Chemical
Physics

Chemical Physics 242 (1999) 367-385

A thermal bath induced new resonance on the linear and
nonlinear spectra of a two-level system

Gautam Gangopadhyay 2, Sharmistha Ghoshal 2, Y oshitaka Tanimura

# SN. Bose National Centre for Basic Sciences, JD Block, Sec-111, Salt Lake City, Calcutta 700091, India
® | ntitute for Molecular Science, Myodaiji, Okazaki-444, Japan

Received 16 November 1998

Abstract

Within the scope of generalized master equation we have shown the effect of bath with finite band width on the linear
absorption and on the resonance fluorescence and absorption spectra of a driven two-state system. It is found that depending
on the band width and temperature of the bath a reversible dynamics may set in even in the case of linear absorption induced
by weak field. At higher temperature the bath induces new resonance on the spectral profiles. © 1999 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The study of dissipative dynamics of quantum systems within the framework of system-heat bath models has
drawn wide attention for the last few decades [1-4]. Although the major works so far done in this direction are
confined in the domain of weak coupling of the system and the bath within the Markov approximation, recent
experiments involving ultrafast time scale [5] and correlated laser pulse with adjustable memory time [6], have
given tremendous impetus to the study of system-heat bath model beyond the Markov approximation. The issue
and relevance of non-Markovian relaxation processes have been addressed at length by many researchers. For
instance, a cumulant expansion scheme [7] was considered by Villaeys et a. [8] to explain non-Lorentzian
nature of optica absorption for the femtosecond transient processes. Gangopadhyay and Ray [9] constructed a
system-operator concerned non-Markovian master equation for linear and nonlinear quantum optical model
system in the weak coupling regime. Lewenstein et al. [10] observed a strong narrowing of the resonance
fluorescence in a cavity with increasing driving field strength which they interpreted this as a dynamical
decoupling of the atom from the vacuum field. A few other works [11] also deal with the effect of
radiation—matter interaction in going beyond Markov approximation, where the memory time = is small but of
the order of the decay time, y~ 1. Very recently, Brinati et al. [12] have found a non-Markovian effect at finite
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temperature on the absorption lineshape function of a driven two-level system in the steady state regime. They
have observed that the steady state absorption lineshape splits into twin peaks with increase in temperature.

An early thorough investigation on nonlinear optical phenomena with finite memory effect has been
performed by Tsuensugu and Hanamura [13] by using Gaussian-Markovian frequency modulation of the
two-level system. Using a Green's function approach, they have found the effect of memory on the coherent
optical transient, emission and absorption spectra of the driven two-level system. Their studies were based on
the stochastic Liouville equation which assumed a stochastic random modulation of the system frequency.
Tanimura and Kubo [14] have shown that one can derive this equation of motion based on the system—bath
Hamiltonian, which makes it possible to include temperature effects into the dynamics of the total system. Then
Tanimura and Mukamel [15] further have generalized the equation of motion to study a system which consists
of atwo-level displaced harmonic oscillators system coupled to a heat bath and have studied the time dependent
Stark effects.

Very recently the tremendous growth of experimental sophistication has revealed interesting behaviour in the
decay of the excited atom confined in a cavity resonator or an optical band gap material whose modal density
can be controlled and thus the rate and direction of the spontaneous emission can be designed appropriately [16].
Lewenstein et al. [10] studied the fate of the spontaneous emission of a coherently driven atom in a cavity
considering a finite response time of the environment. This effect which is connected with non-Markovian
features, is tested experimentally [17] quite recently, and interpreted theoretically [18] as a consequence of the
renormalization of the cavity induced spontaneous emission by the strong driving field. In the same line Keitel
et al. [19] have studied linewidth of the resonance fluorescence spectrain terms of the decay rate of the dressed
coherencies and have predicted the sensitive influence of the density of modes with the possibility of
suppression and enhancement of the fluorescence.

In this work we have shown the dynamical effect due to the bath with finite band width on the spontaneous
emission of two state system both in the presence and absence of a strong driving field. In presence of an
external driving field the evolution of the system with memory can lead the system to a different steady state
where one can find the signature of the memory effect. However, a two-state system in a pure state will reach
the thermal equilibrium in the long time limit by the effect of this bath despite of the fact that the dynamical
evolution of the system will be different from that of the case with a broad band bath. By constructing an
appropriate modified Bloch equation we have shown that if the modal density in the vicinity of the system
frequency of interest is less than that of the vacuum space, the decay of the excited state will be retarded and if
it is greater it will be accelerated. So with a prototype finite band width of modal density of the bath, we have
studied the fate of the spontaneous emission from the two-level system in presence and in absence of a strong
driving field. For this purpose we have studied the linear absorption by a transient weak light. We have aso
shown the effect of bath characteristics on the resonance fluorescence spectrum [20]a and probe absorption [20]b
following a strong pump.

