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A general derivation of non-Markovian Pauli-type master equations is given for systems interacting with
pump and relaxation mechanisms. It is shown that the adiabatic-following solutions of Bloch equations, due
to Grischkowski and co-workers, are obtained as a special case from Pauli equations of non-Markovian type.
Finally, it is proved that for a two-level system the non-Markovian master equation obtained in the Born

approximation is also exact.

The coupled Maxwell-Bloch equations are known
to describe a wide variety of optical resonance
phenomena'*? in two-level atoms, depending on the
nature of relaxation parameters, pulse shapes,
pulse widths, pulse coherence time, detunings, in-
homogeneous broadening, etc. For example, for
the case in which the pulse width is very long com-
pared to the transverse relaxation time T, or even
when the coherence time is much shorter-com-
pared to T,, then the Bloch equations can be re-
duced to a single equation for the inversion, and
this equation (which is now in the form of the rate
equation®*) involves the intensity of the field. In
such a case, the equations describe the incoherent
interaction of the pulse with a medium of two-lev-
el atoms. The rate equations have been used ex-
tensively in quantum optics to study a variety of
incoherent interactions.®*® When the applied fields
are close to resonance, the rate equation approxi-
mation breaks down. Improved solutions, which
correspond to adiabatic following, have been ob-
tained by Grischkowski and others.”™®

The purpose of this paper is to analyze the adia-
batic-following solutions from the point of view
of master equations.’® It will be shown that the
non-Markovian Pauli-type of master equations ad-
mit, in special cases, bothrate-equationand adia-
batic-following solutions. It is also shown that the
master equations obtained in the Born approxima-
tion, for diagonal elements of a two-level sys-
tems, are exact. The formulation is applicable to
multilevel systems, interacting with relaxation and
pump mechanisms, and provides a systematic as
well as rigorous way to arrive at the adiabatic-
following solutions.

It is known from the work of Zwanzig''+'? that the
diagonal matrix elements of p of a system char-
acterized by the Hamiltonian H=H + H,, in the rep-
resentation in which H, is diagonal, satisfy a Pau-
li-type master equation:

8P !
s fo d~r§m: [R,, (£ = )0, (7)

=Rum(t = 7)p,,,,(7)]=0, (1)

where R, () is the total transition probability that
the system makes a transition from the level In) _
to the level |m). Because of the non-Markovian
character, (1) differs from the usual Pauli master
equation or the rate equation. The Pauli master
equation is obtained from (1) in the limit that the
behavior of the system can be regarded as Markov-
ian, whence one can replace p(¢ — 7) by p(¢) and ex-
tend the limit of integration to infinity.

In optical resonance phenomena, the relaxation
parameters play animportant role and therefore we
will generalize (1) to make it applicable to open sys-
tems. The density matrix p of a multilevel system
interacting with coherent fields satisfies

p=Lop+ Ly(t)p, (2)

where we assume that the relaxation mechanisms
are such that L, couples diagonal elements to diag-
onal elements only and that L,(¢) has no diagonal
elements. We also assume that at ¢= ty, the den-
sity matrix p is diagonal in the ln) representation.

On introducing the projection operator ® defined
byll)

@...:Z ®,Tr{e,...}, e, = Im)(ml,

(3)
@(;:Z Gmmlm> <m'7

and on using the standard projection operator tech-
niques,'°** one can show that diagonal and off-diag-
onal elements of p are given by

(1 -@)p()= ‘ dT elotu(t, 1)

to

x e Lo"L,(T)®p(T), (4)
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. ¢
@p(t)=L,®p(H) + | dT @L,(f)elotu(t, 1)e"to"
to
x L,(T)®p(T), (5)
where

t
u(t, 7)=T exp (f dt’(1 —®@)e Lot L (¢)

x eLot’(1 —(P)) . (6)

Equation (4) relates the off-diagonal elements to
diagonal elements and Eq. (5) gives the time evo-
lution of diagonal elements in terms of diagonal
elements only. Because of the assumed properties
of L,, one will have

(eLOtG)aB=Z Xaan(t)Gmm (7)
with
Xnthn(t) = Cam(t) 6mﬂémn
+(1- 5“)(1 - 5mn)Daan(t)' (8)

The master equations of the type in Eq. (5) are
difficult to handle except in special cases. For a
two-level system we will show that U(¢, 7) is ex-
actly equal to the identity operator. For a multi- .

level system we will make the Born approximation.

