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Forward-backward solution of quantum-classical Liouville equation in the
adiabatic mapping basis

Chang-Yu Hsieh, Jeremy Schofield and Raymond Kapral*
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(Received 1 July 2013; accepted 16 August 2013)

A forward—backward solution of quantum-classical Liouville equation in the adiabatic mapping basis is constructed. The
trajectory dynamics of this solution admits an interpretation that is different from that in the quantum subsystem basis
and allows one to establish a connection between mean-field and surface-hopping algorithms within the quantum-classical
Liouville equation framework. This adiabatic formulation also suggests hybrid simulation schemes that combine aspects of

mean-field and surface-hoping dynamics.
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1. Introduction

Non-adiabatic dynamics, stemming from the breakdown
of the Born—Oppenheimer approximation, play important
roles in the description of many chemical and biological
processes such as proton and electron transfer reactions,
vibrational relaxation, photochemical dynamics, and co-
herent energy transfer phenomena in biological systems
[1]. In all these processes, the non-adiabatic transitions ex-
perienced by the quantum system are induced by interac-
tions with the environment in which it resides. To avoid the
exponential scaling in computational costs of exact quan-
tum simulations for the composite system, several mixed
quantum-classical [2,3] and semi-classical [4,5] schemes
have been developed.

In recent work [6,7], we constructed a forward—
backward trajectory solution (FBTS) to simulate non-
adiabatic dynamics within the quantum-classical Liouville
equation (QCLE) formalism. This solution was derived by
starting from the formal solution of QCLE in forward—
backward form in the subsystem-based mapping approach,
which represents the discrete quantum states in terms of
positions and momenta of fictitious harmonic oscillators.
With this starting point and the introduction of a coher-
ent state basis [8,9] in the mapping space, an approximate
solution of the QCLE that involves forward—backward tra-
jectories of the coherent state variables, coupled to the evo-
lution of the bath phase space variables, was derived. The
dynamical evolution of the entire system, quantum subsys-
tem plus bath, that is prescribed by the FBTS is described
by Newtonian dynamics in the extended phase space com-
prising coherent state and bath phase space coordinates,

providing a simple but approximate simulation algorithm.
The earlier surface-hopping-like schemes [10,11] for the
solution of the QCLE involve Monte Carlo (MC) sampling
of non-adiabatic events, which can lead to instabilities due
to accumulations of MC weights unless filtering is applied.
The FBTS does not involve such events and is more appeal-
ing alternatives in situations where long-time dynamics is
of interest.

Comparisons of the FBTS with exact quantum dynam-
ics on a variety of model systems indicate that quantitatively
accurate results can be obtained often with small computa-
tional cost [7]. In situations where this approximate solu-
tion is not quantitatively accurate, its generalisation, termed
the jump forward—backward trajectory solution (JFBTS),
has been shown to correct deficiencies in the solution. The
JFBTS provides a systematic method to numerically re-
cover the exact QCLE results by introducing jumps in the
continuous Newtonian trajectories. In the current formula-
tion of the JFBTS, there is no special criterion to determine
at which times jumps are inserted; consequently, they are
introduced through uniform stochastic sampling. Since the
inclusion of jumps in the trajectories adds to the computa-
tional cost, it is important to develop better jump sampling
strategies for situations where the simple FBTS does not
provide sufficient accuracy.

Here, we consider the formulation of the forward—
backward solution of the QCLE in the adiabatic mapping
representation. In different contexts, the adiabatic map-
ping representation has been considered in Refs. [12—-14].
Several factors suggest this is a worthwhile task. For cer-
tain problems, such as proton transfer reactions where the
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time scales of the bath and subsystem are well-separated
even during non-adiabatic transitions, adiabatic dynamics
can provide qualitatively acceptable results. Therefore, a
forward—backward solution of the QCLE in the adiabatic
basis will be appropriate for problems of this type. Further-
more, solutions based on the adiabatic basis naturally lead
to surface-hopping algorithms [10,11,15]. Consequently, it
is interesting to understand how to extract such a surface-
hopping dynamics from the FBTS (a mean-field algorithm
in the subsystem-based mapping basis), and obtain an al-
ternative approach to inserting jumps to disrupt continuous
propagation of trajectories in the mapping space.

