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FROZEN GAUSSIAN APPROXIMATION WITH SURFACE
HOPPING FOR MIXED QUANTUM-CLASSICAL DYNAMICS:
A MATHEMATICAL JUSTIFICATION OF FEWEST
SWITCHES SURFACE HOPPING ALGORITHMS

JIANFENG LU AND ZHENNAN ZHOU

ABSTRACT. We develop a surface hopping algorithm based on frozen Gaussian
approximation for semiclassical matrix Schrédinger equations, in the spirit of
Tully’s fewest switches surface hopping method. The algorithm is asymptoti-
cally derived from the Schrédinger equation with rigorous approximation error
analysis. The resulting algorithm can be viewed as a path integral stochastic
representation of the semiclassical matrix Schrédinger equations. Our results
provide mathematical understanding to and shed new light on the important
class of surface hopping methods in theoretical and computational chemistry.

1. INTRODUCTION

The surface hopping algorithms, in particular, the celebrated Tully’s fewest
switches surface hopping (FSSH) algorithm [7,29], are widely used in theoretical
and computational chemistry for mixed quantum-classical dynamics in the non-
adiabatic regime.

The Schrédinger equation, which is often high dimensional in chemistry appli-
cations, is impractical to solve directly due to the curse of dimensionality. Thus,
development of algorithms based on semiclassical approximation, which only in-
volve solving ODEs, is necessary. Within the Born-Oppenheimer approximation,
the resulting algorithm from the semiclassical approximation is the familiar ab ini-
tio molecular dynamics and related semiclassical algorithms. However, in many
applications, the adiabatic assumption in the Born-Oppenheimer approximation is
violated, thus, we need to consider the non-adiabatic dynamics. The surface hop-
ping algorithms are hence proposed to incorporate in quantum behavior due to the
non-adiabaticity.

Despite the huge popularity of the algorithm and the many attempts in the
chemistry literature for corrections and further improvements (see, e.g., [2[8[1TI9,
241126127 ), which is a very active area to date, the understanding of such algorithms,
in particular, how surface hopping type algorithms can be derived from the nuclei
Schrédinger equations, remains rather poor.

In this work, we rigorously derive a surface hopping algorithm, named frozen
Gaussian approximation with surface hopping (FGA-SH), to approximate the
Schrédinger equations with multiple adiabatic states in the semiclassical regime.
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The FGA-SH algorithm shares a similar spirit to the FSSH algorithms used in the
chemistry literature [29)], while it also differs in some essential ways. Hence, besides
providing a rigorously asymptotically correct approximation, our derivation hope-
fully will also help clarify several issues and mysteries around the FSSH algorithm,
and lead to systematic improvement of this type of algorithm.

The key observation behind our work is a path integral stochastic representation
to the solution to the semiclassical Schrodinger equations. The surface hopping
algorithm can in fact be viewed as a direct Monte Carlo method for evaluating
the path integral. Thus, the path space average provides an approximation to the
solution of a high-dimensional PDE, similar to the familiar Feynman-Kac formula
for reaction diffusion type equations. To the best of our knowledge, this has not
been observed in the literature, and it is crucial for understanding what the surface
hopping algorithm really tries to compute.

In this stochastic representation, the path space consists of continuous trajec-
tory in the phase space, whose evolution switches between classical Hamiltonian
flows corresponding to each energy surface, and is hence piecewise deterministic,
except at hoppings. This is why these algorithms are called surface hopping algo-
rithms. Also, to avoid any potential confusion while we approximate solutions to
the Schrodinger equation, the path integral we consider here (as it only works in
the semiclassical limit) is very different from the usual Feynman path integral for
quantum mechanics. In particular, the stochastic representation is well defined and
gives an accurate approximation to the solution of the Schrodinger equation in the
semiclassical regime.

Before we continue, let us review some related mathematical works. Somehow
rather confusingly, sometimes the term “surface hopping” is used for a very different
algorithm [30] which is based on the Landau-Zener transition asymptotics [18[34].
This algorithm is designed for the situation of a single avoided crossing, while the
type of surface hopping algorithm we consider in this paper, which is mostly often
used in chemistry today, is quite different and aims to work for general situations.
The Landau-Zener asymptotics has been mathematically studied by Hagedorn and
Joye [BL6]. The algorithm based on the Landau-Zener formula is also studied in
the mathematics literature, see, e.g., [4[I3L20]. While the algorithm we consider is
very different, some of these numerical techniques might be used in our context as
well.

For the surface hopping algorithm studied in this work, the understanding in the
chemistry literature (see, e.g., [8,[I1L26]) often starts from the quantum-classical
Liouville equation [I5], which is a natural generalization of the usual Moyal’s evo-
lution equation of Wigner distribution to the matrix Schrédinger equations. In
the mathematics literature, the quantum-classical Liouville equation was studied
numerically in [3] in low dimensions very recently. While we are able to derive
a surface hopping type algorithm, our derivation is based on a different tool for
semiclassical analysis, the frozen Gaussian approximation, aka the Herman-Kluk
propagator [L0,I6,T72TL22128]. It is not yet clear to us whether the surface hop-
ping algorithms used in the chemistry literature (and the one we derived) can be
rigorously justified from the view point of the quantum-classical Liouville equation.
This remains an interesting research direction.

The surface hopping algorithm we derive is based on asymptotic analysis on the
phase space. The ansatz of the solution, represented as an integration over the
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phase space and possible configurations of hopping times is given in Section 2] after
a brief review of the frozen Gaussian approximation for the single surface case. For
the algorithmic purpose, it is more useful to take a stochastic representation of
the ansatz as a path integral, which is given in Section Bl A simple Monte Carlo
algorithm for the path space average then leads to a rigorously justifiable surface
hopping algorithm, which we will compare with and connect to those used in the
chemistry literature in SectionB.3l The asymptotic derivation of the ansatz is given
in Sectiondl The main rigorous approximation result is stated in Section [, together
with a few illustrating examples. Some numerical examples of the algorithm are
discussed in Section Bl We conclude the paper with proofs of the main result in
Section [7

2. INTEGRAL REPRESENTATION FOR SEMICLASSICAL
MATRIX SCHRODINGER EQUATIONS

2.1. The two-state matrix Schrodinger equation. Consider the rescaled
Schrodinger equation for nuclei and electrons,

52

(2.1) ia%u = —EAxu - %Aru +V(z,r)u,
where u(t, 2, r) is the total wave function, € R™ represents the nuclear degrees of
freedom, r € R™ denotes the electronic degrees of freedom, and V' (x,r) is the total
interaction potential. Here, ¢ < 1 is the square root of the mass ratio between the
electrons and the nuclei (for simplicity, we assume that all nuclei have the same
mass).

We define the electronic Hamiltonian

He = _%Ar + V(LL',’I"),

whose eigenstates Wy (r; x), given by
(2.2) H U (r;x) = Ep(z)Ug(r; x),

are called the adiabatic states. Note that in the eigenvalue problem (22,  enters
as a parameter. In particular, viewed as a function of z, the eigenvalues Ej(z) will
be referred to as energy surfaces.

In this work, we will only consider a finite number of adiabatic states, that is,
we assume the following expansion of the total wave function:

N-1

u(t,z,r) = Z Un (t, )V, (r; ).

n=0

This is justified if the rest of the spectrum of H, is far separated from that of the
states under consideration, so that the transition between these N energy surfaces
and others is negligible. For the separation condition and the corresponding spectral
gap assumption, the readers may refer to [23l25] for detailed discussions.

In fact, for simplicity of notation, we will assume that the number of states is
N =2, the extension to any finite IV is straightforward. In this case,

u(t,z,r) = ug(t,2)Vo(r;z) + uy (¢, 2) ¥ (r; ),
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the original equation is equivalent to a system of PDEs of U = (Z‘f ), which we will
henceforth refer to as the matriz Schrédinger equation:

) 2
. up\ _ € Uug Ey uop) € (Doo Do to
(2.3) o, <u1> == A, (Ul) + ( E1) (m) 2 (Dlo D11> (m)

where

Dyi(z) = (Wp(r; ), AaWi(r; @), (dr(@)); = (Vi(r;2), 0p, Vi(r; ),
for k,l =0,1, 5=1,...,m.

2.2. A brief review of the frozen Gaussian approximation. Before we con-
sider the matrix Schrodinger equation ([23)), let us recall the ansatz of frozen Gauss-
ian approximation (ake Herman-Kluk propagator) [10,[16][17,28] for the scalar
Schrodinger equation
.0 g2

(2.4) zeau(t,x) = —EAu(t, x) + E(z)u(t, x).
Note that if we drop the terms depending on d and D in ([Z3)), it decouples to two
equations of the form of ([24]). The algorithm that we will derive for (23] can be
viewed as an extension of the FGA to the matrix Schrodinger equation.

