PHYSICAL REVIEW A

VOLUME 51, NUMBER 4

APRIL 1995

High-order unraveling of master equations for dissipative evolution
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We show how the quantum trajectory method for describing the dissipative evolution of condi-
tioned states can be implemented in a numerically efficient higher-order unraveling that goes beyond
the Euler method usually employed in such simulations. We demonstrate its applicability through
an analysis of spontaneous emission and find that improvements by two orders of magnitude are

possible for the specific example addressed.

PACS number(s): 42.50.Lc

I. INTRODUCTION

The traditional way of treating dissipative coupling be-
tween a source system and a large reservoir employs a
linear Liouville equation for the system reduced density
operator [1]. This describes the evolution of the system
reduced density operator pg, having traced out the states
of the reservoir, through the irreversible master equation

3 s = cos, 1)
where the Liouvillian £ can be decomposed into two
parts: a coherent part Lo, which describes the (re-
versible) coherent dynamics driven by the system Hamil-
tonian Hg, and a dissipative part £, + L,, describing the
system damping through its coupling to the reservoir.
We write

Lps = Lops + L1ps + Laps

1
= 2 [ps, Hs] — = (C'Cps + psCTC) + CpsCt. (2)
3 2 .

The Lindblad operator C' [2] acts on the small system
and as written here represents the coupling to a zero tem-
perature reservoir. In spontaneous emission from an ex-
cited atom, for example, the relevant Lindblad operator
C « o7, the atomic lowering operator, whereas for cav-
ity field-mode damping, the Lindblad operator C' « a,
the annihilation operator. Simulation or Monte Carlo
methods to describe the evolution of single realizations of
systems described by the relevant master equations have
been developed [3-5] based on continuous measurement
theory [6,7]. Photoelectric detection monitors quanta
that irreversibly decay into the reservoir which provides
conditioning information that interrupts the coherence
of the system dynamics [8]. One method which has re-
ceived a great deal of attention recently is the Monte
Carlo method that simulates the evolution of trajecto-
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ries in Hilbert space [4,5,9-12] conditioned on continuous
photodetection with two distinct elements. The first is
smooth evolution under the influence of a non-Hermitian
Hamiltonian Heg [Eq. (3)] which originates from the first
and second term (Lo and £;) in Eq. (2); the second ele-
ment consists of a stochastic influence that randomly in-
terrupts the non-Hermitian evolution by projections [Eq.
(4)] or quantum jumps, determined by the last term in

Eq. (2) (ﬁz):

|¥) —> exp (—% Heg 51:) o), (3)
|¥) — C|¥), (4)

where
Heg = Hs — %CTC. (5)

Apart from providing insight (especially into the behav-
ior of single realizations [13,14]) into dissipative coupling
to a reservoir, any method that evolves a state vector
rather than a density matrix requires less memory on
a computer than a numerical integration of the master
equation. This can make otherwise difficult problems
treatable. On the other hand, the sampling process in-
volved in the Monte Carlo method requires the integra-
tion of the state vector to be repeated many times before
an average is obtained to describe an ensemble of dissi-
pative systems, and associated moments. The procedure
has been implemented in two ways. One of them involves
making use of a delay function in which the waiting time
distribution for photon detection needs to be calculated
[3]. A second approach involves discretizing time into fi-
nite steps dt [4] and at every step deciding whether or
not a quantum jump occurs. The latter is essentially
based on a first-order unraveling of the master equation,
which makes it disadvantageous when compared with a
direct integration, which one might think of implement-
ing with a more accurate and stable higher-order Runge-
Kutta method. We follow the suggestion given in [5]
and perform the non-Hermitian evolution [Eq. (3)] with
a fourth-order integration technique. However, this does
not remove the fundamentally first-order character of the
unraveling and hence the simulation. It is the purpose of

3302 ©1995 The American Physical Society



this paper to show how this can be achieved.