The outline of the paper is as follows. In Section 2,
we summarise the principal elements of the FBTS. In Sec-
tion 3, we construct the adiabatic mapping version of the
FBTS, present the set of evolution equations that govern the
dynamics, and provide an interpretation of the trajectory dy-
namics in the original FBTS in terms of the adiabatic repre-
sentation. In this section, we also give a different form of the
forward—backward solution that leads to a surface-hopping
interpretation of the dynamics. Finally, in Section 4,
we comment on the connection between mean-field and
surface-hopping algorithms within the QCLE framework
and suggest how the formalism might be used to construct
hybrid schemes that combine advantageous features of
both mean-field and surface-hopping dynamics.

2. Forward-backward solution of the
quantum-classical Liouville equation

We consider a quantum subsystem coupled to a bath whose
joint dynamics is described by the QCLE. The Hamiltonian
has the form,

Hyw(X) = Hy(X) + hs + Vo(R) = Hy(X) + h(R), (1)

where the subscript W refers to a partial Wigner transform
over the bath degrees of freedom (DOF). Here, Hy(X) =
P?/2M + Vj(R) is the bath Hamiltonian with V,(R) the
bath potential energy, i, = p?/2m + V; is the subsystem
Hamiltonian with p and V; the subsystem momentum and
potential energy operators, and VC(R) is the coupling po-
tential energy operator. The masses of the subsystem and
bath particles are m and M, respectively.

For a partially Wigner transformed operator By (X),
which is a function of the phase space variables X =
(R, P) = (R], Rz, ooy RN[,, P], Pz, “ eey PNb) of the bath,
the time evolution is governed by the QCLE,

ABw(X,1) i _~ o«
WD LAy, B
” h[ w, Bw]
1 . A N A
- E({HW, Bw} — {Bw, Hy}),

. i - . L <
= ilBy = ﬁ(HA Bw — By Ha). (2)

For a review with references, see Ref. [3]. In this equation,
the square and curly brackets denote the quantum commu-
tator and classical Poisson bracket, respectively. The two
kinds of Lie bracket act together as the generator of the
mixed quantum-classical dynamics. Due to the fact that
Hy (X)and éW(X , ) are quantum operators with respect to
the subsystem DOF, two differently ordered Poisson brack-
ets are needed to properly account for the mixed dynamics.
The last line of the above equation defines the QCL oper-
ator i L. The second equality on this line of the equation
introduces another equivalent representation of QCL oper-
ator in terms of the forward and backward mixed quantum-
classical Hamiltonians [16],

— A AA « AN\ -
Ha = Hw 1+2_i ., Ha= 1+2_i Hy, (3)

where A :§p€R — §R€p. The arrow on top of a dif-
ferential operator indicates the direction in which it acts.
The last representation of the QCL operator resembles (for-
mally) the quantum evolution operator, and forms the start-
ing point of the FBTS.

The formally exact solution of the QCLE is given by
[15,16]

Bu(X, 1) = ¢ By (X),
= ST By (X)e A (4

The S operator [6,16] specifies the order in which the for-
ward and backward evolution operators act on By(X ). The
ordering of evolution operators is critical because the lack
of an underlying Lie algebraic structure of the QCLE.

2.1. Forward-backward trajectory solution

We suppose that the time evolution of the quantum subsys-
tem (coupled to the bath) can be accurately described within
a Hilbert space of dimension N. Furthermore, the subsys-
tem basis {|A) } is chosen for the matrix representations of
quantum operators.

In the mapping representation, the state |A) is replaced
by |m; ), an eigenfunction of the Hamiltonian for N ficti-
tious harmonic oscillators [5,17], having occupation num-
bers which are limited to 0 or 1: |A) — |my) =10y, ..., 1;,
... Oy). Creation and annihilation operators on these states,
&I and a,,, satisfy the commutation relation [a;,, &I,] =8
The actions of these operators on the single-excitation
mapping states are &I |0} = |m,) and ay |m;) = |0), where
|0) =10 ... Oy) is the ground state of the mapping basis.