Although the spectroscopic studies on dissipative systems are done very extensively in the context of gas
phase experiments, there are still many open questions to be answered if the optical system resides on the host
material in condensed phases [21]. Then the system might be induced by various kind of noise processes, from
very short to very long correlation time which can be mimicked by a colored bath. The system can reside on the
appropriate material where the environment can be designed with our choice of control [16] over the
spontaneous emission. In this model study we would like to understand the following points: (i) How the effect
of band shape of the bath comes into play on the spectrain the linear and nonlinear regime of field strength. (ii)
How the position or band center of the bath affect in the linear absorption. Thus one can find the origin of
spectral shift and non-Lorentzian linear absorption which are commonly observed in the solution phase or in the
condensed phase and are usually fitted with some appropriate memory function. (iii) How the temperature of the
bath with finite band width affect on the linear absorption and also in the strong field induced cases. (iv) To
obtain the strong field induced effects we have made a critical comment on the density matrix theory of
damping for a finite band width of the bath and on the applicability of Regression theorem.
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The rest of the paper is organized as follows. In Section 2 we have constructed the master equation
considering a finite bandwidth of the reservoir and the corresponding modified Bloch equation is presented.
Section 3 is devoted to obtain the transient linear susceptibility. In Section 4 we have calculated the resonance
fluorescence spectrum and weak field induced probe absorption of the driven system by the strong field. The
paper is concluded in Section 5.

2. Generalized master equation and modified Bloch equation

Let us consider a system described by a Hamiltonian H,. We assume the reservoir Hamiltonian is Hg and
the interaction between system and reservoir is V. So the total Hamiltonian can be written as

Hy =Hy+Hg +V=Hg+ V. (2.1)
Generally, we write V as a sum of the products of the form

V=ﬁZQﬁ, (2.2)

where Q; and F; are the system and reservoir operators, respectively, in the Schrodinger picture (S.P.).
The joint density operator « for the system and the reservoir obeys the Liouville-von Neumann equation in
the interaction picture (1.P.) as

ok

i
EZ_%WM“L (2.3)

Following the standard procedure [4,22] of averaging over the bath variables, we obtain the equation of motion
of the reduced density of the system in S.P. as

d i
Gt gLl - T [ar{[QQ (1) - @ p(Q(RR)),
i
_[Qi p/(tl)Qlj_p/(tl)Qlei]<Fj/Fi>R} (2.4)
where
, [ i
(Qp(t)) =exp[— gHs(t_t')} QJP(t')eXp[%Hs(t_t’)}’ (25)
/ I ’ i ’

(Fj)=eXp[—%HR(t_t)} F eXp[%HR(t—t)}: (2.6)
where we have made only one approximation that the joint density is always factorizable, i.e,

k(t) =s(t)f(t), (2.7)

where s(t) and f(t) are the system and bath density operators respectively in I.P. and then we assume the bath
isin thermal equilibrium at al time. Eq. (2.4) is the generalized master equation derived by many authors using
different techniques [22].

In what follows we consider a two-level system coupled to a reservoir in therma equilibrium at some
temperature T, and driven by a classical monochromatic light field. The system Hamiltonian is expressed by the
Pauli operators as

hw,
= [0

S 2 z

(2.8)
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The heat bath Hamiltonian and the system—bath interaction are given by
j

V=1Y g(o.b+ao_b),
j

(2.9)

(2.10)

respectively, where b, (b') is the annihilation (creation) operator of the bath mode with frequency ; and g; is
the coupling strength between system and the bath modes. We assume the laser field interaction with the

amplitude E, and frequency o in the rotating wave approximation (RWA) form as
Voo(t) =4[ Ege™ @, + Egel“r_].

So the reduced density operator equation of motion becomes,
dp . g

<=~ 5 Lowp]l—i[ e o+ e p]

— thdt/ {[a;op’(t’) _ O',p/(t/)0'+] <Z|gj|2bjbj1“ei(wowj)(tt')>
ij "o i

R

—|o.p(t)Yo_—p(t)o_0o | g2 b gi(@o @) (t=1)
+ +I\ &Y M
]

R

+ [O'_O'_,_p’(t’) _ 0'+p,(t,)0'_] <Z|gj|2bj-rbje—i(mo—wj)(t—t')>
i

R
_ [U_p’(t’)g-+_ p'(t')a'+0'_] <Z|gj|2bl bjTe_i(wo—w])(t—t')> }
J R
where

p'(t’) — e—i wotfz(t*t')p( tr)ei woa'z(tft').