In the following section we introduce an improved
Monte Carlo method which provides a fourth-order simu-
lation of the master equation (1) yet retains the simplic-
ity of the method as described in [5] without the need to
introduce waiting time distributions. We next examine
the error measure in the Monte Carlo methods employed.
This is followed by a section presenting the results of our
investigation into the error of the Monte Carlo method
and of the quantitative improvements from the fourth-
order Monte Carlo method.

II. HIGHER-ORDER UNRAVELING

In this section we will present our proposal to arrive
at higher accuracy results when using a modified Monte
Carlo method and state the resulting changes from the
standard method. The Monte Carlo or quantum jump
method is based on the simulation of the conditioned
evolution of either a density operator or a state vector
[4]. At one point it is not, however, a rigorous implemen-
tation of the trajectory concept. Because this method
discretizes time into small steps dt, a quantum jump
[Eq. (4)] in the simulation takes a finite time §t, whereas
in a simulation of quantum trajectories the information
gained [5,15] from detection should instantaneously be
used in conditioning the quantum state of the system.
This pinpoints the subtle difference between conditioned
trajectories and the slightly simpler idea of evaluating the
probability of decay quanta at discrete time steps. The
simplest way to remedy the fact that conditioning takes
time in the simulation is to add evolution with the effec-
tive Hamiltonian to the projection step [Eq. (4)]. Having
said this, the question arises at what point during the
time interval ¢ we need to condition the quantum state
according to the result of the detection process. First,
it is worth noting that wherever we decide to do this, it
would not change the accuracy of integrating the master
equation in first order. Second, we may try to increase
the accuracy by choosing a specific point in the interval
8t. Let us integrate the master equation (1) to second
order in 4t :

ps(t+5t) = ps(t) + 3 5t ([Losle + [Loslesse) + O(6%).
(6)
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The terms that result from evaluating the right-hand side
of this equation can be cast into the following form (see
the Appendix):

ps(t+6t) = Ups(t)UT + %JtUCps(t)CTUT
+%6tCUp5(t)UTC’T

+%¢5t2Ucc,os(t)CT(J*UT + 0@, (7)

Here U denotes evolution under the influence of the ef-
fective Hamiltonian

U = exp (—% Hg 5t) , (8)

which we call the “no-jump” evolution. The four terms
on the right-hand side of Eq. (7) represent four specific
conditioned evolutions or minitrajectories that the sys-
tem might follow. An expansion into minitrajectories is
important because only then can the density matrix evo-
lution (7) be simulated with pure states [as in Egs. (3)
and (4)]. The first minitrajectory in Eq. (7) represents
evolution without any jump, the second and the third
represent a jump followed by evolution without jumps
and vice versa, respectively, and the fourth includes two
successive jumps followed by no-jump evolution.

We see that it is not sufficient to specify one point in
the interval §t at which to condition the density opera-
tor due to the quantum jump. We have to consider two
points, at the beginning and at the end of ét, and also the
possibility of two immediately successive quantum jumps
in order to increase the accuracy in dt by one order.

We have pursued this idea to obtain results which are
accurate up to fourth order (in dt). The master equation
was integrated along the lines of a fourth-order Runge-
Kutta method for ordinary differential equations. This
was done using a MATHEMATICA package [16] of com-
puter programs in order to ensure operator ordering was
maintained. The resulting terms were ordered and cast
into terms that represent minitrajectories. The result in
fourth order then contains 13 minitrajectories (including
the no-jump evolution) as follows:

ps(t + 6t) = Ups()U] + 16tU1Cps(t)CTUT + L16tCU1ps(t)UICT + §5tUL CU; ps(t)U;; CTU;
+36tU2CU, ps(t)Ug C*U% + §6¢°U,CU, Cps(t)CTU;{C*Ug + 36t°CU,CU, ps(t)U; ch;c'f
+16t*U, CCU, ps (t)U;cfch; + Lot*U,CcCCps(t)CTetetu] + Lst*cuicops(t)ctetufct
+L8t3cCcU Cps(t)Ctuictct + Lot’cocU,ps(t)Uictetet
+48t*U,ceccps(t)ctetetetu] + o(sth) . (9)