We may then define the mapping version of opera-
tors, B, (X), given by B, (X) = B} (X)aa,, such that
matrix elements of By in the subsystem basis are equal
to the matrix elements of the corresponding mapping
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operator: By (X) = (AMBw(X)IX) = (my|Bu(X)Imy).
(The Einstein summation convention will be used through-
out although sometimes sums will be explicitly written
if there is the possibility of confusion.) In particular, the
mapped Hamiltonian is

H,, = Hy(X) + 1" (R)alay = Hy(X) + hp,  (5)

where we applied the mapping transformation only on the
part of the Hamiltonian that involves the subsystem DOF
in Equation (5). The mapping Hamiltonian, /,,, is always
a quadratic Hamiltonian with respect to the quantum DOF.
The pure bath term, ﬁb(X), acts as an identity operator
in the subsystem basis and is mapped onto the identity
operator of the mapping space directly. The mapped formal
solution in Equation (4) reads

ém(X, t) — S(eiH’}\’r/hB?m(X)efiH'Xf/h)’ (6)

where H'} is given by H'} = H,,(1 + hA/2i), with an anal-

ogous definition for H'y.
We now define the coherent states |z) in the mapping
space, a, |z) = z; |z) and (z| &I = 2} (z|, where |z) = |z},
.., zy) and the eigenvalue is z, = (¢, + ip;)/v/h. The
variables ¢ = (q1, ..., gy) and p = (py, . .., py) are mean
coordinates and momenta of the harmonic oscillators in
the state |z), respectively; i.e., we have (z|g, |z) = g
and (z| py |z) = p». We note that our coherent state
definition differs from those introduced in Refs. [8,9]
by a constant factor of ~/2. The coherent states form an
overcomplete basis with the inner product between any
two such states, (z|7') = e~ (z=2M=ia =2, Finally, we
remark that the coherent states provide the resolution of
identity,

d2
1=/n—5|z><zl, )

where d?z = d(R (2))d(3(z)) = dqdp/(2h)N.

Similar to the path integral approach of solving for the
quantum dynamics, we decompose the forward and back-
ward evolution operators in Equation (6) into a concatena-
tion of M short-time evolutions with At; = At and MAt =
t. In each short-time interval At;, we introduce two sets of
coherent states, |z;) and ]zg), via Equation (7) to expand the
forward and backward time evolution operators, respec-
tively. The time evolution (generated by a quadratic Hamil-
tonian) of coherent states can be represented by trajectory
evolution in the phase space of (g, p). After some algebra,
the matrix elements of Equation (6) can be approximated

by [6]

B0 = Y [ dxavemen)

nu'
1 , . ,
X 7—1(% +ip)(gy — ipi) By (X))

1
x 7 (qu(t) = ipu(O)q,, (1) +ip, (1), (8)

where x = (g, p) are the real and imaginary parts of z,
respectively, dx = dgdp, and ¢(x) = (h) ™" e~ oatr/h
is the normalised Gaussian distribution function. In de-
riving Equation (8), we invoked an ‘orthogonality’ ap-
proximation on the inner product between subsequent
coherent state variables, (z;|en"' |z;11) = (zi(t)|zig1) &~
7V8(zi11 — zi(t;)) with i the time step index. This approxi-
mation is necessary to obtain a continuous trajectory of z(¢).
In order to evaluate the integral in Equation (8) via MC, one
has to propagate trajectories of (X(¢), z(), Z/(¢)) in the ex-
tended phase space of partially Wigner transformed bath
DOF and coherent states of the mapped subsystem DOF.
In this FBTS solution, the trajectory of the entire system
follows Hamiltonian dynamics,

dX,  9H(X, ) dfl,  9H,(X,T)

= , 9
dt oIl, dt X, ©)

where H,(x, )= P%/2M + Vy(R) + ﬁh“/(R)(q,\qN +

papy +45q, + pip,) with Vo(R) = Vs(R) — Trh(R),
X =(R,q,q"),and 1 = (P, p, p).