The frozen Gaussian approximation is a convergent approximation to the solution
of 24l with O(e) error [28]. It is based on the following integral representation of
an approximate solution to (Z4)

(2.5) upca(t,r) = W

where u(0, -) is the initial condition. Here, the phase function ® is given by

O(t,x,y,q,p) = S(t,q,p) + P(t,q,p) - (x — Q(t,q,p)) —p- (y — q)

1 )
+ 3l = Q(t 4. p)* + Sly — g

/ a(t, g, p)es PETYEP)y (0, ) dy dg dp,
RSm

Given ¢ and p as parameters, the evolution of @) and P are governed by the Hamil-
tonian flow according to classical Hamiltonian h(q, p) = %|p|2 + E(q),

d
EQ = 8ph(Q7P)a
d

EP = _8qh’(QaP)7

with initial conditions Q(0, p, q) = ¢ and P(0, ¢, p) = p. The solution to the Hamil-
tonian equations defines a trajectory on the phase space R?™, which we call FGA
trajectory. S is the action corresponding to the Hamiltonian flow, with initial con-
dition S(0, ¢, p) = 0. The equation of a is obtained by matched asymptotics and is
given by

(2.6) %a = %aur(Z*1 (0.P —i0.QVHE(Q)))

with initial condition a(0, ¢, p) = 2™/2, where we have used the shorthand notations

0,=0,—10, and Z=20,(Q+iP).
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Equivalently, we can rewrite this as

_ 1 10(t,,q,p)
upcA(t,z) = (@me)im2 /]R2m At q,p)e dgdp,
where
)
@(t,.I, q7p) = S(t7Qap) + P(t7Qap) ' (I - Q(tv Qap)) + _|I - Q(ta qvp)|27

2
Aaa%p)Zfdtmp)/n uo(y)et P w—a+ilv=d® gy

m

As A only differs from a by a constant multiplication factor, it satisfies the same
equation as a does (with different initial condition).

The following lemma, which we directly quote from [21, Lemma 3.1], states that
the FGA ansatz reproduces the initial condition.

Lemma 2.1. For u € L*(R™), we have

- 1 % £ 2(0,2,9,4,p)
u(zx) = e /}RSm 22¢ u(y) dy dg dp.

The next lemma is crucial for the asymptotic matching to derive the evolution
equations. The proof can be found in [2I, Lemma 3.2] and [22] Lemma 5.2]. We
recall this lemma here as it will be used in the extension of frozen Gaussian ap-
proximation to the matrix Schrédinger equations.

Lemma 2.2. For any vector b(y, q,p) and any matriz M (y,q,p) in Schwartz class
viewed as functions of (y,q,p), we have

b (x Q) ~ —£0:, (b Z3)),
and
(z—Q) M(z—Q) ~e0,Q; M. Z,' + O(e),
where Einstein’s summation convention has been assumed. Moreover, for the multi-
index o that |a] > 3,

(&= Q)" ~ O(e*™).
Here, we denote by f ~ g that

/ feécbdydqdp:/ geéq)dydqdp.
R3m R3m

2.3. The integral representation for surface hopping. We now consider ex-
tending the integral representation in the previous subsection to the matrix Schro-
dinger equation by incorporating the coupling of the two energy surfaces, which is
the basis of the FGA-SH algorithm.

Let us assume, for simplicity of notation, that the initial condition concentrates
on the energy surface Ey (i.e., u1(0,2) = 0 and ug is non-zero). The extension to
general initial condition is straightforward as the equation is linear. We construct
an approximation to the total wave function following the ansatz below. We will
prove rigorously that it gives an O(e) approximation to the true solution; see the
convergence statement in Section[fl The integral representation here is fully deter-
ministic, and our FGA-SH algorithm can be understood as a Monte Carlo algorithm
for evaluation,

(2.7) upga(t,z,r) = ég)(t,w,r)+Kéi)(t,;v,r)+Kég)(t,x,r)+Ké?)(t,;v7r)+~-~ ,
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where
(2.8) KO (ta,r) = Uy (r;2)ull) (¢, 2)

represents the contribution to the ansatz by wave packets initiated at surface m,
ends at surface n, and switches the propagating surface [ times in between — the
meaning of which will become clear below. Thus, we can rewrite [2.7)) as

upga (t,z, 1) = Vo (r; x) (u(()o)(t,x) + ug2) (t,z)+ - )
+ Uy (r;x) (uél)(t,x) + u((J?’) (t,x) + - ) .

We will refer to this as the surface hopping ansatz. The idea of splitting the wave
function in this way is similar to that used in the work by Wu and Herman [31H33],
which is also based on the frozen Gaussian approximation. The two approaches are
different however in several essential ways, as we will explain in Section 3.3l

As we consider the initial condition starting from the surface 0, for simplicity
of notation, we will drop the subscripts 0 in u(()") for now. In the ansatz, u(®
consists of contribution from wave packets propagating only on energy surface Ej,
without switching to the F; surface. It is given by the ansatz of frozen Gaussian
approximation on a single surface as in Section

1 1
(0) - - (0) 200
(2.9) uN(t, ) = CEEDE /A (t,z0) exp <s® (t,zo,x)> dz,

where we have used zp = (qo,po) to denote phase space variables,

1

2
@(0) (ta q,DP, I) = S(O) (t’ q7p) +P(0) (t’ q7p) ! (I - Q(O) (ta q7p)) + 5 ’I - Q(O) (ta q7p)

and

(2.10) At q,p) =a(0)(t7q,p)/ ug(y)ex TP T+ slv=a) gy,

Here, the evolution of the quantities S, P Q) and A are determined by
matched asymptotics and will be specified below. We will refer to these quantities
as FGA wvariables henceforth.

For n > 0, the wave function u(™ counts for contribution of wave packets that
switch between the two energy surfaces n times. Given n, to specify the integral
representation, let us denote T,.1 = ({,,...,t1) as a sequence of times in reverse
order, i.e., they satisfy

0SSt <le<--<tp S

The ansatz for (™) is given by

1 t tn
2.11 () (¢ :7/d / dtn/ dty_q -
t

2
/ dt, T(l)(TLh 20) e 'T(") (Tn:h 20)
0

?
€

X A(”)(t,Tn:l, 20) exp < 6)(71)(157Tn:17 zo,z)> ,



FROZEN GAUSSIAN APPROXIMATION WITH SURFACE HOPPING 2195

where

@(n) (t7 Tn:17 20, -T) = S(n) (ta Tn:17 ZO) + P(n) (t7 Tn:la ZO) : (3j - Q(n) (t; Tn:17 ZO))

7 2
+ 5 T — Q(n) (taTn:la ZO)’ )
and

A(n) (t7 Tn:17 Zo) = a’(n) (t7 Tn:1> ZO) / Uo (y)eﬁ(—p-(y—q)+%\y—q\2) dy
To simplify the notation, we will often write (211]) as
(2.12)

1 )
(n) — 7/ / @) ... ) 4n) <_ (n)>
u\™ (t, x dz T T A exp [ -© d7,,.q1,
(&) (2me)3m/2 0 0<t1 < <tn <t € !

where dT,.; = dt;---dt,. Note that in (2II]), we integrate over all possible
sequences of n-ordered times in the time interval [0, ¢].

Note that given the time sequence T),.1, ([2I1I)) depends on the FGA variables
S p0) Q) A and also (%) for k = 1,...,n. We will refer to 7*) as the
hopping coefficients, since they are related to the jumping intensity of our stochastic
algorithm. Note that as other FGA variables, T(k)(Tk:l,Zo) depend on the time
sequence Ty.; and zg.

Let us now specify the evolution equations for the FGA variables and hopping
coefficients involved in ([2:9)) and (ZI1]) to complete the integral representation. The
asymptotic derivation of these equations will be given in Section [

Recall that for n = 0, the FGA trajectory evolves on a single energy surface
Ey. For n > 0, the trajectory will switch between the two surfaces at given time
sequences T,,.;. More precisely, Tp.1 = (tn,tn—1,-..,t1) determines a partition of
the time interval [0,¢]. Each FGA variable evolves piecewisely in time on alternating
energy surfaces, starting on energy surface 0 (due to our assumption of the initial
condition). For convenience, we take the convention ¢y = 0 and ¢,4+1; = t in the
following.

When t € [tg, trt1) for k being an even integer, all the FGA variables evolve
on energy surface [(*) = 0, and for k odd, the trajectory evolves on energy surface
1) = 1. The evolution equations are given accordingly as:

(2.13a) %Q(k) = p),

(2.13b) %P(’“) = —VEm(QW),

(2.13¢) %S"“) = %(P"“))2 - By (Q™),

(2.13d) %A"f) = %A(’” tr ((Z("))‘1 (8ZP(k) —i0.QMVHE (Q(k))»

_ A(k)dlmlw) . pW).