The subscripts on the non-Hermitian evolution U indi-
cate the fraction of the time interval é¢ for which each
particular U evolves the density operator, e.g., Uiz =
exp (—i Heg 6t/3k). The way in which Egs. (7) and (9)
are turned into a Monte Carlo simulation is clear: each
minitrajectory defines the conditioned evolution of the

[

system and is assigned a specific probability with which
it occurs, analogous to the jump and no-jump probabil-
ities in the standard method. Just as in the standard
procedure, a random number uniformly distributed be-
tween 0 and 1 is drawn to choose at random which of
the minitrajectories will govern the system evolution in



3304

the next time step ét. The no-jump evolution is tested
first as this, for small ¢, is the most likely minitrajec-
tory. We note that the probability for evolution with-
out detection remains unchanged as compared with the
standard method and because the no-jump evolution is
most likely the diversity of the minitrajectories hardly
influences the necessary computing time. However, if the
no-jump minitrajectory is not selected then one of the
alternative trajectories in Eq. (9) must be chosen. For
example, if the normalized state of the system at time
t is |¥(t)) then the state of the system after evolution
corresponding to the fourth minitrajectory in Eq. (9) is

I‘I’(t + (5t)> - e—iH,ffét/iih C et Hes 26t/3h |‘IJ(t)> ,

(10)

which includes a renormalization factor A. The state | )
is evolved with the effective Hamiltonian over two-thirds
of the time step 4t using a fourth-order Runge-Kutta inte-
gration step [5]. After projection with the Lindblad oper-
ator C the evolution is continued with the non-Hermitian
Hamiltonian for the remaining third of the time step dt.
Only then is the resulting state vector renormalized. The
probability for this minitrajectory to occur is given by the
product of the factor 36¢/8 and the renormalization N.
We note that the whole procedure described above
J

o]

ps(t + 6t) =

x { e(£ot+L1)(t+6t—tm) )

— e(Lo+£1)6tpS(t) + Jte(co—}—cx)&tﬁzps(t) +

This result leads to a procedure as described by Egs. (3)
and (4), the only difference being the evolution with the
non-Hermitian Hamiltonian that follows the projection
[Eq. (4)]. Higher than second order approximations to
Eq. (11) involve approximations to multiple integrals to
higher than first order. Using the trapezian rule extended
to multiple integrals we arrive at Eq. (9) as an approxi-
mation to Eq. (11). It is worth noting that Eq. (9) is not
unique in the sense that it integrates the master equation
(1) to fourth order.

III. ERROR MEASURE

Next we will give a description of how to assign an error
measure to Monte Carlo results. Typical results from the
Monte Carlo method are time evolutions of observables
calculated as an average of (say) N single trajectories.
These N trajectories constitute a sample drawn at ran-
dom from the universe of trajectories. The outcome of
an observable (say) z at time step 7 in the time evolution
is

L X
z|; = N Z zilj (13)
=1

t+4t tm
> / dtm/ dtp_q -~
m=0 vt t

e(£o+£1)(tm—‘m—1)L2 ..
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[as in Eq. (9)] generalizes in a straightforward way to
systems with more than one Lindblad operator Ci. As
in the first-order unraveling procedure one simply ex-
tends Eq. (5) to include the additional decay channels
through the Heg = Hs — (¢R/2) >, C’,ICk. However, in
fourth order Eq. (9) must be generalized to a sum
over all possible permutations of sequences of different
jump operators Cy, e.g., the last term takes the form
(1/24)6t* ¥, . ., U1CiCiCrlips(t)CiCicictuy.