2.2.  Jump forward—backward trajectory solution

The main approximation introduced in the derivation of the
FBTS, Equation (8), is the orthogonality approximation.
The simplest improvement to the algorithm is to refrain
from applying this approximation at every time step. In Ref.
[7], we outlined a practical approach to evaluate the set of
selected integrals of z; and z; (which could be evaluated an-
alytically if the orthogonality approximation were applied).
We termed this extension of FBTS as the jump FBTS (JF-
BTS). Since the computational cost grows quickly with
respect to the number of jumps inserted, one needs to make
a trade-off between numerical efficiency and accuracy.

In the simplest approach, one selects every (M/K) time
steps from a total of M steps to fully evaluate the coherent
state integrals:

K
BY(X.n=>Y > / [ [dxdx'¢(x)b(x,)
v=0

m /
$08qg - - -
/
SK-15g 1

1 . ’ ./ !
X ﬁ(%x +ip0:)(qo, — iPg ) By (X1)

1 K
x 3 {H (9-1s5021 (7)) = iP—15,, () (Gus, + iPs,)

v=1



Downloaded by [University of Toronto Libraries] at 06:26 14 December 2013

Molecular Physics 3549

U . .
X 7_1 1_[ (Q(v—l)sv,l(‘tv) + lpzu—l)sv,l(fv)) (q;sv - lp;sv)}

v=1
1 .
X ﬁ(QK;L(TK-H) = ipk Tk + D)k (Tr 1)

+ip,Kp_’(TK+l))v (10)

where the subscripts, v and s, refer to the vth time step
and the sth component of the ¢ and p vectors, respectively,
and 7, =1;, —t;,_, with ;, =0 and #;,,, =t. According
to this prescription, the continuous FB trajectories expe-
rience K discontinuous jumps in the (x, x’) phase space.
Between subsequent jumps, the evolution of FB trajectory
is governed by Equation (9). Simulations show that with a
sufficient number of jumps numerically exact solutions of
the QCLE can be obtained [7].

3. Adiabatic forward—backward solution

We now consider an adiabatic version of the FBTS of the
QCLE. To this end, we first introduce the adiabatic basis
{lo; R) } that satisfies

h(R)|a; R) = Eo(R) |a; R) (11)

where fz(R) is defined in Equation (1). We choose strictly
real-valued adiabatic states for this study, but this restriction
is not necessary.

The QCLE, Equation (2), cast in the adiabatic basis,
reads [15],

IBL(X,1) . P 3BY
I ——— aa’ R - "
a1 foua (R) 307 R

P " N "
o (dw,, B — oo da,,a,)

1( .o 0BLY 3B .

2 aP aP
(12)

where  dow = (; R| Vg |o';R),  waa(R) = (Eo(R) —
Ey(R))/hand Fg¥ = — (o; R| LRV 17 R).

In order to formulate an adiabatic forward—backward
representation of QCLE, we explicitly define adiabatic ver-
sions of the forward and backward mixed quantum-classical

Hamiltonians, H4 = |o; R) H e (o; R|, with
— P2
HE = — + Vo(R Ey(R) ) buur
oo <2M+ 0( )+ ( ))
[P 3 P .3
YR YR _Sowz’ 2—. daa’ Fy' - — ’
HbT |:M aR > T +hw ap}

(13)

and HE = |a; R) H (a’; R

, with

«~ [’2
HgarE (_ + VO(R) + Ea(R)> 8ao¢’

oM

nlp 5 P Y
| = —8p +2— dyy + FE . — .
2i |:M R + M +hw ap}
(14)

We remark that the adiabatic Hamiltonians defined here are
different from the basis-independent ones defined in Equa-
tion (3). To avoid potential confusion, we add a superscript
a to the adiabatic version. The adiabatic evolution operators
are also constructed such that the adiabatic matrix elements
of the operator equation,

0Bw(X,1) i = : 7
Wa(, )=;—1(Hf\ Bw(X,t) — By(X,t) HS ), (15)

yields the adiabatic representation of the QCLE in the de-
sired form,

OB (X, 1) i

dt T h

_ Bawa”(x, HHL ), (16)

(H: . By (X, 1)

which can be shown to be identical to Equation (12).