We observe that the evolution equations (ZI3)) are similar to those in the single sur-
face case. This connection will become more clear later in our asymptotic derivation
in Section @

The crucial difference with the single surface case is that the trajectory now
switches between the two energy surfaces. At time t = t; for 1 < k < n, the
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trajectory switches from one energy surface to the other. The FGA variables are
continuous in time,

2.14a) ") (g, Ther, 20) = A1 )

2.14b) k)(t T, 20) = SE Y (g, Tu1.1, 20),

2.14c) PO (t),, Tha1, 20) (ks )
)

(
(
(
(2.14d) Q™ (tr, The, 20

= QWU (ty, T 11,20)

such that the left-hand sides serve as the initial conditions for the evolution equa-
tions during the next time interval [tx,tx+1). The FGA trajectory for two energy
surfaces is thus defined on the extended phase space R®*™ x {0,1}, the piecewise
Hamiltonian dynamics on each energy surface, and the continuity condition (2.14)).
Finally, the hopping coefficient 7(*) is given by

k k
(k)(qu,Zo) . {—P( )(Tkzl,Zo) ~do1 (Q( )(tk7Tk:17Zo)), k even,

(2.15
) —P¥) (T}, 20) - dio (Q™) (tr, Ther, 20)), K odd.

It is worth remarking that, T(k)(Tk:l, 20) is complex valued in general, and there-
fore, we will later choose its modulus as the jumping intensity in the probabilistic
interpretation of the ansatz in Section

3. FROZEN GAUSSIAN APPROXIMATION WITH SURFACE HOPPING
AS A STOCHASTIC INTERPRETATION

We have seen in Section 23] the surface hopping ansatz is a sum of contributions
involving integration on the phase space and of all possible sequences of ordered
times. Since the phase space could be of high dimension in chemical applications
and the number of time sequences grows factorially fast with respect to n, the direct
discretization of the integral does not give a practical algorithm. Observe that
essentially we have a high-dimensional integral to deal with, and hence it is natural
to look for stochastic methods (in analogy to Monte Carlo method for quadrature).
Motivated by this, in this section, we will present a stochastic representation of
the surface hopping ansatz, which can be used to numerically approximate the
solution to the Schrodinger equations. The resulting algorithm bares similarity to
the surface hopping algorithm developed in the chemistry literature, which will be
elaborated in Section B3l

3.1. Probabilistic interpretation of FGA for single surface. Before we con-
sider the frozen Gaussian approximation with surface hopping, let us start with the
usual FGA on a single surface. Recall that the ansatz is given in this case by

1 7
upga (t,x) = (27&5)—37”/2 /]R2m dzo A(t, 2p) exp(g@(t,zo,z))

1 A(t, o) i
= dzo |A(O 2 ~0(t
(2me)3m/2 /RZm 20 [4(0, 20) |A(0, zo)| eXp(s ( ’ZO’$)>’

and from Lemma [2.1] that

(3.1)

1

(3.2) ug(z) = reyinr /R?m dzg A(0, z9) exp(é@(o,zo,x)).
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Assuming that A(0, 2) is an integrable function in R?™ i.e.,

/ dzo] A(0, z0)| < o0,
R2m

we can define a probability measure Py on R?™ such that

1
_ —1
(3.3) P =2 s /Q dzo |A(0, 20)]

for any Q C R?™, where Z = W Jgzm dzo [A(0, 2)| is a normalization factor

so that Py is a probability measure. Note that in general A(0, zg) is complex valued,
and hence the necessity in taking the modulus in the definition (33]). We can thus
rewrite

A(t,ZO)
14(0, 20)

A(t, z0) )
‘14(07 ZZ)‘ exp(EG(t, Zva))‘| )

where the expectation is taken with respect to Pg. Thus, we may use a Monte Carlo
sampling for upga (¢, ) as

upga (t, ) = Z/]P’o(dzo) exp(é@(t,zo,x))
(3.4)

= ZE.,

) ; .
(3.5) upga (£, x) ~ o Z exp(l o(t, Zéz)’ z)),

where {z((f)}i:lw, v C R?™ are independent identically distributed samples from

the probability measure Py. Algorithmically, once zé) is sampled, we evolve the

FGA variables @, P, A, S up to time ¢, which gives the value of the integrand.
Denote z; = (Q4, P;) for the FGA trajectory, so that z; satisfies the Hamiltonian
flow with Hamiltonian h(q,p):

dz = (hy, —hg) dt.

The trajectory z; corresponds to a one-to-one map on the phase space zg — z;. As
the trajectory is deterministic once the initial point zj is prescribed, we can equiv-
alently view the expectation over the initial condition in ([B.4]) as the expectation
over the ensemble of trajectories z;; this point of view is useful for the extension to
cases with surface hopping.

In summary, in the single surface case, the FGA ansatz can be evaluated by
a stochastic approximation where the randomness comes from sampling of initial
points of the FGA trajectory.

3.2. Probabilistic interpretation for FGA with surface hopping. We now
extend the probabilistic interpretation to the cases with surface hopping. Since the
FGA trajectory in this case depends on the energy surface on which it evolves, to
prescribe a trajectory, we need to also keep track of the energy surface. Thus, the
phase space extends to z; = (z,1;) € R?™ x {0,1}, where [; indicates the energy
surface that the trajectory is on at time ¢.

To take into account the possible hopping times, we will construct a stochastic
process for z;, in consistency with the ansatz we have. The evolution of z; is
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deterministic on the energy surface that [; indicates, given by the corresponding
Hamiltonian flow:

(3.6) dzy = (Pt, =V, Ei, (pt, Qt)) dt.

This is coupled with a Markov jump process of [; which is cadlag and hops between
0 and 1, with infinitesimal transition rate

(3.7) IP’(ZHM =m|l;=mn, 2z = z) = Onm + Anm(2)0t + 0(dt)
for m,n € {0,1}, where the rate matrix is given by

~(Moo(z) Aoi(2)\ _ (—Ip-dio(q)] |p-dio(q)]
(3:8) Mz)‘(ﬁﬁ(z) Af1<z>)‘<|p~doi?q>| —|p-§z§1<q>|)'

Note that Agi(z) corresponds to the infinitesimal rate from surface 0 to 1, and thus
it is given by |p - d10(q)|. We remark that p-djo(q) is in general complex, and hence
we take its modulus in the rate matrix; also note that the rate is state dependent
(on z). The z; is thus a Markov switching process. Equivalently, if we denote the
probability distribution on the extended phase space at time ¢t by Fi(z,1), then the
corresponding forward Kolmogorov equation is given by

(3.9) %Ft(z,l) + {hl,Ft(z,l)} = Z Ami(2) Fe(z,m),
m=0

where {-,-} stands for the Poisson bracket corresponding to the Hamiltonian dy-

namics (3.0)),
{h,F} = Oph - OgF — O4h - O, F.

Given a time interval [0,¢], thanks to ([B.6]), the z, part of the trajectory z5 =
(zs, 1) is continuous and piecewise differentiable, while I, is piecewise constant with
almost surely finite many jumps. Given a realization of the trajectory zZ; = (zs,ls)
starting from Zy = (z0,0)[] we denote by n the number of jumps /s has (thus n is
a random variable) and also the discontinuity set of I, as {tl, ey tn}, which is an
increasingly ordered random sequence. By the properties of the associated counting
process, the probability that there is no jump (n = 0) is given by

(3.10) P(n =0) = exp (— /Ot Ao1(zs) ds) = exp <— /Ot ’7(1)(3, zo)‘ ds),

where 7(1) is defined in (ZI5) as the hopping coefficient in the ansatz of FGA with
surface hopping. Similarly, the probability with one jump (n = 1) is given by

t t1
(3.11) P(n=1) :/ dt, ‘T(l)(t1720)’e>{p<—/ T(”(&ZO)’ d8>
0 0

t
X exp —/
ty

In addition, conditioning on n = 1, the hopping time is distributed with probability

density
t
T(l)(57zo)‘ ds) exp (—/
ty

(3.12)
LGeneralization to initial condition starting from both energy surfaces is straightforward.