The Bloch equations then can be obtained as

(6. =il —IE" (D(e) = [0 o () Qu(t =),

()= ~2i[E()¢o.) ~E ()¢o)] = [dr [Qt=1) + (o,(1))Q(t=1)],
where

Qu(t—t) = X lg/*(1+ 2n( w))e i1,
]

Q,(t—t) = 22|gj|2(1+ 2n( wj))cos((wo —w)(t- t’)),
J

Qo(t—1t) = 22|9j|2005((“’0_ wj)(t—t’)),
j

(2.11)

(2.12)

(2.13)

(2.14a)

(2.14b)
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with
1
N(w)) = g (2.15)
Now invoking a slowly varying envelope approximation, (o, (1)) = S, (t)e'“!, E(t) =%e““t and (o (1)) =
S,(t) one finds

S, () =ias, (1) + iEEosz(t) - [5. (1) Qu(t-t)dr, (2.163)
and
S(1) =IB[S. (1) = S-()] = [[Qu(t=1) + S(1)Qt~1)] (2.160)
where
Qu(t—t) = XIgI*(1+2n( w)))e @m0 (2.17)
j

with A= w,— .

As we have not employed Markov approximation thus we need to supply the band shape function of the bath
to carry out the integration in Eq. (2.16). In the literature [7-11], most of the workers have introduced the
memory effect through the kernels Q. _ ,(t) as proportional to some time dependent functions. For example, in
Refs. [8,10,11] the kernels are taken as of the form e!*="I/7 But in this way of introducing time dependent
memory kernels lacks the knowledge of temperature dependence of the non-Markovian decay rate. An
equivalent way of choosing exponential time decay in the bath correlation function is to use a distribution
function P(w') with afinite width. We use Lorentzian distribution function of P(w') as

Po

P(w') = ,
() 1+(w’—a)B)2’r2

(2.18)

where 7 is the characteristic time of the reservoir or the inverse of the reservoir bandwidth and wg is the center
frequency of the band. 7 is normally of the order of y~* but yr is aways less than 1. P, is a dimensionless
constant quantity. The bandshape function we have chosen here is a prototype shape function for finite width of
the vacuum band and thus will be suffice to obtain the qualitative idea about the effect of any finite band width
of the bath. As any arbitrary distribution function may not satisfy the physical requirement of applying the
regression theorem, this function guarantees the attainment of thermal equilibrium in the long time limit of the
initial pure two-state system and also the problem can be handled analytically.
Using the bath distribution function we can calculate the following quantities

1
Quat=1') = 5 (1+ 20 wg) 14 X0, (2.9)
T
% t—t'
Qu(t=t) =~ (1+ 20 wg) )oos{ At~ V))e” (2.20)
and
t ’ ! 1 —t/7 J
A(t) = /OQO(t —t)dt' = YaTi1 [1— e V7(cosAt — ArsinAt)], (2.21)

where A, = 0 — wg and A= A+ A, and y = 27| g(w)I°P,.
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Thus the modified Bloch eguation reduces to

S, (t)=iAS, (1) + iEEOSZ(t) — 217(1 + 27( wo))[ts+(t/)e<*”b*%XH’), (2.22a)

and
t—t

éz(t)=iEO[S+(t)—S_(t)]—A(t)—%(1+2ﬁ(w0))fotSZ(t’)cos[AC(t—t’)]e‘ —dt. (2.22b)

Thus we find that at the Markovian limit i.e, when = — 0, we recover the usual Bloch equation. For example,
one can show that

70

t 1 ,
lim ['S(t)=e “"/7dt = (1) (2.23)
0 T

and lim__ ,A(t)=vy where S isany oneof S,, S_ or S,.

The modified Bloch equation as given in Eq. (2.22) is an important result in this work because depending on
the band center, width and temperature of the bath the system dynamics can change immensely from the
conventional Bloch equation and can lead to different steady state. Note that to derive Egs. (2.22) we have
considered (') = N(w,) in order to obtain the qualitative results of non-Markovian effects. A more accurate
estimation can be given with a Taylor series expansion of T ') around M(w,). But for the rest of the paper we
consider the usual approximation of Nw’) = N w,).

3. Transient absorption lineshape

In the ultrafast dephasing processes observed experimentally [5] take place on a time scale where the system
evolves with memory and thus a delta correlated bath, often used theoretically, is no longer valid. The
non-Lorentzian absorption profile [8], obtained experimentally in the solution phase or in the condensed phase,
are fitted normally with some memory function, but these methods are not always physically transparent. Here
in the following discussion we will be able to find the physical origin of the spectral shift and asymmetry along
with the fact that at higher temperature how the new resonances appear due to finite band width of the bath even
in the case of linear absorption. Our aim here is to calculate the transient susceptibility which is again related to
the polarization in the linear response term as follows:

P(t) = [ x(t—t)E(t)dt. (3.1)
0
Microscopicaly P(t) is defined as
P(t) =Tr[ p(t) ] = pa1 k12 + Pa2 n,s (3.2)

where p is the transition dipole matrix element.
Taking the Laplace transform of Eq. (2.22a) one obtains

_ iE, _ 1+2n
5.(p) = [s+(o> +%82Hp—m+ - pﬁi ;”i .