The procedure we have described can be related to the
unraveling of the master equation as it results from a
formal integration of Eq. (1) [4], that is,

exp {L(t — to)} p(to)

oo t tm t2
- Z / dtm/ dtp1 - / dt,
m—o0 “Jto to to

(Lo+L1)(tm—tm-1)

p(t)

x{ elFotE)(t—tm) ) o

XLy Lo e([‘°+£'1)(t1_t°)p(t0)}. (11)

The rather complicated formula also applies for a small
time step ét. The different terms in the sum contribute to
different orders in §t. A first-order approximation to Eq.
(11) replaces the sum over integrals by the sum terms
m = 0,1 and approximates the integral. The result is

121

dt,
t

Lo e(£o+t:1)(t1—t)p(t)}

0(6t2) . (12)

[

an average over the outcomes x;|; from single trajecto-
ries ¢ at time step j. The number we choose as an error
measure for a particular result is calculated as

Z (14)

where xo|; is the exact result that may be obtained from
an analytical solution and the sum over j means averag-
ing the square of the number §; over the n time steps in
the evolution. By examination of one of these sum terms
,sz we find

n

> (@l — zol,)?

j=1

g =

S
3|'—‘

N

Z (zil; — $0|J

= (sz1,)?, (15)

where (s;];)? is the squared standard deviation of the
sample

(s21:)* = NZ(% al;)*. (16)

From the principles of the Monte Carlo method we know
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that taking into account the whole universe of trajecto-
ries the mean yields the analytical result zo|;. Although
we do not (and cannot) take into account all trajectories
in the universe, we might take the sum in Eq. (15) to ap-
proximate the squared standard deviation in the universe

(0a]5)%:

1 N
(0=l3)* = Z (@ilj — zol3)* . (17)

Furthermore, for the case of a normal distribution we can
use

(18)

so that

Bj = —2 (19)

is the standard error of the average. Hence the number 3
we chose as an error measure is a root mean squared av-
erage of the standard error along the time evolution and
in particular we expect it to be proportional to 1/v/N.

IV. RESULTS

We have investigated the improvement gained from im-
plementing the higher-order unraveling formula [Eq. (9)]
by looking at the problem of resonance fluorescence from
a two-level system [11]. In a rotating frame the effective
Hamiltonian is

Heg =hAoto™ +h(got +g*0™) — 1—2':1'7 ato™, (20)
where 01,0~ are operators for the two-level system
which flip the state of excitation, A = w — 2, denotes
detuning between the two-level transition frequency w
and the field mode frequency 2, and g = —% pa in-
corporates the strength £g of the driving field and the
dipole matrix element p. The decay constant v describes
the coupling to the vacuum and the Lindblad operator C
in Eq. (2) becomes ,/y0~. For our simulations we chose
g/7 = 1 and zero detuning. In Fig. 1 we show two Monte
Carlo method results, one using the first-order unravel-
ing as given by Egs. (2) and (3) (dashed line), the other
one using the fourth-order unraveling formula [Eq. (9)]

(dotted line). Note that in implementing Eq. (9) the

last six terms are not needed in this problem because
(¢7)2 = (6%)2 = 0. The fourth-order result is hard to
distinguish from the analytical solution (solid line) ob-
tained by solving the master equation. It can clearly
be seen that for this sample size N and time step 6t,
the fourth-order Monte Carlo method converges accu-
rately. The first-order method would have required a
much smaller time step to achieve the same accuracy.
The two parameters N and 4§t compete in their influ-
ence on the error. Having chosen a particular step size
6t, an increase in N will not always continue to improve

1.0

0.5

0.0

< 03>

-0.5

0.0 2.0 4.0 6.0 8.0

-1.0 .

yt
FIG. 1. Ensemble averaged time evolution for the expecta-
tion value (o3) (inversion in the two-level system). The dot-
ted line shows a sample of 250000 trajectories obtained by
the fourth-order Monte Carlo method (g/vy = 1, v6t = 0.1,
and zero detuning). It is hard to distinguish the dotted line
from the solid line showing the analytical result. The dashed
line shows a sample of 250000 trajectories obtained by the

first-order Monte Carlo method for the same parameters.

the error. At some point, the first-order character of the
decision between no-jump and jump at every time step
[Egs. (3) and (4)] will start to dominate, so that increas-
ing the sample size does not reduce the error any further.
This leveling out is the most prominent feature of Fig.
2. As we expected from the discussion above, the error
measure first shows a 1/v/N dependence before it begins