3.1. Forward-backward trajectory solution in the
adiabatic representation

The first step in the construction of the forward—backward
solution in the adiabatic basis is the introduction of the
following mapping transformation:

lo; R) HE (o Rl >HY =M, blby, (17)

lo; R)BLY (s R| = Bu(X) = Be¥ blby,
wherg the adiabatic annihilation and creation operators, l;a
and b}, respectively, act on the single excitation mapping
states, now corresponding the occupancy of the adiabatic
states, to give |0) = b, |m,) and |mgy) = bg |0). The map-

-
ping transformation of 9 is defined in a similar manner.
Given these definitions, it is now clear that the mapping ma-
trix elements of the adiabatic mapping operators are iden-
tical to the matrix elements of operators in the adiabatic
basis. In particular,

(o; RI HY las R) =Hgo= (ma| H, Imer). (18)

In this adiabatic mapping representation, the time evolution
of B, (X) can be decomposed into a concatenation of M
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short-time segments such that At; = ¢ —t;,_ | = At for all
jwithtg =0and fy, =1,

Bo(X,0)=8 [eh W B (X)e 7N ]
- S[e%,mg[e%m .
x S[e%HﬁzNM ém(X)e—%H‘%A’M]
X ---e hH”'ATZ] _%HEM]. (19)

In order to evaluate the short-time propagators, we in-
troduce the coherent states |y) defined such that by ly) =
Ya|y), whete Yo = —=(fu +iPa) and ¥ = (g, p). Then,
each short-time evolution operator can be factorised via a
Trotter decomposition and represented in the coherent state
basis labelled by y:

o B bl o i (B Vo (R))

e — M
o @ ML+ By Fiy- iy Ay d- i o]
% o ME, Bm/+lﬁﬁ.dm/)hnba/e%(%-k—vﬂ(m)’
2 - )
~ / d_]\); ly) e%iL(»I(X,y) (y(AD)] e%(%JrVo(R)).
T
(20)
— — — .
Here, i Lo= P/M- Vg —VgVo(R)- Vp with
g g 9
i Lo (X,y)=1iLo+Fy - 8Pyaya , 21

Fif'(R) = Fjy(R) + AEqoduw(R), F{y(R) = —VREq(R)
and AE,y = E4(R) — Eo(R). The time-evolved coherent
state is given by

((An] = (yl e FelrtTirdu v (22)

A similar expression can be derived for ¢'nM in which
the coherent states are labelled with a prime, |)/), to denote
backward evolution. In Appendix A, we summarise the
steps to properly insert the complete set of coherent states
into Equation (20).

If one substitutes Equation (20) into Equation (19) and
applies the following relation:

S[eHEan ¥ A(x)eiLaX ¥ ] = oL XId f(x),
AX ), (23)

wherei L (X, y,y) = 3(i La (X y)+i Lcl (X, y)), then
one obtains the following expression:

d?y; d2
BL (X, t)_Z/l_[ Y mal 1) )
B’

ezlie(X»yl,yl)Atl ( iLo(X,y2.95) A1

yi(t)lyz)e
((yal - BYY (X)-- |y2 JISARAD)

2 2
Z/]‘[d Y ) ()

BB
(¢ (y1(t1)|ya) e FeKn 2300

((yal - BE(X0) - 135)) (bl (01))-
(24)

By applying the orthogonality approximation to each of
the coherent state inner products, (y;()yi 4+ 1) ~ 7V8(; 4 1
— yi(?)), all the intermediate integrals can be eliminated.
The expression for B“i‘V“'(X ,t) then takes the simpler
form,

By (X, 0)=) / d%d¥ $(R)p(¥)
ﬁﬂ’
X Lo+ 1P — Pu)BY (X)

1
x5 (@p(1) = ipp()Gp (1) +1pp (D). (25)

The trajectory dynamics in the adiabatic representation is
governed by the set of equations of motion,

AP _ Vo purd (e ey
dt - BR W 2 y(lyo[ yo[ya )
dR P
dt M’
dy, E, P
=—i— o data’R C o
T =y < (R) M)y
dy’ E, P
o — 22y d(R) - — ) Y. 26
dt lhya <otot( ) M)y(x (26)