-1

(3.3)

where

S.(p)=[es. (vt
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Assuming initially the system is in the ground state and thus we obtain,

: _
S, (1) = EL*1 . Sf( ) , (3.4)
2 p—iA+y(1+2n)/2( pr—idgT+1)
and thus we find
iEy .t , ,
(o, (1)) = 7e'wtf (AeM! + Kere') (o (t—t'))dt'. (3.5)
0
Therefore, the imaginary part of the susceptibility is given by
| payl? , ,
X'(w) = — 22 Re(ft( Aeht +A’eAzt)<az(t—t')>dt'), (3.6)
3h 0
where
1 1
A Fidg+— A, +idg+ —
A=— T N_-_ 0T
A=A , Ay =M ,
and the factor 2 accounts for the isotropic absorption.
Assuming the probe absorption is sufficiently weak and transient we consider { o,(t — t')) = — 1 and thus we
obtain
|,LL21|2 ettt —1 etet — 1
" = - Re{ A + A , 3.7
X" () 7 X x5 (3.7)
where A,,, are given by
1 ia, . .
hoy= =5+ & 31/72— A2—2iA/7— 4T +4i A/, (3.8)
T
with I'"'="(1+2R)+ AA;, Ay =w—wg and 4, = A — Ag.
27
For time long as compared to any other time scale we find
|,UL21|2 A A
" = - Re{ — + — ). 3.9
X'(0) = =g Rel =+ (39)
Finally, apart from some proportionality factor of x”(w), the bandshape function can be given by
%(1 + 27)
B= > , (3.10)
T
A2 — 2A% A+ A2(1 + A% - 77(1 +2R) | + Ay(1+ 2R) Ayr + 77(1 +2R)°
where
Ay= wy— wg. (3.11)
For Ay = 0O, one obtains,
%(1 + 27)
B= 5 , (3.12)

.
A472+A2(1— %(1+2ﬁ) + 77(1+2ﬁ)2
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Fig. 1. () Variation of bandshape function By,/modal density of the bath P(w — w,) is shown against detuning A/y = (w — wg)/y With
n=0, 44/v=0 for two different values of k= 7y = 0.0, 0.5. (Both scales are arbitrary). (b) Same asin (a) with i =0, k= 7y = 0.4 for
different values of A;/y= —1.0, 0.0 and 1.0. (c) Same asin (&) with h=2 and A,/ y= 0 for different values of k= ry= 0.0, 0.2 and
0.5. (d) Same as in (&) with k= 1y =05 and Ay/y = 0 for different values of i=0.0, 0.5 and 2.0. (¢) Same as in (&) with i = 2.0 and
k= 7y = 0.5 for different values of 4;/y= —1.0, 0.0 and 1.0.
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and if 7— 0,

%(1+2ﬁ)
B =

(3.13)

y? '
AP (1 2n)°

To analyze the absorption lineshape we have plotted the bandshape with the probe detuning A for the
different parameters of the vacuum band. We are considering three parameters of the bath, =, temperature, n
and Ay = w,— wg, i.e, detuning of the center of the reservoir band from the system resonance frequency. We
consider very small A, which is of the order of y or less. In Fig. 1(a) we show that at zero temperature and
A4 = 0 the absorption lineshape becomes narrower with increase in 7 but there is no shift in the peak. When
A4 # 0 and for nonzero value of 7 we find a spectral shift depending on the sign of A,. Thisis shown in Fig.
1(b). Along with the shift we find the line shape is non-Lorentzian. Thisis because with the increase in detuning
A, the number density of bath modes in the vicinity of the frequency of two-level system isless than in the case
of 7= 0.g, infinite band width of the bath. That means the system finds less bath modes to dispense energy to
the bath and also to be dephased by the bath modes. Therefore, the decay rate decreases which makes the
lineshape narrower and the two-state system follows the shape of the vacuum band when it is decaying and the
Lorentzian absorption band becomes asymmetric. If the bath mode density near w, is very small, the system
will be decoupled from the bath and will show a delta function peak. In Fig. 1(c) and (d) as A, = 0 thereis no
spectral shift. In these cases at finite band width of the bath, the absorption line shape splits into twin peaks. As
in the case of linear absorption we consider only weak probe field situation, so there is no saturation unlike the
case in Ref. [12]. Therefore a narrow band of vacuum with high thermal average photon number acts as an
another coherent field and we can interpret this phenomenon as thermal bath induced Rabi splitting. If we move
the vacuum band from the line center of the two-state system, i.e, A;+# 0 we find the splitting becomes
asymmetric which is shown in Fig. 1(e). The reason of the asymmetry in splitting is as follows. The splitting
means the system assumes two characteristic frequencies instead of its original resonance frequency », and
these two frequencies experience different bath mode density in their neighbourhood and thus the decay rate of
each individual pesks are different and are of different heights. In al Figs. 1(a—e) we have drawn the modal
density of the bath for the corresponding values of 7 for comparison.