1.000 T T T

0.100

0.010

0.001

10 100 1000 10000 100000

sample size

FIG. 2. The error measure 3 as an average over the time
evolution from vyt = 0 to vt = 8 for different sample sizes
and time steps using the first-order method. Sample sizes
range from 20 to 250 000. The time steps are vt = 1,0.1,0.01,
and 0.001 and are depicted by the symbols o, O, ¢, and A,
respectively. Other parameters are the same as in Fig. 1. The
solid line shows 1/+/N.
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to flatten out and remain constant with increasing N,
owing to the constant influence of the step size dt. The
remaining errors at very large N roughly depend linearly
on the size of §t. This means that we can estimate the
required sample size and time step to achieve a particular
accuracy.

We now reexamine the same evolution, but using the
fourth-order unraveling formula [Eq. (9)]. The result is
shown in Fig. 3. Only for the largest time step §t was the
region of constant error reached within the sample sizes
we chose. By comparison with the first-order method,
the accuracy achieved with a given time step is much
greater so that we can drastically increase the size of the
time step and still obtain results of the same accuracy.
Using the first-order method, we need to reduce the time
step to 6t = 1073 in order to achieve an error of the
order of 1073, The fourth-order method allows us to use
ot = 107!, which is two orders of magnitude larger. We
note that the higher complexity of Eq. (9), as compared
to Egs. (3) and (4), leads to only a slight increase in
computing time. So with a mean of four jumps occurring
during a time evolution that consists of 8000 steps, this
improvement means that if the fourth-order method is
required to perform at the same accuracy as a first-order
unraveling, much larger time steps can be used and there
can be a considerable saving in computational effort (by
orders of magnitude).

We have also applied the fourth-order unraveling for-
mula [Eq. (9)] to a more complex system: the problem
of the Jaynes-Cummings revivals with cavity loss. Mak-
ing use of a large step size dt, we can show that also
for this system the Monte Carlo method converges accu-
rately. Especially when insisting on high accuracy results

1.000 T T T T

0.100

0.010

0.001

10 100 1000 10000

sample size

FIG. 3. The error measure 3 as an average over the time
evolution from vt = 0 to 4t = 8 for different sample sizes
and time steps using the fourth-order method. Sample sizes
range from 20 to 250 000. The time steps are vt = 1, 0.1, 0.01,
and 0.001 and are depicted by the symbols o, (J, ¢, and A,
respectively. Other parameters are the same as in Fig. 1. The
solid line shows 1/+/N.
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this is an enterprise that would have taken significantly
longer given modest personal computer or workstation
computing power and using the first-order method.

V. CONCLUSIONS

We have presented a fourth-order Monte Carlo method
to simulate dissipative evolution of quantum systems.
Using an error measure which is a squared mean of the
standard error of the average from the single trajecto-
ries, we have shown the competing influence of sample
size N and size of the time step §t on the error in Monte
Carlo results. In the region of sample sizes where the er-
ror from the finite size of the sample dominates, we find
al/ V'N dependency of the error, whereas in the region
where the finite time step dominates the error, it remains
a constant with increasing size of the sample. The lin-
ear error dependence on time step size 6t for very large
samples enables us to estimate an error given a particu-
lar time step and sample size in our model problem. We
have shown how the modified fourth-order Monte Carlo
method can reduce this error by two orders of magni-
tude while increasing computing time only marginally.
Alternatively, the same accuracy can be achieved by the
present method in a computing time that is two orders
of magnitude shorter. It is not necessary to calculate
waiting time distributions and the implementation on a
computer remains as simple as for the standard method.
Moreover, the method can be directly applied without
the need of prior analytical calculation.
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APPENDIX: THE SECOND-ORDER
UNRAVELING

In this appendix we will show some of the details of the
second order unraveling, that is, we give the steps needed
to go from Eq. (6) to Eq. (7). We start by performing a
Taylor expansion on Eq. (6) to obtain

