to

sl

% (ei(QM_(’)k)t_ 1.0)

Similarly, for the cumulant, { SOk 0 (t), we have

o (10K X
i [{ven), ],

i3, M'Y’k o-i(Qurogt
21[(11

This leads to

()SOkO() s ( Yk

e |

x (e —I‘(QM+(Dk)f_ 10)

For the cumulant, S (f), we have

k,0,0

= [{wmeg), |

ylk:| % ei(-QM"'(Dk)t

_ (1—ay)
_+Zk{2\/071

This leads to

(1)8%0,0(1‘) __3 ( Yk

| _(=a) }
2\/> .QM+(L)k
X(ei(QM-HDk)t—'I.O)

Similarly, for the cumulant, { Sk 00 (f), we have

(59)

(59)

(61)

olskoo K00
i =[{waemg), |
(1+aq) _, —i(Qy-oy
:+Zk{2\/a>1-yk}xe ( )t (62)
This leads to
()SkOO() Tk |, | _(1+aq) }
2\/7 'QM 0)k
x (e T Qu-0t_4 ) (63)

The time-dependent equation for the first order cluster
cumutant, (X, o(), is given by

3(1))(0,0
ot

where < H > is purely a number. The solution of eq. (53) is
simply

OXp () =—i<H>t (65)
where < H > is given by eq. (43).

i

=<H> (64)

Similarly, the time-dependent equation for the second
order cluster cumulant, @)X, (), is given by

0@x,
/ = [V, (65 ]o -
where
[{[Vl(t)]}ﬁ:|0’0=% A gp-n*-Ms200,
* %'A 04-(n+1)*- (08200

1 3 1)20,0,0
+a-A3Y1-n -(n+1)-()S1y3 +

+l A13 n- (I7+1)3-

1)< 0,00
a3 ()83’1 n

L A gy n?.(n+1)

2 (1¢000
2|2| 82,2 +

AY
ey [5} oM . (n+1). 50014
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004 (M) —at 100,01
+G1‘0 -(Ej-e -n-()SO‘1 +

LY Ne GEOO g, (). (O OK0

+ YN K00y (N5 2K0

+ZQB GOkO (ng+1)- (n+1).(1)31kb0,0+
+3NE GO (ny+1)-n- (KO0

where n and n, are given by egs. (35) and (40) respectively
and A4,0 = A0,4 = A3,1 = A»] ,3 = A2,2 = A

Substituting the value of | 8820, ()8280, (1)81%0*0,

1) <0,0,0 0,00 (1)c0,01 1) 0,01 1) o0k,0 1) o0k,0
()S&1 ,()322 ’()81,0 ’()80,1 ’()81,0 ’()80,1 ,

Wsf® and (s, from the above egs. (45)-(63) into

eq. (67) and integrating eq. (66), the explicit expression of
@)Xy o(t) is derived as

: 1 )2
(Z)XO,O(t):(szAzx{HJ 'n4
M

{(e"“QM’— 1)+ i4oMt} "
1 1) -
A L]xa2x -(n+1)4{(e"49M‘—1)—i4oMt}+
24 40,
1 1) -
+(— x A2 x -n3(n+1){(e"th—1)+iZQMt}+
6 20y

+(%jx Azx(zfl JZ n(n+1)° {(e"th—1)— i2OMt} -
M
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_Gg;gﬂ.es.(%j.(nﬂ).w.

00,1 A
+G10 GS(EJ”

00,1 A
+G10 -Gy -(Ej-n

+ng GkOO [

N 040 .
+szG { Y

gl
where Gg = (A/éTJ Ty

Q,

i(Q,+iM)t -
{(e ~) (e “_1)}+

(Q,+ ) )
(1-ay)
Q3
(e (O =MMt_gy  (g=Mt_y)
Q-1 ) |
) (1 + 0L1) )
Q4

i(Qq+iNt -
{w —1) (e “—n}+

Qq+) (i)
1;?]-nk-(n+1)-

1+(11

5

iE

)

{(ef"s’ ~1)- iQ5t} "

J-(nk+1)-(n+1)-
{(e""s’ ~1)- iﬂst} "

]-(nk+1)-n

{(e""’s’ 1)+ io5t} _

Q»] =a)0+QM—i7\.,Qz=a)0—QM+i7L,
Qs=0)0+QM+D\.,Q4=CO0—QM—D\.,
Q5=QM—a)k,andQG=QM+a)k.
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It is worthy to note that the n-th order perturbative clus-
ter cumulants (" s5%7 () and (X, (f) can be obtained by
using the value of cluster cumulant of lower orders and sub-
sequent time-integration.