4. Spectra of the driven two-state system by a strong field

Here we find out the effect of the bath with finite band width on the fluorescence and absorption spectra of
the driven system. For this we need to obtain the steady state quantities of the system. Here we assume the
reservoir band center is on resonance with w,, i.e, A;=0. Taking the Laplace transform of Egs. (2.22) one
arrives a,

PS.(P) =% =5.(p) + 5E:8(p) ~5.(P)Q.. (4.2
_ o _ 1 L
5.9) - S~ B(S.(p) =5 (7)) o] 5~ o2 | -SRI (4.0

where

6+(p)=fo°°e-ptoaz(t)dt. (Q-(p)) =Q.(p) (4.2)
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with Q, (p) and Q,( p) being

Q.(p) = %(1 +2n( wO))M’ (4.3)

Q.(p) =2py(1+2n(wy)) (4.4)

(1+pr)
Thus the steady state solution of Bloch equation reduces to
2 2

. Y02 _ Y >
A1+ 0 )+7(1+2n) +T(1+2n)

Sz(t—)oo) = 2 2
%E§(1+2ﬁ)(1+(22)+(1+2ﬁ){[A(1+!22)+y—29(1+2ﬁ) +%(1+2ﬁ)2}
(4.5)
and
iE,/2
S, (1) = s o S(to), (46)
—iA+ L1+ 2m)
2 1+.0
where 2 = Ar.

This is interesting that the non-Markovian feature, i.e, the reservoir characteristic time = appears in the
steady state solution of the Bloch equations. For nonzero detuning the steady state values are different from the
usua broad band bath case and steady state observables will depend on 7. The details of steady state behaviour
are discussed in Ref. [12]. Now we are interested about the dynamical features due to the modified Bloch
equation. At finite , the decay becomes slower due to longer correlation of the heat bath noise. For this purpose
we study the strong field induced resonance fluorescence [20]a and probe absorption of the driven system [20]b
unlike the ordinary probe absorption to include the effect of saturation.

4.1. Resonance fluorescence spectrum

In order to calculate the strong field resonance fluorescence spectra [20]a S(v — w,), i.€,

Sv—wy) = Re[t”m f efi(”f“’f’)t’<0+(t +t)o_(t))dt'|, (4.7)
—® 0
we follow the standard prescription [20] of using regression hypothesis. The validity of regression hypothesis
and a brief comment on quantum Markov process for the finite bandwidth of the reservoir is given in the
Appendix. Here we assume al detuning parameters are zero, i.e, A=0 and A, = 0 to make life smple and
without loosing any extra understanding. That means here we consider the vacuum band is centered exactly on
the resonance frequency of the two-state system.
Calculating the Laplace transform of the quantity

G(t’)=tlim<a+(t+t’)o,(t)>, (4.8)
we obtain

f( p)

G(p) =L(G(1)) = m

(4.9)
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where
1

F - @ @
(p) (1+p1’)2

(sz +p+ %(1 + 2r'1))[7-p3 +p? + p(Edr+ 3y(1+20) /2) + EZ]. (4.10)

From this F( p) one can till find the poles of Mollow spectrum [20]a at = — 0. But it can be approximately
factorized as follows

2

F(P) = ————(p=A)(p=A)(P—A)(P—A)(p—A_). 4.11
(p) (1+p7)2(p J(P=A)(p—Ag)(p—A,)(p—A) (4.11)

f(p) can be expressed as
f(p) = 2(S(t—==) +1)p{[ p+Q_(P)][ p+Q,(0)] +E}/2}

iE, _
—s_(t—>oo)(p+ )%(erQ_(O)). (4.12)

pr+1

Now taking y << E,, F(p) can be factorized approximately and the roots of p for F(p)=0, i.e, A, A,
and A, can be given as

_ 1 - —\11/2 _ 1 2 3 —
A+——2—[1+{1—2k(1+2n)} ] Ag= ——+Eir+5y(1+2n)
- T T
and
A, ,=atib (4.13)

where

a=—1(Ej+3y(1+2n)), b=|E -2,

and k= yr. Here A, are exact roots but A, and A, are approximate roots. For numerical calculation of the
spectrum we have calculated the poles A, and A, by using a polynomial root finding algorithm.

Therefore, the incoherent part of the spectrum can be written as
CAO C:/Lr CA,

e + +
i(wo—v)+Ay (wyg—v)+A, (wg—v)+A_

S(v—w) = —R

C\ G
P N S | (4.14)
i(wg—v)+ A, i(wog—v)+A_

where the C-values are the residues of f( p)/pF(p) at five simple poles of F(p).