7(2)(S,T1:1,Zo)‘ ds).

t1
01(t1) x ‘T(l)(tl,ZO)‘ exp (—/ 7(2)(5,T1;1,zo)‘ ds).
0
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More generally, we have

k
(3.13) P(n=k)= / ATy H ’T(j)(Tj:l,Zo)‘
0<t1 <<t <t

j=1
t
X exp —/
tr

k t; '
T(k-i—l)(s,Tk:l,ZO)’ ds) Hexp (—/ ‘T(J)(S,quzh%)‘ ds),
j=1
and the probability density of (¢, ...,tx) given there are k jumps in total is

tj71

k t
H ‘7.(1)(7}:17 zo)’ exp (— /t
k

Jj=1

k tj
(3.14)  ox(tr, ... k) xHem(—/
j=1 ti—1

i <t <or <ty

| 0, otherwise.

T(kH)(S,Tk;l,Zo)‘ dS)

T(j)(sa 7}—1:17 ZO)‘ dS) )

We remark that the complicated expressions are due to the fact that the intensity
function A(z) of the jumping process depends on the current state variable z, and
thus depends on the previous hopping times. These formulas reduce to the usual
familiar expressions for homogeneous Poisson process if the intensity is uniform.

Let us now consider a path integral that takes an average over the ensemble of
trajectories

(3.15)

u(t,z,r) = ZE;z,

n T(k)(Tk.l Zo) A(n)(t T 1 Zo)
\Ijn mo ; = - —
121732) (,B yr<k><Tk:17zO>\> 400, z0)]

X exp(é@(") (t, Th1, 20, x))

t n tr
X exp (/ ‘T(n-&-l)(s,Tn:l,zo)‘ ds) [T exp (/ ’T(k)(&Tk,l:l,zO)’ ds)],
tn k=1 tp—1

where the initial condition zg is sampled from Py with probability density on R2™
proportional to |A()(0, zp)| and Z is a normalization factor (assuming integrability
of A0)(0, 2) as before)
1
3.16 A ’A(O) 0, ’ dz.
(3.16) (2me)3m/2 /Rm (0.20)] dzo

Here, the terms on the second line of ([BI3]), namely,

t n t
exp (/ ‘T(n+1)(S;Tn:lyzO)’ ds) H exp (/ ’T(k)(s,Tk_l;l,zo)’ ds>7
b k=1 tp—1

are the weighting terms due to the non-homogeneous state dependent Poisson pro-
cess. Note that the whole term inside the square bracket in ([BI5]) is determined
by the trajectory z;, and thus can be viewed as a functional (with fixed ¢ and )
evaluated on the trajectory. We now show that (313 is in fact a stochastic repre-
sentation of the FGA surface hopping ansatz given in §2.3] and hence we obtain an
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asymptotically convergent path integral representation of the semiclassical matrix
Schrédinger equation. By the choice of the initial condition, we have

1
W/Rm dzg Egt\ljn mod 2(7°;£U)

n (k)(Tk 1 ZO) ;
) o)A t, Tna, —0"™(t, T, 20,
[(kl;[l ‘7( )(Tk;1720)|) ( 1, 20) exp(s ( 1,20 x))

u(t,z,r) =

Z = (ZO,O)]

Since the randomness of the trajectory given initial condition only lies in the hop-
ping times, we further calculate

1 o0
at - d P(n) U, mod 2 (7 L(dty - dt,
u( ,x,r) (27T€)3m/2 /]R2m 20 Z (n) dQ(T 1’) /([O,t])" 1% ( 1 )

n T Tk 1 Z())
X ’ AP (¢, T,
[<H ‘T(k TklaZO)’> ( y Ll Zo)

k=1

n
xexp(l@( )(t Th1, 20, ) exp(/ ‘ ”+1) (s, Ty 1,20)‘ ds) H
€

k=1
ty
X exp / ‘T(k)(&Tk)—l:l;ZO)‘ ds
th—1

1 oo
= W/R?m dzo Z‘I’n mod 2(7‘;37)/ AT

=0 0<ty <+ <ty <t

n
H N(Tha, 20) A™ (¢, T, 20)

X exp(—@(") (t, T, 20, ac))
€
= UFGA(t7 x, T)>

where the second equality follows from [BI3]) and BI4). The above calculation
assumes the summability of the terms in the FGA ansatz, which will be rigorously
proved in Section

3.3. Connection to surface hopping algorithms. As we have shown in Sec-
tion 3.2 the surface hopping ansatz is equivalent to a path integral representation
given in ([BI5]) based on averaging over an ensemble of trajectories, the FGA-SH
algorithm is a natural Monte Carlo sampling scheme. The FGA-SH algorithm con-
sists of steps of sampling the initial points of the trajectory (0, zp), numerically
integrating the trajectories until the prescribed time ¢, and finally evaluating the
empirical average to obtain an approximation to the solution. Detailed description
of the algorithm and numerical tests will be presented in Section
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This is a good place to connect to and compare with the surface hopping algo-
rithms in the chemistry literature. Our algorithm is based on the stochastic process
z; which hops between two energy surfaces, and thus it is very similar in spirit to
the fewest switches surface hopping and related algorithms. However, the jumping
intensity of l; is very different from what is used in the FSSH algorithm; in fact,
the hopping in FSSH is determined by an auxiliary ODE for the evolution of “pop-
ulation” on the two surfaces [29]. It is not yet clear to us how such an ODE arises
from the Schrodinger equation. On the other hand, given the trajectories produced
as in FSSH, one could in fact reweight those to calculate the path integral (B15])
which might correspond to an importance sampling scheme. This connection would
be left for future explorations.

Another major difference with the surface hopping algorithms proposed in the
chemistry literature is that the trajectory z; is continuous in time on the phase
space, while in FSSH and other version of surface hopping, a momentum shift
is introduced to conserve the classical energy along the trajectory when hopping
occurs (if hopping occurs from energy surface 0 to 1, it is required that ho(p,q) =
hi(p', q), where p’ is the momentum after hopping). Note that as in the FGA for
single surface Schrodinger equations, each Gaussian evolved in the FGA with surface
hopping does not solve the matrix Schrédinger equation, and only the average of
trajectories gives an approximation to the solution. Therefore, it is not necessary
for each trajectory to conserve the classical energy. The methods in the chemistry
literature perhaps over-emphasize the energy conservation of a single trajectory.

Also, Tully’s fewest switches surface hopping algorithm only calculates the tra-
jectory, without giving an approximation to the wave function. It is perhaps more
like Heller’s frozen Gaussian packet [9] for single surface Schrédinger equations,
which compared to the ensemble view point of the Herman-Kluk propagator, con-
siders instead the evolution of a single Gaussian packet and captures the correct
semiclassical trajectory. A better understanding of trajectory dynamics in FSSH is
an interesting topic for future discussion.

We emphasize that while an ensemble of trajectory is often used for the surface
hopping algorithm, it is rather unclear what the ensemble average really means
in the chemistry literature. There are in fact debates on the interpretation of the
surface hopping trajectories. Our understanding on the path integral representation
clarifies the average of trajectories and hopefully will shed new light on further
development of the surface hopping algorithms.

Let us also point out that, as far as we have seen, the chemistry literature seems
to miss the weighting terms in (I, resulting from the non-homogeneous state
dependent Poisson process. As the hopping rules for the surface hopping algorithm
all have a similar feature, this correction factor is very important. In fact, the
approximation is far off without the correction factors in our numerical tests.

As we already mentioned before, the ansatz we used share some similarity with
those proposed by Wu and Herman in [31H33], in particular, the total wave func-
tion is also split into a series of wave functions based on the number of hoppings.
However, they are crucially different in many ways: Whether the trajectory is con-
tinuous in the phase space, whether the weighting terms as in ([BI5) is included
in the average of trajectories, and the work [3TH33] also employs some stationary
phase argument, etc. While we will provide a rigorous proof of the approximation
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error of our methods, it is not clear to us that the heuristic asymptotics in [31H33]
can be rigorously justified.