2
ps(t + 6t) ~ (1 + 8tL + %ﬁ) ps(t) (A1)

in second order. We work to second order in 6t through-
out this appendix and for convenience we set A = 1 in
this appendix only. The Liouville operator £ is given in
Eq. (2) and may be used to obtain
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L2ps(t) ~ —HZps(t) + 2Hsps(t)Hs + %HSCTCps(t) +iHsps(t)CTC — iHsCps(t)Ct — ps(t)HZ — iCtCps(t)Hs
—%ps(t)C*CHs +iCps(t)CTHs + %C*CHsps(t) + %CTCCprs(t)
+%C’TCp5(t)CTC - %CTCCps(t)CT - %ps(t)HsCTC + %ps(t)CTCCfC' - %cps(t)(ﬂcfc
—iCHsps(t)Ct +iCps(t) HsCt — %cc*cps(t)cf - %C’ps(t)CTCCT +CCps(t)CtCT. (A2)
Now, as in the first-order unraveling, we anticipate a term in the expansion to be of the form Upg(t)Ut, where U

is given in Eq. (8). The factor Ups(t)UT is simply the density matrix version of Eq. (3). To evaluate Upg(t)Ut we
first need the second-order expansion of U which is

. . .
U146t (—iHs - %CTC) + ‘% (—H§ + %cfccfc + %HSCTC + %C*CHS) . (A3)

This then leads us to the second-order expansion of Upg(¢t)UT,

. 1 ‘ 1
vas(t)UJr ~ ps(t) + ot (—'Zﬂsps(t) — chcps(t) + Zps(t)Hs — é—ps(t)CTC)
st Lot tO 1 to ot 2 1 toot
+7 ZHSPS(t)Hs + EC Cps(t)C C +7,H5ps(t)c C —-1iC Cps(t)Hs — Hsps(t) + ZC ccC Cps(t)
+%HSCTCp5(t) + %CTCHsps(t) — ps()H2 + ps(t)CtCCtc - %ps(t)CTCHS - %ps(t)HgC’TC> .
(A4)

Now if we subtract this expression for Ups(t)UT from the second-order expansion for pg(t + 6t), which is Eq. (A1)
with £L2pg(t) from Eq. (A2), we obtain the residue

2
ps(t + 6t) — Ups(t)U' ~ 6tCps(t)CT + % (—z’Hscps(t)CT +1iCps(t)CTHs — %cfccps t)ct — %cps(t)cfcfc
—iCHsps(t)C*

+iCps(t)HsCt — %cc*cps(t)cT - %Cpg tycteet + Ccps(t)CTc*). (A5)

These terms are to be assigned to minitrajectories. The first term Cps(¢)CT is in the correct form for a minitrajectory
and corresponds to the first-order Eq. (4) when placed in a density matrix form. The last term CCpgs(t)CTC? is also
in the correct form, but the remaining terms are not obviously minitrajectories (i.e., they are not Hermitian, etc.).
However, we note that, to first order in ¢, we can expand a new minitrajectory UCpg(t)CtU" as

UCps(t)CTUT ~ Cps(t)Ct + &t(—iﬁrscps(t)cT - %c"ccps(lt)cT +iCps(t)CTHs — %cps(t)Cchc) . (A6)

If we multiply this equation by §t/2 we see that it results in half of the first term on the right-hand side of Eq. (A5)
and exactly the second through to the fifth terms of Eq. (A5). We conclude that we need only §tUCps(t)C1U*/2
to obtain almost half of Eq. (A5). The sixth to ninth terms of Eq. (A5) are easily found to be the minitrajectory
8tCUps(t)UTCT/2. As mentioned, the last term is already a minitrajectory, although to second order in 6t we have

CCps(t)Cict ~UCCps(t)CTCiUt (A7)

and we may use either form. In Eq. (7) we have used the second form because it is closer to the terms appearing in
higher orders such as the fourth order unraveling in Eq. (9). This completes the proof of Eq. (7).
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