In contrast to Equations (9), the evolution Equations (26)
are not of Hamiltonian form. In this adiabatic represen-
tation, the bath momenta evolve under a mean force,
—VrVo(R) + F"‘O‘ ! (yaya +y(;y(;*), which depends on
the forward and backward coherent states [y) and |V').
Since

E,
Fo (yayl + yoyi) = ——x (bal® + 1317
+ AEaa’daa’(R) (yotya + y(;y,;*) ) (27)
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0 100 200 300 400 500 600 OO 8OO
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Figure 1. In panel (a), the five curves correspond to the force
(27) under different initial conditions. In panel (b), the blue and
pink curves are the adiabatic forces associated with the ground
(F1) and the first excited state (), respectively. The five green
curves correspond to the averages of Hellmann—Feynman forces,
the first part on the right side of Equation (27), under the same set
of initial conditions as in panel (a).

this off-diagonal force also accounts for non-adiabatic tran-
sitions. Thus, the evolution involves non-adiabatic dy-
namics on the entire manifold of adiabatic states. In the
course of this evolution, the forward and backward quan-
tum coherent state variables evolve by accumulating dy-
namical phases proportional to the adiabatic energies, ac-
companied by non-adiabatic effects induced by the term
P/M - dyy.

Itis interesting to analyse the interplay of the Hellmann—
Feynman forces and the non-adiabatic force, the first and
second terms on the right side of Equation (27). For this
purpose we consider the Tully I avoided crossing model
[18], a two-level quantum system coupled to a free particle
with momentum P(f). Details of this model as well as the
set of parameters used in the present work can be found in
Ref. [19]. In particular, the initial momentum, P = 20, for
the particle is chosen such that the known asymptotic quan-
tum population (after passing the avoided crossing point) is
evenly distributed over the two quantum states. In Figure 1,
we present forces obtained from a fixed initial condition
for the particle and five different initial conditions for the
quantum coherent state variables. In panel (a) we plot the
full force (27) acting on the particle, while in panel (b) we
plot just the average of Hellmann—Feynman (green curves)
force contribution. The blue and pink curves represent the
adiabatic forces associated with the two states, and the point
where the two adiabatic forces cross is the avoided crossing
point. These five initial conditions were selected such that
the full force is initially a ground adiabatic force, as the
quantum system is initialised in the ground state. In this
example, where the quantum population should distribute
evenly over the two adiabatic states (with exactly opposite
energies), the Hellmann—Feynman force becomes relatively
negligible around and after the avoided crossing point.

Clearly, the non-adiabatic force is the dominant contribu-
tion to the trajectory dynamics around the avoided crossing
point. This example also demonstrates that the FBTS mean-
field force is very different from the Hellmann—Feynman
forces.

Finally, we note that if a change of variables is made
in Equations (9) that diagonalises the Hamiltonian with
matrix elements 2", the resulting set of equations has the
same form as Equations (26). This observation indicates
that the FBTS can be implemented in a basis-independent
fashion.

3.2. Surface-hopping description

We now show that the FBTS can be cast into the form of a
surface hopping algorithm. The starting point of the deriva-
tion is again Equation (19) but in Equation (20) we factor
the short-time evolution operator in a different manner:

—

(E%Hﬁ,At) %(eArA’]dk,\/(l-&-éSW8‘",,)13;13”)

of op

—
3

At Lot Floe 2 506, L ALE,bLD
X<€2(0 ng,\k)gh 2b; bi ,
BB
iar P2
Xen 2M+V0(R))’ (28)

where Sy = AE;,dy (R) (- £)7' [15]. Earlier in

Equation (20), we factorised the evolution operator by sep-
arating terms acting on the subsystem and the bath, respec-
tively. In the present case, we factorise the terms according
to their contributions to either adiabatic evolution or non-
adiabatic transitions. The present decomposition requires

i

an analysis of the expression S[e 72 Ae~ 7™ A1]. In Ap-
pendix B, we discuss how the operator S, which orders the
short-time evolution operators e A" and e~ 7", can
also be factored into two S operators that separately or-
der the adiabatic and non-adiabatic terms in Equation (28).
More precisely, we adopt the following approximation (ex-
act up to order O(At?)):