4. ASYMPTOTIC DERIVATION

We present in this section the asymptotic derivation of the FGA with surface
hopping ansatz presented in §2.31 To determine the equations for all the variables
involved, we substitute upga into the Schrédinger equation (I?:DE and carry out
a matched asymptotics expansion. While the calculation in this section is formal,
the approximation error will be rigorously controlled in Section

We start by examining the term (iedy — H )K(()g). By definition (2.8]), we have

i, K\ = ieWy 0u®,

and
(0) e’
HEKy) = (—5AI + H) Tou®
2
= —EAE (\Ifou(o)> + E()\Ifou(o)
2

= \I/(JH()U(O) - Ezvm\llo . un(()) + (—%Am\yo> ’LL(O),

where we have used the notation H; = —%Am + FE; for i = 0,1. Expand the

term V¥ in the adiabatic basis {¥y }r—0,1 (recall that we have assumed only two
adiabatic basis functions are important):

Va¥o = dooWo + d10¥1,

where we recall that dp,(z) = (¥, V¥, ), and we thus obtain the expansion of
H Kég) in terms of the adiabatic basis functions

(4.1) HKY) = WoHou® — e2Wodgg - Vul® — 20y dyg - Vul® + O(e2),

where we have omitted the contribution from (—%Awllfo)u(o) which is of order
O(£?) (note that terms like 2Wqdog - Vu(?) is O(e) instead of O(£?) are due to the
oscillation in u(?)). We see that the first two terms in (1)) lie in the space spanned
by Wo, while the third term is orthogonal. Hence, it is impossible to construct u(%)
to satisfy equation ([@I) to the order of O(g). In fact, the term —e?Wdyq - Vul®)
has to be canceled by terms from (ied; — H)K(g}), since W, corresponds to the other
energy surface. This explains the necessity of the surface hopping ansatz.
Let us thus first try to construct u(?) such that

(4.2) icdu® = Hou® — 2dy - Vou® + 0O(£?).
2 Alternatively, one can directly work with the matrix Schrodinger equation (Z3), which will

be in fact adopted in our proof in Section[ll We present both view points as both are often used
in the literature.
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Note that this is very similar to the situation of the original frozen Gaussian ap-
proximation for the single surface Schrodinger equation. By direct calculation, we
get

9.0 — € 0 NG
1£0su (27r5)3m/2/d20 O {A (t,zo)exp<€® (t,zo,x))]
W/dzo O A (t zo)exp( @(0)(t,zo,x))
1
— W/ dZO A( )(t,Zo) (5}5 (t Zo) +(9t (t Zo)
(@ = QY (¢, 7))
— 0, QW (¢, 20) - (PO(t, 20) + i — Q¢ zo)))) exp(é@m)(t, %o, ;v))
__ ' =0
= ey / dzg 0+ A (t 20) exp(g@ (t,zo,x))
1
- W/ dZO A(O) (t,Zo) (atSéo)(t,Zo) VQE()( (t Zo))
(@ = QY (¢, 20)) = P (¢, 20)
(B (8 20) + i = Q) (1. 20))) ) exp (200 (t,20,7) ).
Moreover,
€2V1u(0) = W/ dZO A( )(t ZO)(P(O)(t ZQ) +Z(l‘ — Q(O)(t Zo)))
xexp( 6(0) t, 20, )
2 )
_E A0 = e Q)
5 Azu > (27T€) / 0 AC (t,zo)exp(g@ (t,zo,x)>
1 1 .
+ §W/ dZo A(O) (t, Zo)|P(0) (t, Zo) + ’L(l’ - Q(O) (t, Zo))}z

X exp(é@(o) (t, zo, m))

As suggested by the semiclassical limit of the single surface case, we have imposed
that (Q(®), P(©)) follows the Hamiltonian flow with classical Hamiltonian ho(q, p) =
3pI* + Eo(q), namely,

dQ©
(4.3a) = PO,
dt
4P
(4.3b) = —VE(Q).

dt



2204 JIANFENG LU AND ZHENNAN ZHOU

To match the term Ey(z)u(?), we expand Ey(z) around Q© to get

1 1
—3m/2/ dzo EO(Q(O)(YZZo))A(O)(t’Zo)exp(g@(o)(t,Zo,l’))

EO(.I)’LL(O) = (27('5)

i W [ 40 (2 = QUt,20) x VoEo(Q 1, 20) A%t 20
< oxp(200,0,2)

o7 [ o 5o = QO 0)

+ (27e)3m/2

X VéEO(Q(O) (t,20))(z — QO (t, 20)) A (%, 20) exp(é@w (t, 2o, x))

+0(e%),

where we have used Lemma to control the terms containing (z — Q)3 and
higher order terms. To treat the terms containing powers of (z — Q) in the above

expressions, we apply Lemma and get

ieu(®) = W/ dzo 9,A0(¢, zo)exp( 0O (t, 29, x ))

1
_ W/ dzo A )(t,zo) (8tSé )(t,zo) _ |P0 )(t,Zo)‘Q)

X exp(z@(o)(t 20, x))
W / dzo 0, (A< (VQEo(Q©) +iPY) (2O) )
X exp(g(a( )(t,Zo,I)),

29 0 _ T (0) 0 LING 2
e“Vu (2775)3m/2/dZ0A (t,20)P (t,zo)exp(g@ (t,zo,zv)>+(’)(5 ),

1

- - (0) (0) (0)

2 o) 3m/2/dzoA (t, 20) ‘P (t, 20 ’ exp( ©'"9(t, 2o, x))
me 1

e (0) 2o

+ 5 (Qﬂa)Swn/Z/dZOA (t,zo)exp(ge) (t,zo,z))

_ (27;)%/2/ dzg 02, (A(O) (P(o))j(z(o>);k1> eXpG@(O) (t,zo,x))

— W/ dzo A(O)(t720) (Q( )) (Im); (Z( ))kl

x exp(ge<°><t,zO,z>) +0(e),

2
_% Au® =
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1 7
(0) _ (0) (0) Ar=1O)
Ep(z)u™ = (271.5)3m/2/d20 Ey(QY(t,20))A (t,zo)exp(e@ (t,zo,x))

& (0) (0) (0)y—1
e | 420 0 (A (VaBn(@) (251
X exp(éG)(O) (t, zo, a:))

13 _
+ W/ dzo A(t,20)0:, (Q');(VHE(Q) 1 (Z2);)}

X exp(EG)(O) (t, zo, :C)) + O(£%).
€
Therefore, matching terms on the leading order, we get

ds©
dt

(4.4) = % ‘P“)’z — Eo(Q).

The next order, O(e), gives

d

(45) —

1 .
40 — 5 40 tr(( 20" (0.P© —i9.QV?, Eo(Qw)))) — A gy PO,

where
9, =8, —id, and Z© =, (Q<0> + ¢P<0>) .

Note that, compared with the single surface case, the only difference is the extra
term —A©dyg - PO which comes from the term —e2dyg - V,u(® in @2). We also
remark that dgg is purely imaginary due to the normalization of ¥y, and hence this
extra term only contributes to an extra phase of A(©).

Coming back to (@Il), we still need to take care of the term parallel to ¥y.
This extra term corresponds to intersurface mixing and should be canceled by
contributions from wave packets on the other surface. More specifically, let us

examine the term (icdy — H )Kéi), by direct calculations, we get

iEBtKé}) = ieW,9,uV

. 1 k
(46) :Zem/ dZo/ dtlT(l)(tl)at (A(l)(t,tl,ZQ)
0
X exp (é(%(l)(t,tl,zo,x))) Wy
1 )
o~ (1) (1) hiy=1¢Y;
(4.7 +ze(2ﬂ_€)3m/2 / dzo T (8) AV (1,1, 20) exp <5® (t,t,zo,x)) Uy,

and
2
n_ (_& €y
HES! ( A, + He>\I/1u
62
= _5Aw (\111’1,1,(1)) + Equlu(l)
2
(4.8) =0 HyuM — 2V, 0, - VoM + (—%Ax\m) u®,

where H; = —%AI + FE is the effective Hamiltonian on the second energy surface.
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Therefore, in (ied; — H)K(()}), all the terms contain the time integration with
respect to t; except the term (A7), which motivates us to impose this term to

cancel the term —e2Wdg - Vou(® from (icd, — H)Kég). From the expression of
V,u'®, this suggests that we shall construct 7V, A® and ©™) such that

(4.9)

(2W5;3m/2 dlo(ﬂ?)/ dzg A (2, 29) (PO (t, 20) +i(x — QW (L, 20)))

X exp(é@(o) (t, 2o, 3:))

1 )
- - 1) 1) ‘oM
CBERE / dzg AW (¢, ¢, 20)7" " (¢, 20) exp(a@ (t,t,zo,x)) + O(e).

Expand dio(z) around Q(®) and apply Lemma again such that

(4.10)

1 0 0 0 N0
W/ dzg AC )(t,zo)dm (Q( )(t,zo)) . p( )(t,zo) exp(g@( )(t,zo,x))

1 1
— a5 (1) (1) L)
DL / dzo A (¢, ¢, 20)T (t,ZQ)exp(€® (t,t,zo,g;)) + O(e).

A natural choice is then to set the following for any ¢ and z,

(4.11) AN (L1, 20) = AO(t, ),
(4.12) POt t,29) = PO(L, 2),
(4.13) QW (t,t, 20) = QU(t, 20),
(4.14) S (t,t,z9) = SOt 20),
(4.15) T (t, 20) = —di0(Q(t, 20)) - PO (2, 20).

Therefore, this sets the initial conditions of A (¢, 1, 29), PM (¢, 1, 20), QM (¢, 1, 20),
SM(t,t1,20) at t = t; (recall that from the definition of ([ZIT)), those FGA variables
are only needed for ¢ > 7).