To demonstrate the dependence of the effect of tailored reservoir on the fluorescence spectra, we take = and
N as parameters. In Fig. 2(a) we plot the fluorescence spectra and the modal density of the reservoir with
detuning w, — w. For =0, i.e, for infinitely broadband reservoir, the fluorescence spectrum shows the well
known Mollow triplet [20]a. For finite bandwidth of the bath, i.e, for nonzero 7, the central peak stays as same
profile, however, the side peaks become narrower. The reason is the following. Under the strong driving field,
dipole moment of the two-state system oscillates at three different dressed frequencies, w, and w, + 25, where
() is the Rabi frequency induced by the strong laser field. The width of these peaks mainly depend on the
spontaneous decay rates induced by vacuum radiation field. When the value of 7 increases, the density of bath
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(a) 1.1 7=0.0,E/y=10.0

1 N y1=0.0 —

0.9 e
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Fig. 2. (a). Fluorescence spectrum S(v — wy)y,/moda density of the bath P(v — w,) versus frequency (v — wy)/y is plotted, with

Ey /v =10.0 and 7= 0.0 for three different values of k =y7 = 0.0,0.05 and 0.1. (Both scales are arbitrary). (b). Same asin Fig. 2(a) with
k = 0.05 for three different values of n= 0.0, 1.0 and 2.0.

modes decreases near the side peak frequencies and thus the width of the side peaks decrease sharply. However,
the mode density of the reservoir near the central peak does not change much. This is why the width of the
central peak is not affected. The small shift in side peaks is due to the fact that the Rabi frequency is detuned
from the band center of the bath and can be explained as in the case of linear absorption.

In Fig. 2(b) we show the fluorescence spectra with increase in temperature but for small value of 7, i.e,
y7=0.05. With increase in temperature, the peaks are al broadened amost as in the case of broadband
reservoir. However, the side peaks are shifted outward dlightly. That means the Rabi frequencies increase
dlightly and this is due to the finite correlation of the bath.

In Fig. 3(a) we show the spectra at fixed nonzero temperature for different values of 7. With moderate values
of 7, i.e, when the density of bath modes become very low near the range of Rabi frequencies, the width of the
side peaks decrease sharply. In such ranges of temperature and 7, the width of the central peak increases and if
T is larger than this the central peak disintegrates into twin peaks. The splitting in the central peak for different
temperatures is shown in Figs. 3(a) and 3(b). This splitting of central peak for narrow bandwidth of the bath is
induced by thermal quanta of the bath. We find this feature for the central peak only because the vacuum band
shape we have chosen is centered around the system resonance and thus the vacuum modes are present very
little near the frequency range of w, + {2, to dispense energy to the bath and the strong field induced Rabi
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Fig. 3. (@ Same as in Fig. 2(a) with i = 1.0 for three different values of k= 0.05, 0.2 and 0.4. (b) Same as in Fig. 2(a) with k= 0.4 for
three different values of A= 0.5, 1.0 and 2.0.

sidebands are decoupled from the bath. If we would assume the maximum of the reservoir band near the side
peaks, we could have found the reversible dynamical feature through the side peaks also.

The splitting of the central peak at higher temperature (71) and for shorter bandwidth of the bath can be traced
from the poles near the resonance frequency of the system, i.e, p=A,= — 2[1F {1 — 2k(1 + 2R)}*/2]. For
low values of 7 and i, 1 — 2k(1 + 27) is positive and the two Lorentzians are merged together. When = and i
are of moderate values, A, become complex and the central peak splits up into two. One can evaluate the
separation between the peaks as S=_1 [2k(2n + 1) — 1]*/? and this can be described as a thermal bath

2k
induced Rabi splitting. S increases with decrease in bandwidth of the bath and with increase in temperature. In

effect, a colored bath with very short bandwidth with large therma photon number acts as an another coherent
driving field.

4.2. Absorption spectrum

The absorption spectrum of a weak field probing a strongly driven two-level system has been calculated by
Mollow [20]b through the correlation function by the density matrix approach which we will adopt here. The
detailed theoretical and experimental comparison can be found in the Ref. [20]c. Here we just show the
dependence of the finite bandwidth and temperature of the bath on the absorption profile.
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The weak probe field absorption spectrum of the driven two-state system can be calculated [20]b,c from
(w0, — o) = [ lim fwe"(‘“p""“)tK[cr,(t +t),0, ()] dt'|, (4.15)
t—>xJp
where the real and imaginary parts of 1(w, — w,) give the absorption and dispersion spectrum, respectively.

Here o, is the frequency of the weak probe field. We also assume A;=0 as in the case of resonance
fluorescence. By performing Laplace transform of the quantity

9(t) = lim ([, (t+1).0_ (O], (4.16)
we obtain

(f2(p) —fu(P))

g(p) =L(g(t)) = oF(p) (4.17)
where F(p) is given in Eg. (4.11) and
f(p) = 3(S(t—=) + 1)p{[ p+Q_(P)][ P+ Q0)] + EZ/2)
iE, _
+8.(t>=)(p+y) 52 (P+Q.), (418)
and
f,(p) = 3(1—S(t—=))p{[ p+Q_(P)][ p+Q,(0)] + EZ/2)
-S> =)(p-9) (P 3) (419)
We thus obtain
Ch, Ci, Ci_
(@p = wo) = = i(wg—wp) + Ay * i(wg— w,) + Ay - i(wg—wp) + A
G, G
+i(w0—wp)+/\++i(wo—wp)+/\7 ' (420)

where C'-values are the residues of (f,(p) —f,(p))/pF(p) at the five poles of F(p) which are discussed
earlier for the case of emission spectrum. The absorptive part of the spectrum is the real part of the expression
I(w, — wy).