Thus the following results will be exact for a two-
level system whereas for a multilevel system will
hold only approximately:

. tet
@p(t)= L ®p(t) + f ° dT@®L,(¢)elo”
(]

X L,(t =T)ep(t -T), (9)

t-t,
(1 -@)p(t) = f dre L (t - T)®p(t -T).  (10)

In order to prove that U(z,7)=1 for a two-level
system, we consider the Liouville operator £ act-
ing on any operator A:

LA=(1-®)L(1 -P)A, (11)
we write

(LB)mn:'Z LmnMBN’ (12)
and hence

[L(l "(p)A]uB:Z La&#q[(l - G’)A]pq

=Z Logpe(1 =8y A, (13)

Using (13) we get for the operator £

[(1-@)L(1 -P)A]= 3 Lopashos|m)(n]. (19)

m#En
a#B

Note that the U operator involves the Liouville oper-
ator of the form (11) with

(LA),,,= —ile Lof [H (), (€%0*A) 1) 1yns (15)

and hence on comparing (12) and (15), we get

Lmnaﬂ =i Z an?a( - t) { [Hl(t) ] err an(t)
O], Xpad®}.  (16)

It is clear from (14) that only elements of L cor-
responding to m #n, a+ are needed and such ele-
ments are obtained by substituting (8) in (16):

Lpnaa= =1 = 8,)(1 =6,) 37 (1 = 8,0(1 = 8,)(1 = 5,)Dyprpel ~ )

par

X{[H(D],Dyeas®) = [Hy(B)],Dpyast)t, m#n, a#p (17)

where we have also used the fact that H,(#) has no diagonal elements. It is quite obvious from (17) and
(14) that the operator £ as defined by (11) is identically zero for a two-level system and hence the evolu-
tion operator, as given by (6), is equal to unit operator for a two-level system. The above discussion has
been included here as we have shown inthe framework of master equations that U=1 without resorting to
any indirect methods. This is again very interesting from the viewpoint of master equations for here we
have found a class of master equations which are exact in the Born approximation.?

On simplification Eq. (9) gives the following non-Markovian master equation of the Pauli type:

S DECICACSIEST IS D R (LX0) I CATRE ) NS N P
? = [Hy(8) ] o[ (£ = 7)1y X qmpe T)Pgs(t = T) + H.cC.}. (18)

The usual rate equations are obtained from (18) by making the Markovian approximation. The spirit of
this calculation.is similar to that of Wilcox and Lamb* and Haken,® who calculated the off-diagonal ele-
ments of the density matrix in terms of diagonal elements by assuming that the off-diagonal elements fol-
low adiabatically the diagonal elements. Here we have done an exact calculation to eliminate the off-diag-
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onal elements [cf. Eqs. (4) and 10)].
If we consider that the relaxation mechanisms are such that off-diagonal elements show a simple behav-
ior (which is generally the case'?)

p; (1) =[eXofp(0)] ;= et Tij *#2isp, (0), i#j ' (19)
XmomB(t) mp aB ma(t) m:ﬁa, p¢B (20)

then on substituting (20) in (18) we get the final form of the non-Markovian master equation of the Pauli

type:

. ¢
paa(t)=2 <alL0PB| a> Pgg — J‘t dTZ [Rma(t’ T)paa(T) _Ram(t’ T)pmm(T)] ’
8 0

Rma(t7 T) = [Hl(t)]am[Hl(T)]ma Yma(t - T) +H.c.

Note that R, (¢, T) represents the total transition
probability that the system makes a transition
from the level |oz) to |m). It should also be noted
that R, in our case, is a function of the relaxation
parameters [cf. Eqs. (19) and (20)].

For a two-level atom (21) leads to (which is an
exact result),

u= 2 LR | 1) 0gs - 26 Y 818t - )
B 0

(22)
X eT127 cos(B,,7) [0y, (t = T) — pox(t = T)],

and hence the inversion Z satisfies the equation!®
(T,=T, A,=4)

=_—(z Z(0) _4g2 J ° ar8(1)8(t - 1)

x e TTcosATZ(t-7).  (23)

The non-Markovian equation (23) has several in-
teresting features, for example, if § is constant,
then it predicts (a) coherent Rabi oscillations in
the limit of very large T,,T,, (b) the Wigner-
Weisskopf type of decay for short T',. Thus, the
non-Markovian equation (23) enables one to study
the continuous transition from coherence to inco-
herence as T, is changed. In order to see how the
adiabatic solution of Grischkowsky and others
follow, we let {,~ —= so as to avoid the transients
and write

8(t-m)2(t -1)=8()2(1) - T5;[80Z®]  (24)

and retain only the first two terms in (24). Then
(23) reduces to ‘

2:--—(2 7)) - 2T, 83 20

4g%(1° - 87
+ (T2 + 22
We again note here that the second term consti-
tutes the rate-equationapproximation.? Equation
(23) on simplification leads to