Now back to the other terms in (ied; — H)K(g}). Again, in ([@8), the term
(—%Am\l'l)u(l) is of order O(g?), which will be neglected as the FGA approxi-
mation is determined by terms up to O(g). We expand V,¥; in terms of the
adiabatic states V¥ = dg1 Vg + d11 ¥4, the contribution of ¥; will be asymptot-
ically matched by imposing the appropriate evolution equation for A, while the
term component in ¥q, e2Wodo; ~qu(1), has to be matched by contributions from
(icd, — H)KS).

Analogously to the construction of u(®), we impose that for ¢t > ¢, (P, QW)
satisfy the Hamiltonian flow with the effective Hamiltonian hy = 3|p|? + E1(q):

d
dom — p)
dtQ ;

d
EP“) = —VE (QW).
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The evolution of other FGA variables can be determined by matched asymptotics,
also similar to what was done for ©(9). This leads to for ¢ > t1,

d 1
aS(l) = 5(p(l))2 — B (QW),

d

dt
with initial conditions given by the continuity condition (II) and ([@I4)). Note
that the equations have the same structures as the evolution equations for S and
A©) | except that they now evolve on the energy surface Fj.

In a similar way, the evolution equations ([2I3) for all order FGA variables and
hopping coefficients are recursively determined, with continuity condition ([2.14]) at
the hopping.

To conclude this part, let us generalize the ansatz to the case that initial wave
functions consist of both ¥y and ¥;. Since the equation is linear, the solution is
given by superposition of initial conditions concentrating on each energy surface.
Thus, in the general case, the FGA with surface hopping is given by

(4.16) upga(t,z,7) = K(O)(t,x,r)—l—K(l)(t,x,T)+K(2)(t,x,r)+K(3)(t,x,r)+- .

where

1
A — 5A(l) tr((z(l))*l(azp(l) _ i@zQ(l)VQQEl(Q(l)))) — AW, . pO.

K _ K + K = wul + woul™, nodd,
K((Jg) + Kﬂb) = \Iloué") + ‘Illu(ln), n even.

The expression for ué") and ugn)

omitted.

are similar to the previous case, and hence will be

5. CONVERGENCE OF FGA WITH SURFACE HOPPING

In this section, we will present the main approximation theorem of FGA with
surface hopping and also provide some examples to justify and understand the
assumptions.

5.1. Assumptions and main theorem. For the asymptotic convergence of the
frozen Gaussian approximation with surface hopping ansatz, as U;(r;x) are fixed,
the heart of the matter is the approximation of U = (Z(f ), which solves the matrix
Schrodinger equation (23). Recall that in the FGA ansatz, U is approximated by
(note that we have assumed u1(0,2) = 0)

(5.1) Uraal(t,z) = (u(l) +u® ...

To guarantee the validity of the asymptotic matching, we make some natural as-
sumptions of E, d and D, the coefficients appeared in ([2.3]).

Beside the coupling terms in the matrix Schrodinger equation (23), the non-
adiabatic transition is also related to the gap between the adiabatic energy surfaces,
given by

(5.2) 0= igf(El(x) — Ey(z)).

In the most interesting non-adiabatic regime, § > 0 should also be viewed as a small
parameter. In fact, if § is fixed and e — 0, the matrix Schrodinger equation (23)) is
approaching its adiabatic limit, namely we can neglect the transition to the other
part of the spectrum; see [23|25]. To ensure a significant amount of transition as
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e — 0, it is most interesting to consider 6 — 0 simultaneously. Therefore, we will
consider a family of matrix Schrédinger equations with the coefficients depending
on §. We will emphasize the § dependence and write Hg, ES d° D?°, etc., when
confusion may occur.

We start by the assumption on the energy surface E°.

Assumption A. Each energy surface E{(q) € C°°(R™), k € {0, 1} and satisfies the
following subquadratic condition, where the constant C'g is uniform with respect
to 4,
(5.3) sup ‘(%Ei(qﬂ <Cg V0o =2.
qeRnl
This assumption guarantees that the Hamiltonian flow of each energy surface

satisfies global Lipschitz conditions, such that the global existence of the flow is
guaranteed. In particular, (53] immediately implies that

(5.4) IV,Ep(q)| < Ce(lgl +1) VYgeR™,

which we will use later. Note that similar subquadratic assumptions are needed
even for the validity of FGA method for the single surface model. We will further
investigate the related properties of the Hamiltonian flow in Section [(.11

We recall that the initial coeflicient of the surface hopping ansatz is given by

m

(5.5) A0, 2) = 2m/2/ eé(*p-(y*q)+%|y*fI|2)uO(y) dy.

By Lemma [Z1] the FGA ansatz recovers the initial condition of the Schrodinger
equation at time 0.

As the Gaussian is not compactly supported, A(® is in general not compactly
supported either. This causes some trouble as, for example, the hopping coeffi-
cient 7, given by, e.g., —p - d};(q), is not uniformly bounded with respect to all
starting points zg of the trajectory. On the other hand, notice that A® will de-
cay very fast on the phase space, especially when ¢ is small, since the Gaussian
et (P (y—0)+5ly—a) decays very fast both in real and Fourier spaces. Therefore,
we may truncate A outside a compact set which only introduces a small error to
the approximation to the initial condition. As this issue arises already in the usual
frozen Gaussian approximation (see [22] for example), we will make the assumption
that there exists a compact set K C R?™ that the initial approximation error, given
by

1

U [

/ A0, Z)e§<1>(“>(o,z,z) dz —up(0,2)
K

L2(R™)

is negligibly small for the accuracy requirement. Note that ¢, depends on the
semiclassical parameter € and goes to zero as € — 0 (the rate depends on ug(0)).
Therefore, we will restrict the initial condition zg = (go,po) to the compact set K
in the FGA ansatz with surface hopping.

Moreover, as we shall prove in Proposition [[.I], given ¢ > 0 and initial condition
20 = (qo,po) restricted in a compact set K, the FGA trajectory is confined in
a compact set K; which is independent of the hopping history within [0,¢]. For
the matrix Schrodinger equation, we also need the assumption on the coupling
coefficients d° and D?, and their boundedness on the compact set K.
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Assumption B. For k,1 € {0,1}, we have d2, € C®°(R™) and D2, € C>=(R™).
Moreover, given t > 0, we assume that Eg, dil and Dzl and their derivatives are
uniformly bounded with respect to § on K;, which is the compact set the trajectory
stays within up to time ¢ (see Proposition [T]).

To further understand the implications of Assumption [B] we have for k # [ the
explicit expression by standard perturbation theory, when E,‘g =+ El‘s7

(90, (Vo HY) W)

dj () = (U], V, T3) =
Ef - B

As the denominator on the right-hand side is given in terms of the energy gap,
when the gap approaches 0, the coupling vector becomes unbounded unless the
numerator is also getting small. On the other hand, we allow the possibility that
the gap between the two energy surfaces is very small, even of the order of € (but
d? is still O(1)). Examples will be given in the next subsection.

Now we are ready to state the main approximation theorem.

Theorem 5.1. Let Upga(t,x) be the approximation given by the FGA with surface
hopping (with phase space integral restricted to K ) for the Schrédinger equation
@23), whose exact solution is denoted by U(t,x). Under Assumptions[Bl and [Bl, for
any given final time t, there exists a constant C, such that for any e > 0 sufficiently
small and any § > 0, we have

[Urcats) = Ut )| 2 gam) < C + in
where €, is the initial approzimation error defined in (B.0]).

This theorem implies, in the simultaneous limit, ¢ — 0, § — 0, that the FGA
method with surface hopping remains a valid approximation with O(e) error. This
covers the interesting regime when the transition between surfaces is not negligible
(O(1) transitions occur) and also the adiabatic regime that ¢ — 0 with a fixed
0 (so non-adiabatic transition is negligible). In particular, we emphasize that the
constant C' is independent of both € and 4.

While we will not keep track of the precise dependence of the constant C on ¢, by
our proof techniques, we would at best prove an exponential growth of the constant
as t gets large, due to the use of Gronwall type inequalities. In our numerical
experience, the error accumulation seems milder.

5.2. Examples of matrix Schrodinger equations. Let us explore some specific
examples to better understand the Assumptions [Aland [Bl Recall that, we consider
the case of two adiabatic states, which means that the Hilbert space corresponding
to the electronic degree of freedom is equivalent to C?, and hence the electronic
Hamiltonian H? is equivalent to a 2 x 2 matrix. As discussed above, the most
interesting scenario is when the two surfaces are not well separated. We recall that
the small parameter § indicates the gap between the two energy surfaces and we
focus on the more interesting cases that the gap goes to 0 as ¢ — 0.