P

S[e%ia”mﬁe_% A
_ S[elezS[(eimeAte%l;,,,Az)A

« (eizm,Ate—%ﬁmAt)]e;lAt]’ (29)

=d g AL A — d
where /) = % ~doy (1 + %S}L)\/%)biby, i[:mf = %(l Lo+
F}, ﬁé}i)x), and h,, = E ,\I;ilgx. The other left-acting oper-
ators can be defined in an analogous manner. In summary,
we should replace every instance of S[e# A1 . . . ¢~ 7 HnAl]
in Equation (19) with an expression like that in

Equation (29).
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Next, similar to the development given in the previous
section, we introduce quantum coherent state variables to
represent matrix elements of the adiabatic propagator in
Equation (28),

—

(ehmt 2 (B4 Vi(R))

e

)op

% (eAtﬁ-dW(H—%SW ﬁ)flléy)
of

dzy l“) ) Ar
x / X mgl eI ((ADlmg),  (30)

where now (y(At)| = (y| e MEabibe and does not involve
non-adiabatic effects.

The next step in the calculation is to substitute Equation
(30) and the corresponding equation for (e /A1), into a
properly modified Equation (19), i.e. after applying the ap-
proximation (29). By repeatedly applying Equation (23),
one may replace i Lnf (X33 and e LarXDE with
L Xy 3IA — 5 (Luy X+Lns (X)) gt each time step.
Finally, we have to evaluate the matrix elements of non-
adiabatic transition terms in Equation (30). To this end,
we introduce a super-operator defined by its action on an
operator A,

(e_jAf)aa/;ﬁﬂ/ Aﬂﬂ’

— S[(eA’ 2ody (1415, %)é}éy)aﬁAﬂﬁ/

P (418,02 )b by
X (e‘AtM 350 (143 8550 55 )b3 by, )ﬂ’ /:|, (31)
13

where the super-operator [J can be determined by matching
the first-order terms in the Taylor expansions of both sides
of the equation,

P
Jowspp = —(dapborp + dupdap) - 3

1 9
—— (AEypdypSyp + AEygdygdup) - — .
2( pdapOa'p + pdopSap) 9P
(32)

We note that the superoperator 7 has appeared in the QCL
operator in the adiabatic basis [15], and the propagator
e 72" can be evaluated using the scheme presented in
Ref. [11].

In summary, the modified formal solution in the adia-
batic mapping representation reads

M
fcn= Y [[andr oo
/ i=1

Q;,Q;

M
l_[ (e—JAl/) ei,Cp//(X,y,,y,’)At[
10

i=1
X yi,a,+1yzai+, (At;)yﬁalfﬂyi’.a;ﬂ(At,-)

x B (x), (33)

where o1 = B and of = p’, and we substituted the inner
product of coherent states and mapping states with its ex-
plicit form, (my|y) = yae’mz/z.

In this form the adiabatic evolution segments are
interspersed with non-adiabatic transitions at every time
step. This separation of adiabatic and non-adiabatic events
is analogous to that in surface-hopping algorithms [10,11]
for the QCLE. Nevertheless, the present formulation is still
a mean-field algorithm in practice. In order to simulate the
trajectories needed for a MC evaluation of Equation (33),
one has to sample values of y; and y; from the Gaussian
distributions ¢(%;) and ¢(X)), respectively. Thus, both the
forward and backward quantum states are superpositions
of all possible adiabatic states with weights given by [y,
and |y.,|*.