Thus, the value of X o(f) up to second order is given by

(2))_(0,0(0 = (1)X0,0(t) + (2)X0,0(t) (69)

Finally, having obtained the value of X, (f), the ground
state Survival Probability, Py o(f) is given by

Poot) = < 01U (D10 > 2 = exp[®X o (0] I (70)

The power spectrum can be obtained from the expres-
sion given by

I(e) oc jg"exp[ (2)Y0,0(t)} x 10t g (71)

From the power spectrum we can predict the effect of
anharmonicity, system-bath coupling strength, colored noise
strength, temperature of both the system and the bath de-
grees of freedom on the spectral line shape and peak posi-
tion.

6. The concluding remarks

In this paper, a time-dependant multireference unified
cluster cumulant (TDMRUCC) method has been introduced
for computing the effect of bath or the surrounding degrees
of freedom on a quantum particle trapped in a 1-dimensional
anharmonic oscillator potential that is coupled to both the
stochastic and the thermal bath. This formalism uses the
key features of the time-dependent multi-reference cluster
cumulant (TDMRCC) method and the thermal cluster
cumulant (TCC) method developed by Mukherjee and his
coworkers guarantying its size-consistency. As an initial ven-
ture, the explicit analytical expression of the amplitude of the
model space cumulant, X; () up to second order is derived
in order to get the dynamics of the quantum particle in pres-
ence of both the thermal and the stochastic bath and their
mutualinterplay. The nonperturbative cluster cumulant equa-

tions under a suitable truncation scheme with respect to the
power of the cluster amplitudes of exponential ansatz will be
presented in the forthcoming paper.

Acknowledgement

This study was supported by grant from the University
Grants Commission (UGC) vide Letter No. F.-PSW-061-05-
06(ERO), dated 21.03.2006 as Minor Research Project. | also
gratefully acknowledge Swami Sarvapriyananda, Principal
(offg.), R. K. Mission Sikshanamandira, Belurmath, Howrah,
and Dr. Sanjib Kumar Saha, Principal, Rishi Bankim Chandra
College, Naihati, for their continuous encouragement.

References
1. E.J.Heller, J. Chem. Phys., 1978, 68, 3891.

2. J.R. Reimers, K. R. Wilson and E. J. Heller, J. Chem. Phys.,
1983, 79, 4749.

3. F. Matzkies and U. Manthe, J. Chem. Phys., 1997, 106, 2646,
and references therein.

R. W. Munn and R. Silbey, J. Phys. A, 1978, 11, 939.

R. Balian and E. Berezin, Nuovo Cimento B, 1969, 64, 37.
S. Nakajima, Prog. Theor. Phys., 1958, 20, 948.

R. Zwanzig, J. Chem. Phys., 1960, 33, 1338.

H. Mori, Prog. Theor. Phys., 1965, 33, 423.

D. Hsu and J. L. Skinner, J. Chem. Phys., 1984, 81, 1604.

10. K. Okumura and Y. Tanimura, J. Chem. Phys., 1996, 105,
7296; J. Chem. Phys., 1997, 107, 2267; Phys. Rev. E,
1996, 53, 214.

11. M. Winterstetter and W. Domke, Phys. Rev. A, 1993, 47,
2838; Adv. Chem. Phys., 1997, 100, 1.

12.  H. Plohn, M. Toss, M. Winterstetter and W. Domke, Phys.
Rev. A, 1998, 58, 1152.

13. D. Mukherjee, Int. J. Quantum Chem., 1986, 20, 409.

14. S. Guha and D. Mukherjee, Chem. Phys. Lett., 1991, 186,
84.

15. S. Guha, G. Sanyal, S. H. Mandal and D. Mukherjee,
Phys. Rev. E, 1993, 47, 2336.

16. G. Sanyal, S. H. Mandal and D. Mukherjee, Chem. Phys.
Lett., 1992, 192, 55.

17. G. Sanyal, S. H. Mandal, S. Guha and D. Mukherjee,
Phys. Rev. E, 1993, 48, 3373.

18. S. H. Mandal, J. Indian Chem. Soc., 2014, 91, 465.

© © N o o~

683



684