IFr)1 Fig. 4 we show the absorption profile to find the effect of k and Nn. Here also we set E,/y = 10.0. In Fig.
4(a) we take N =0 and for different values of k. At zero temperature and for finite bandwidth of the bath, the
profileis similar to the absorption calculated by Mollow [20]b,c, i.e, a gain in the absorption profile is observed.
The effect of k is not so drastic near the center frequency but the Rabi sidebands affected by shifting outward
and become narrower with increase in k. This shift is analogous to the shift in linear absorption in the case
when the band center of the bath is detuned from the system frequency. In the strongly driven case, as is here,
system dipole has three dressed frequencies. Among them the Rabi side band peaks get affected strongly
because of the Rabi sideband modes are detuned from the center of the reservoir band and the bath mode
density is also very low in the vicinity of these frequencies and is shifted.
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Fig. 4. (@) Absorption spectrum Rel1(w, — wq)y] versus frequency (w, — wq)/y is plotted, with E, /y =10.0 and n= 0.0 for three
different values of k= 0.0, 0.05 and 0.1. (Both scales are arbitrary). (b). Same as in (&) with k= 0.4 for i= 0.5 and 2.0.

In Fig. 4(b) we show the absorption profile at k= 0.4 for different A= 0.5 and 2.0 as a typica case to
demonstrate. At finite temperature, the effect of = and n on the absorption profile are not so drastic as in the
case of fluorescence near the center frequency. This is because the absorption intensity near the two-state

resonance is usually very low and thus it is difficult to detect the splitting due to increase in temperature and
decrease in bandwidth of the bath.

5. Conclusion

We consider the system-heat bath model in the resonant interaction form for the bath with a finite bandwidth
to investigate the decaying dynamics of the system within one approximation that the system—bath joint density
is always factorizable. Due to the evolution of the reduced system with memory, a strong driving field leads to a
qualitatively different dynamics. We have given the modified Bloch equation for the Lorentzian bath mode
distribution as a prototype function for finite bandwidth of the bath. In the limit of infinitely broadband vacuum,
it reduces to the usual Bloch equation. The decay dynamics is studied through the transient linear absorption,
resonance fluorescence spectra and absorption spectra of the driven system. In the linear absorption we find the
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physical origin of spectral shift and non-Lorentzian lineshape which are usually observed in the solution phase
or in the condensed phase. At higher temperature and narrow bandwidth of the bath we find the splitting in the
absorption profile.

We have found a dramatic modification of the Mollow resonance fluorescence spectrum. At higher
temperature and for narrow bandwidth of the bath, a thermal bath induced splitting emerges on the central peak
of the profile of Mollow triplet. When the bath mode density decreases near the range of Rabi frequencies, the
peak width of the Mollow sidebands decrease very sharply. In the absorption profile of the driven system we
have found the signature of the bath through the sidebands. In the gain part of the profile the effect is smaller
and thermal bath induced splitting in the central peak is hard to observe.

We have analyzed the linear and nonlinear spectra purely from the dynamical point of view by assuming the
system—reservoir interaction is characterized by a finite bandwidth of the bath. Appendix A is added to
comment on the naming of the dynamics as non-Markovian and on the physical validity of the application of
regression theorem for arbitrary bandshape function of the bath. To understand the physical origin of the
splitting on the spectral profiles a heuristic argument is presented in Appendix B.

Although the Bloch equation picture is very general to describe many phenomena from NMR to Quantum
Optics in gas phase systems, however, a single impurity molecule in condensed phase with a realistic host
system demands a modification of Bloch equation to simulate the effect of the environment. For example, very
recently a pump-probe experiment [21]b with a new host—guest system, e.g, benzanthracene in a napthalene
crystal, showed hyper Raman and sub-harmonic resonance on the profile of fluorescence which is explained by
modified Bloch equation. These modifications are needed not only just to satisfy the experimental data but also
to understand the effect of various noise processes induced by the host matrix from very short to very long
correlation time [23]. In this work we considered a model colored noise environment through a Lorentzian
bandwidth of the bath, which is a prototype of a finite bandwidth of bath, to understand dynamical modification
on the spectra. We hope a suitable host matrix can be designed to act as an environment with a finite response
time on the guest molecule to show the proposed effect to occur.
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Appendix A. A few comments on regression hypothesis and Markov property in the density matrix theory
of damping