A general class of electronic Hamiltonian satisfying our assumptions can be given
as a product of a scalar function F°(z) and a 2 x 2 matrix M (z) independent of d,
namely

H’(z) = Fo(x)M (z).
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We observe that, due to the specific choice, H? and M share the same eigenfunc-
tions, and if we denote the eigenvalues of M by Ag, then we have

(5.7) B(x) = F ()M (a).

Then, we obtain that, for k # [,

(U, V,H ) B Fo (U, V,MU;,) (9, V. MTy)

E—E F\—XN) A=

Similarly, one can show that

6
dlk_

(U1, Ag M) — 2V A - dig
A — N\ '

Therefore, d® and D? are independent of §, and we thereby suppress the appearance
of 6. Moreover, d and D are independent of F?, while we can take F° such that
energy surfaces become close and even touch each other as 6 — 0. The set of
almost degenerate points of the energy surfaces may consist of one single point,
several points, or even an interval, as we will see below.

We note that even though this construction looks rather special, it is actually
versatile enough to cover many examples considered in the chemistry literature.
We will present three model problems here, which are adapted from Tully’s original
examples in [29].

Example 1(a). Simple avoided crossing. We choose M to be

tanh(z) 1
M = 217r talnoh(m) :

Dy, = (U, A, Uy) =

10 2

The eigenvalues of M are
tanh?(x) n 1
472 100°
We observe that the two eigenvalue surfaces are close around x = 0. By the plots

of dp; and Dy in Figure[Il we see the coupling is significant around x = 0 as well.
To control the energy gap, we introduce the following F? function,

Fo(z) =1+ (5 —1)e 10",

such that F°(z) = O(§) around 2 = 0 and F°(0) = 4, so that the energy gap
vanishes at © = 0 as 6 — 0. The eigenvalues of H, for different values of § are
plotted in Figure [l

Example 1(b). Dual avoided crossing. We choose M to be

0 1
M=, A
26 —¢ T3
The eigenvalues of M are

1 AN g 1 2+ 1
— | = — — | — 10 — —
2\ "¢ 2 A\ ¢ 2 400

We observe that, the two eigenvalues are closest to each other when —e*% + % =0,
or x = +v/10In2. The coupling vectors around these points + = £v/101n2 are
significantly larger than their values elsewhere as shown in Figure 2l This explains
why the model is often referred to as the dual avoided crossing.

+
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Energy Levels

FIGUurE 1. (Example 1(a)) Left: Eigenvalues of H,, § = %, %, é,
6%1 and 1—;8; reference § = 0. Right: the coupling information of

H., invariant with respect to §.

0.6
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FIGURE 2. (Example 1(b)) Left: Eigenvalues of H, § = &, &, 35,
1

g1 and 1—58; reference § = 0. Right: the coupling information of

H., invariant with respect to 9.

To control the energy gap, we may introduce the following F° function,
F‘S(a:) — 14 (V102 (65— 1)6—(x+\/101n_2)2 (65— 1)6_(x+ e

We can check that F° = O(§) around x = +v/101In 2, and
lim F*(+v/101n2) = lim § (1 + e—<10V21ﬂ2>2> —0.
6—0 6—0

Thus the energy gap vanishes at the two points as 6 — 0. This is illustrated in
Figure 2
Example 1(c). Extended coupling with reflection. In this example, M is

set to be ) )
M ol i (arctan(Qw) + %)
% (arctan(2x) + %) —% '

The eigenvalues of M are

1 2 1
i\/m (arctan(?x) + 5) + 100°
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FIGURE 3. (Example 1(c)) Left: Eigenvalues of H,, § = %, %, 3—12,

é and 1—;8; reference § = 0. Right: the coupling information of

H., invariant with respect to §.

Hence, as z — oo, the eigenvalues of M, Ai(x) — £15, and as * — —oo, the
eigenvalues of M, Ay (z) — £55. As shown in Figure Bl this model involves an
extended region of strong non-adiabatic coupling when = < 0. Moreover, as x > 0,
the upper energy surface is increasing so that trajectories moving from left to right
on the excited energy surface without a large momentum will be reflected while
those on the ground energy surface will be transmitted.

The energy gap between the two surfaces can be controlled by the following F?°
function,

1
Fo(x) (arctan(lOOac) + g + (5) .

T
We can check that F® = O(6) when z is sufficiently small. The family of energy
surfaces are illustrated for different values of § in Figure

Example 2. Let us mention an example that does not satisfy our assumption
in the limit § — 0, which is in fact the classical conical intersection model with

S ([ 0

(5.8) H(x) = (5 —x) .
In fact, this is the model often analyzed for the Landau-Zener transition. For this
family of Hamiltonians, we have

|ES (z) — B (z)] = 2V/22 + 62

1 0
va§_<O _1>.

In this case, one can compute the analytical expression for d;_ as

0
di—(i’?) = —m~

and

Clearly, at =z = 0, d‘i_ = O(571). Therefore, around 0, Assumption [Blis violated if
& goes to zero as € — 0 and our theorem no longer applies.

We remark, however, that for the practical examples with avoided crossing, the
small parameters (semiclassical parameter and energy surface gap, etc.) are fixed,
rather than converging to 0. Therefore, given a particular example, where H?
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is specified for some small §, we can possibly embed the model into a different
sequence as ¢ — 0, so that our method can be still used. Some numerical studies
are presented in Example 4 for this scenario.

Nevertheless, the fact that the asymptotic derivation breaks down for this par-
ticular case raises the question that whether one can combine the fewest switch
surface hopping type algorithms with the approaches based on the Landau-Zener
transition. This will be an interesting future research direction.

6. NUMERICAL EXAMPLES

In this section, we validate the algorithm based on the frozen Gaussian approx-
imation with surface hopping and its probabilistic interpretation. The numerical
examples are done for two-level matrix Schrédinger equations.

6.1. Description of the algorithm. The algorithm based on the stochastic in-
terpretation in Section [ is straightforward: We sample the initial point of the
trajectory based on the weight function |A()(0, zy)|; once the initial point is given,
we evolve the trajectory and associated FGA variables with surface hopping up
to some final time; and then we reconstruct the solution based on the trajectory
average ([BI5). The value of A()(0, zp) will be calculated on a mesh of (g, p) with
numerical quadrature of (m)ﬁ The time evolution ODEs are integrated using the
forth-order Runge-Kutta scheme. After each time step, we calculate the hopping
probability during the time step At|7| and generate a random number to see if a
hop occurs: If a hopping happens, we change the label of the current surface and
record the phase factor ﬁ After the trajectory is determined up to time ¢, we
can calculate the weighting factors in ([BI5]) by again a numerical quadrature. Our
code is implemented in Matlab.

Note that the algorithm above is the most straightforward Monte Carlo algorithm
for evaluating the average of trajectories (B10). With the path integral representa-
tion, it is possible to design more sophisticated algorithms trying to further reduce
the variance. This will be considered in future works.

Comparing the numerical solution with the exact solutions to the Schrodinger
equations, we have several sources of error, listed below:

(a) Initial error. This is the error coming from numerical quadrature of
A(O)(O,zo), the mesh approximation in the phase space, and also due to
the choice of a compact domain K in the phase space.

(b) Asymptotic error. This is the O(e) error coming from the higher-order term
we neglected in the derivation of the frozen Gaussian approximation with
surface hopping ansatz.

(c) Sampling error. Since the algorithm is a Monte Carlo algorithm to com-
pute the average of trajectories ([B.I%]), for finite sample size, we will have
statistical error compared to the mean value. Since this error is due to the
variance of the sampling, it decays as 1//Niaj, Where Ny,j is the total
number of trajectories. This is confirmed in Figure @l and Table [ for a
fixed (and somewhat large) € = {=. In Table[Il convergence rates for tests

3This is of course only possible for low-dimensional examples; approximation methods are
needed for higher-dimensional calculation, which we do not address here.



2214 JIANFENG LU AND ZHENNAN ZHOU
Errorinuo
Errorinu1
. O(N-1/2)
1071
1(.)2 1(;3
Sample size N
FIGURE 4. For ¢ = % and various numbers of trajectories Niyaj,
the empirical averages of the total numerical error with 95% con-
fidence intervals.
TABLE 1. For ¢ = % and various numbers of trajectories Niyaj,
the empirical averages and sample variance of the total numerical
error are based on 400 implementations for each test.
€= % Niraj = 100 | Nipaj = 200 | Nipaj = 400 | Nipaj = 800 | Nipaj = 1600
E(ep) 1.9889¢-01 | 1.4182e-01 | 9.9173e-02 | 7.2472e-02 5.2443e-02
Conv. Rate 0.4879 0.5160 0.4525 0.4667
Var(ep) 2.3702e-03 | 1.1585e-03 | 5.6254e-04 | 3.1891e-04 1.5769¢-04
E(e1) 1.6423e-01 | 1.1624e-01 | 8.1430e-02 | 6.0873e-02 | 4.3546e-02
Conv. Rate 0.4987 0.5135 0.4198 0.4833
Var(ey) 1.4000e-03 | 6.5504e-04 | 3.1067e-04 | 1.8907e-04 1.0734e-04

with different numbers of trajectories are computed by

E(e”)
Conv. Rate := IOng’raj/N&aj E(e)"

Quadrature error. In solving the evolution of FGA variables and making
phase changes at hoppings, the ODE solvers will introduce numerical er-
ror. Note that, some high-order solvers (e.g., RK4 here) are preferred for
the FGA variables because in the phase function, the numerical error is
magnified by O(1/¢).