8(t)-— [2(D8®)]. (25)

(21)
9 49282
2 [m(zxi)] —T(fi a (A"‘))l;{
= —m(z Z(O)) (263.)
where
2 2 2
X=14 ggié%_rmz);_m (26b)

Equation (26a) in the limit T, -~ leads'® to

20~ - () oxp (-1 [ ],

(27)
The off-diagonal elements are obtained from (10),
ie.,

Poalt) =~ fot )

X [paglt = T) =g ot =7)]

=_ift-todTYas(7)z Sl (A, (D] as

©ar Y oo (T H (= T)] s

nl o

X [pgs(t) —pua(t)]-
(28)
For the case of two-level atom (27) and (28), inthe
limit A>I', lead to the standard results.”®
For the case of multilevel atoms if we use

[H,(# = 7)] aPae(t = 7)
= [H,(2)] 4pPgs(?) - T— [H.(8)] apPes()

then we get equations of the type (25) and (28).
However, it is difficult to obtain analytically the
solutions of such equations.

" Finally it should be noted that Grischkowsky

et al.*" have also derived the vector model, for the
two-photon process taking place between the lev-
els |1y and |2). They have shown that the ele-
ments of the transformed density matrix in the

2 X 2 subspace satisfy Bloch-type equations. The
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coupling constant in the effective Hamiltonian now
involves the square of the field. It is clear that
the adiabatic-following solutions can again be dis-

cussed in terms of solutions of non-Markovian
Pauli-type master equations like (22) with the dif-
ference that 8(#) is now replaced by 82(z).

11,, Allen and J. H. Eberly, Optical Resonance and
Two Level Atom (Wiley, New York, 1975).

*p. G. Kryukov and V. S. Letokhov, Usp. Fiz. Nauk 99,
169 (1969) [Sov. Phys.-Usp. 12, 641 (1970)].

K. shimoda, H. Takahasi and C. H. Townes, Proc.
Phys. Soc. Jpn. 12, 686 (1957).

‘L. R. Wilcox and W. E. Lamb, Jr., Phys. Rev. 119,
1915 (1960).

SH. Haken, in Handbuch der Physik, edited by S. Fliigge
(Springer, Berlin. 1976), Vol. XXV/2c, p. 247.

3. R. Ackerhalt and J. H. Eberly; Phys. Rev. A 14,
1705 (1976); J. R. Ackerhalt and B. W. Shore, ibid. 16,
277 (1977). The latter authors have examined numeri-
cally the solutions of equations for a multilevel system
with and without rate-equation approximations.

™D. Grischkowsky, Phys. Rev. Lett. 24, 866 (1970);

D. Grischkowskyand J. A.Armstrong, Phys. Rev. A 7,
2096 (1973).

8M. M. T. Loy, Phys. Rev. Lett. 32, 814 (1974).

M. D. Crisp, Phys. Rev. A 8, 2128 (1973).

VFor a review of master equations see, for example,
G. S. Agarwal, in Progress in Optics, edited by
E. Wolf (North-Holland, Amsterdam, 1973), Vol. XI,
p. 1.

UR, W. Zwanzig, Physics 30, 1109 (1964); in Lectures
in Theoretical Physics, edited by W. Brittin et al.
(Gordon and Breach, New York, 1961), p. 106.

12Note that in Ref. 10 Zwanzig’s master equation has
been obtained without directly using dyadics.

3Another class of master equations, which are exact
in Born approximation, has been found recently

[G. S. Agarwal, Phys. Rev. A (to be published)]. This
class corresponds to quantum-mechanical systems
interacting with stochastic fields, where stochastic
fields are taken to be Gaussian 6 correlated [cf.

R. Kubo, J. Math. Phys. 4, 174 (1963); J. Fox, J.
Math. Phys. 13, 1196 (1972)].

14¢t. Ref. 10, Secs. 4 and 8.

5% may be worthwhile to note here that in the conven-
tional approach one formally integrates Bloch equa-
tions for dipole moments and substitutes these in the
equation for inversion to get exact equations like (23).
However, if one works with master equations in the
Born approximation, then one still discovers Eq. (23).
Thus the proof that U (¢, 7)=1 for a two-level system
fills the existing gap regarding the exactness of mas-
ter equations for a two-level system.

18t may be worthwhile to note that the usual derivation
of Z(t) is via the relation U%+V 2+ 2 2(t)=1 rather
than by the integration of the equation of motion (25)
for Z(¢).

1Ty, M. T. Loy and D. Grischkowsky, Opt. Commun.
21, 379 (1977); D. Grischkowsky, Phys. Rev. A 14,
802 (1976). ' -