First of all we show here that the approximation we have made in Eq. (2.7) i.e,

k(t) =s(t)f(t) =s(t)f(0) (A1)
satisfy regression theorem [24,25]. This means the two-time correlation function evolves in the same way as the

expectation value.
At t =0, we have assumed

k(0) =s(0)f(0). (A2)
The reduced system and reservoir density operators are defined by
s(t) =Trg{x (1)}, f(t) =Tr{x(1)}, (A3)
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respectively. In terms of «(t), the average of a system operator B, is given by
(B(1)) = Tr{Tra{ B(0) k(1) }} = Tr{ B(0) Tra{U(1) k (Q)U (1) }} = Tr{ B(0) s(1)} (A-4)
where U is the total system—bath evolution operator. The two-time correlation function { A(t) B(t')) is given by
CA(D)B(1)) = TrdTrg{ A(t) B(t') k (0)} } = Tr{Trg{U~(1) AQU(1)U*() B(O)U(t') x(0)}}
= Tr{Trs{ A(QU(t — t') B(O)U(1') k (O)U (1)U (t — 1) }}
=Tr{ A(0) Trg{U(t—t') B(0) x (t) U (t—t)}}, (A5)

where A is also a system operator. Here we should notice that the Eq. (A.5) is an exact expression.
Comparing Egs. (A.4) and (A.5), we can find that both s(t) and the function

Q(t,t) =Trg{U(t—t)B(0) k(1)U (t—t')} (A.6)

appear to evolve in the similar way but with subtle difference. Note that the initial time for the evolution of s(t)
is t = 0 when the system—bath correlation vanishes. Without loss of generality one is interested in evaluating the
correlation function { A(t)B(t')) for the case t > t'. Thus one can assume 2(t,t') =0, for t < t'. So the initial
time for the evolution of (t,t') ist=t" and thus a system—bath correlation will exist at t =t'. This correlation
at the initial time in Q(t,t’"), gives some extra correction factor to the evolution of (t,t') thereby causing
0(t,t') to evolve differently from s(t). This extra factor will be destroyed provided «(t') factorizes for all time,
i.e

k(1) = s(t)f(0). (A7)

This extra factor is calculated by Swain [24]. Thus when (A.7) is satisfied, the two-time correlation function like
(A.5) evolves in the same way as single time expectation value (A.4), i.e., quantum regression theorem holds.

Here we would like to comment on the Markov property in the context of density matrix theory of damping.
By using the Langevin description of Heisenberg's equation of motion, Lax [25] has proved that the Markov
property implies the regression theorem as well as the converse. In that derivation Markov property means the
Langevin force at time t be uncorrelated to any information at earlier times. In terms of density matrix theory he
[25] has proved that the regression theorem can be taken as a definition of Markov property by which quantum
dynamics corresponds to classical dynamics. Thus according to Lax, in the density matrix theory Markov
property is a derived condition when the regression theorem holds good. This precisely means correlation
between system and bath does not evolve in time.

Actually the memory can come in the picture in two different ways: (i) one way is that the joint system—bath
density evolves with memory, which means when the factorization like (A.7) is not valid. This should be called
as non-Markovian in the sense of Lax. (ii) Other way depends on the factorization assumption, Eg. (A7), which
means the reduced system density can evolve with memory. This is Markovian in the sense of Lax, because
regression hypothesis holds. In our work we follow the second condition but referred as non-Markovian to keep
track with the earlier literature [8—12]. In the text we have named the master equation for the reduced density as
a system operator concerned non-Markovian eguation which evolves in time with memory and clearly needs a
shape function of the vacuum band. Thus one can conclude that the regression theorem or Markov property of
Lax has more general validity than the standard Born-Markov theory (Louisell [3]) and can cover the case when
the reduced system evolves with time convolution. Since the factorization assumption is independent of
bandwidth or memory function, the physical validity of the application of regression theorem lies on the choice
of the memory function or the bandwidth of the bath. One possible way is to choose the memory function so
that the dynamics should reach the appropriate thermal equilibrium in the long time limit.
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Appendix B. Origin of splitting on the spectral profiles: a heuristic argument

To understand the thermal splitting and to identify the source of eigenvalues A, we consider the evolution of
coherence term in Eq. (2.22a), for A=0and A, =0 as

) i ,
5.(1) = S ES.(1) — 2 (1+ 2 wg)) ['S, ()&~ 7, (8D
0
which might be written as the pair of coupled equations

. i 1
$.(1) = 5 ES.(1) — 2 (14 28(w))a(t), &(t) = = —a(t) + 5, (1), (8:2)

with initial condition «(0)=0. If one wishes to, one may regard the introduction of «(t) as simply a
mathematical device, but in fact this variable has the physical significance of a field amplitude. Now write
S, (1) = X() +iY(t) and a(t) = x(t) + iy(t). Then the equations for the real parts are

X(t) = —%(1+2ﬁ(w0))x(t), x(t) = —%x(t) + X(1). (B.3)

The eigenvalues derived from these equations are

A= ! [17 /1= 2yr(1+ 27(wy)) |, (B.4)

T

which can be accounted for the splitting. The coupling between x(t) and X(t) that allows the eigenvalues to be
complex is, indeed, of the form as that which causes the vacuum field Rabi splitting in the cavity where x(t) is
the real part of the amplitude of the cavity field and X(t) the rea part of the atomic polarization [20]c.
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