In order to extract the zeroth-order adiabatic dynam-
ics from the current formalism, we resort to an ap-
proximation termed ‘focusing’ [20], first proposed by
Bonella and Coker. The focusing approximation replaces
a normalised Gaussian function with a specific delta
function:

/ d o) (a2 + p2) F(x)
~ /dx 8(a; + P} — 1) [ ] 8@8(pu)
HFEA
x (g3 + pi) f(x). (34

In Refs. [6,14,21], the effects of the focusing approx-
imation on FBTS and closely related algorithms were
analysed in some detail. In general, focusing only provides
accurate results for short times or for weak non-adiabatic
perturbations. In the present case, we only have to simulate
strictly adiabatic dynamics for the trajectories, as the
non-adiabatic perturbing terms are separated from the
Liouvillian operators in Equation (33). Indeed, one can
easily show that the application of the focused condition,
8(val* = D1 £a8(vp), to the coherent state integrals in
Equation (33) will result in exact dynamics in the adiabatic
state «. Thus, in the adiabatic representation, the focusing
approximation can be physically motivated and provides
insight into the dynamics.
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Finally, we present an approximate expression for Equa-
tion (33) that employs focussing:

M
BB _ jAz/
o= T AT,
ai,a,f i=1
(i=1,...M+1)

i , Tit1 ,
o Loriel,, (OB dma,.m[“(r)}

x By (X), (35)

where Ly, o, (X)=iLo+ 3 (F{(R) + Fiy(R)) 75.
Thus, through the use of the focusing approximation in the
adiabatic representation, we obtain a starting point suitable
for the construction of a surface-hopping algorithm for
QCLE dynamics.

4. Discussion and conclusions

The present work on the adiabatic mapping forward—
backward solution for QCLE provides a way to link two
different numerical methodologies, mean-field and surface-
hopping, for the simulation of QCLE dynamics. The differ-
ent adiabatic mapping formulations arise from the different
decompositions of the forward and backward short-time
evolution operators given in Equations (20) and (28). The
work also suggests that it may be possible to devise hybrid
methodologies that combine the advantages of both mean-
field and surface-hopping algorithms. The simplest of such
hybrid methodologies would be to evaluate the short-time
evolution operator by the surface-hopping approach, Equa-
tion (28), in only certain time steps when the non-adiabatic
transition probability is high, and treat the short-time evo-
lution operator by the mapping mean-field approach for the
rest of the simulation. Such a hybrid scheme might extend
the usefulness of surface-hopping algorithms to evolution
for long times.
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Appendix A

Here, we summarise the steps involved in the introduction of
coherent state variables in Equation (20) [6]. First, we expand
the evolution operators up to O(At?). In the zeroth order, we
simply apply Equation (7) In the first order, we reverse the nor-
mal ordering of bTb ) = b bT — 84 and insert the resolution of
identity of coherent states between the annihilation and creation
operators. Because we use the traceless form of the Hamilto-
nian the Dirac delta term in the above relation can be dropped.
Finally, we approximate the evolution operator (in exponential
form) using the first two terms to O(At?) that were represented
in the coherent state basis. These major steps are summarised as
follows:

[z£o+F”‘“ Api by

N L. .
=T+ —|iLoZT+ Fe - —b,Th'
T3 [’ ob w9 “}

+0(AP),
dzy At |, = o’ g *
= /n—le) <1+2[1 Ly +Fy “gp e Ye Ol
+O(AF),
d’y LX) AL
Q/ i ) e EaF (AD

where 7 is defined in Equation (7).
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Appendix B

In this section, we first prove the claim that
S[ei(Z+E)A1 0"61(X’+§)Az]
_ Sl:ei;iAlsl:eiEAtOAeigAt:IeiZ/A[:I (B1)
whenever A® commutes with BO.
According to Ref. [6], the left side of the above equation can

be expressed in the following form:

Sl:ei(;H—E)AI 0"61(X’+§)Az]

Xfmwu+3+w+3y (B2)

Similarly, the right side of the same equation can be written as
follows:

S[e"j“A’S [eiEAt O"EiB’At:Iei.A’At:I

© X (A jatie
Z > %(A + AYA(B + BY" 0,

ja=0 jp=0
B Z Z ]A'(] - JA)'('A + AYAB + BY 10,
= (A & ! -
22(1 ,') Z ' J '(A+A/)jA
I ,AJ]A(]_JA)

x@+mHM,

Z(lAt)/(A+B+A’+B)JO (B3)
j=0 :

where j = j4 + jp. To go from the second line to the third line,
we re-arranged the sum by ordering j = j;, + jz. To go from the

fourth line to the fifth line, we rely on the assumption that A“ and

.
BY commute.
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