In the numerical tests, we use the following initial sampling strategy. We first
choose a partition integer M € NT, and the corresponding partition constant is
defined as

1457 (0,4, p)|
2 R

max
(g.p)EK

dy =
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Eo
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FI1GURE 5. Typical trajectories in the FGA algorithm. Left: ¢ =

1 : . _ 1

For a specific grid point (g, p), we generate n(, ) independent trajectories starting
with the initial point (g, p), where

I 145 (0,4, p)|
(¢,p) — duy :

For each trajectory initiated from this grid point, the initial weight A(()O) (0,q,p) is
equally divided. As the partition integer M increases, the number of the trajectories
increases, and thus the numerical error reduces.

6.2. Numerical tests. All the test problems we consider in this paper are 1D two-
state matrix Schrodinger equations with the electronic Hamiltonian H,(z) assumed
to be a 2 x 2 matrix potential. We compare with the results from our surface
hopping algorithm with the numerical reference solution from the time splitting
spectral method (TSSP) (see, e.g., [ILI2[14]) with sufficiently fine mesh.

Example 3. In this example, we take the electronic Hamiltonian H.(x) to
be the same as Example 1(a) in Section with § = e, which we recall here for
convenience:

) tanh(x) 1
(6'1) He(x) = (1 + (5 - 1)671()@ ) ( 217r talnoh(w)> .
10 2
As as shown in Figure[Il the coupling vectors are not negligible when —1 < < 1,
and hence hopping might occur.
We choose the initial condition to the two-state Schréodinger equation as

uw(0,7, ) = ug(0,2)Wo(r; 2) = (16e) "4 exp (%) exp (—16(z — 1)2) Wo(r;x).

This initial condition corresponds to a wave packet in the ground state energy
surface localized at ¢ = —1 traveling to the right with speed p = 2.
1

Typical FGA trajectories with surface hopping are plotted in Figure[lfor ¢ = 15
and € = 3.

For ¢ = %, %, and 6%1, and for the partition integer M = 1, 2, 4, 8, 16, we
use the FGA algorithm to compute the ug(t,z) and uy(¢, ) until ¢ = 1. At ¢ = 1,

the wave packet has traveled across the hopping zone. We choose the computation
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TABLE 2. Initial error for & = 7%, 55, and g; with mesh given by (G.2).

1 5 i
¢ | 8.3178¢-:05 | 1.A173¢-07 | 1.1697¢-07

0.08 T T 0.07
ol S L e ]
—_— —_—
0.06 ——e=1/64 0.05F ——e=1/64| ]
0.05 F
0.04
© 0.04} -
=} =3
s s
S t 003f
W 0.03F w
0.02f i 0.02
10° 10’ 10° 10°
M M

FIGURE 6. (Example 3) For various € and partition integers M, the
empirical averages of the total numerical error with 95% confidence
intervals.

domain for y and for x to be [—m, 7], and the computation domain for (g,p) to
be [—m, 7] x [0.5,3.5]. We choose the following mesh sizes in the FGA method for
initial sampling and for reconstructing the solution:

2me Je 27e

(6.2) Ag = g Ap—4, Axr = Ay = 35
With this mesh, the initial error ef are summarized in Table @] which is made
significantly smaller than the other parts of the error from the approximation.
Also, we choose the step size to be very small, At = z5, and apply the fourth-
order Runge-Kutta method to solve the FGA variables. Hence, the total error
is dominated by the asymptotic error and the sampling error in these tests. The
reference solution is computed on [—7, 7] by a second-order (in time) TSSP method
with sufficiently fine mesh
2me £ = €
64’ 32

To quantify the sampling error, we repeat each test for 400 times and estimate
the empirical average E(ey) and its variance and Var(ey) are summarized in Table[3]
where e, denotes the L? error of the kth component of the solution, and convergence
rates for different M are estimated by

Az =

E(e®)
E(eb)’
The errors with their 95% confidence intervals are plotted in Figure Bl From the nu-
merical results, we see clearly that increasing the partition integer M can effectively
reduce the numerical error.

Finally, we aim to demonstrate the application of the FGA-SH method in cal-
culating the transition rate versus time. For ¢ = % and %, we carry out the test
with Niraj = 6400 trajectories, and calculate the transition rates at different times

Conv. Rate := log b /pze
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TABLE 3. (Example 3) For various € and partition integers M, the
empirical averages and sample variance of the total numerical error
based on 400 implementations for each test.
5:% M=1 M=2 M=4 M =238 M =16
E(eo) 6.9485e-02 | 5.5660e-02 | 4.4370e-02 | 3.3320e-02 | 2.6339e-02
Conv. Rate 0.3201 0.3271 0.4132 0.3391
Var(eg) 4.9452e-04 | 2.3494e-04 | 1.5885e-04 | 8.7959¢-05 | 5.5006e-05
E(er) 5.7770e-02 | 4.6380e-02 | 3.8663e-02 | 3.0728e-02 | 2.5886e-02
Conv. Rate 0.3168 0.2626 0.3314 0.2474
Var(ey) 2.7984e-04 | 1.3865e-04 | 1.0308e-04 | 6.0901e-05 | 4.8058e-05
£=3 M=1 M =2 M =4 M =38 M =16
E(eg) 5.6999e-02 | 4.6254e-02 | 3.5705e-02 | 2.6951e-02 | 2.0107e-02
Conv. Rate 0.3014 0.3735 0.4058 0.4227
Var(eg) 2.8623e-04 | 1.5798e-04 | 1.0331e-04 | 5.2099e-05 | 2.8266e-05
E(ey) 5.2574e-02 | 4.2267e-02 | 3.3255e-02 | 2.5514e-02 | 2.0454e-02
Conv. Rate 0.3149 0.3460 0.3823 0.3189
Var(ey) 1.8928e-04 | 1.2575e-04 | 6.7133e-05 | 4.0982e-05 | 2.6102e-05
E=g M=1 M=2 M=4 M =238 M =16
E(eo) 4.8308e-02 | 3.8534e-02 | 2.9118e-02 | 2.2112¢-02 | 1.6811e-02
Conv. Rate 0.3261 0.4042 0.3970 0.3955
Var(ep) 1.9927e-04 | 9.3424e-05 | 5.0794e-05 | 3.1704e-05 | 1.7614e-05
E(ey) 4.6589e-02 | 3.6833e-02 | 2.8203e-02 | 2.1660e-02 | 1.6785e-02
Conv. Rate 0.3390 0.3852 0.3808 0.3678
Var(eq) 1.5864¢e-04 | 8.1220e-05 | 5.4446e-05 | 2.6814e-05 | 1.5051e-05

1
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FIGURE 7. (Example 3) For various ¢, the typical behavior of the
FGA-SH method in calculating the transition rate versus time.
Left: e = %. Right: e = 1—%8.

until £ = 1.5. The results are plotted in Figure [7, from which we observe very nice
agreements with the reference calculations.
Example 4. In this example, the electronic Hamiltonian H,(z) is given by

(6.3)
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15T

FIGURE 8. (Example 4) Left: Eigenvalues of H.. Right: the cou-
pling information of H..

This matrix potential is similar to Example 2 in Section except that we have
fixed a small § as € varies. Hence, as € goes to 0, the energy surfaces of the electronic
Hamiltonian stay unchanged. Thus, the FGA method applies to this case. We plot
the energy surfaces, dg; and Dg; of this matrix potential in Figure [§, from which
we observe that the coupling vector is not negligible around x = 0.

We choose the same initial condition to the two-state Schrédinger equation,

0.7:2) = uo(0.2)Wo(ri ) = exp 2 ) exp (~10(z 1) Wari)

and the same computation domain and meshing sizes for the FGA algorithm and

reference solver as Example 3. For ¢ = -+ and %, and for the partition integer

16, we use the FGA algorithm to computgsthe ug(t, ) and uq(t,x) until ¢ = 1.

The reference solution indicates that when & = %, the transition portion is
significant but when ¢ = ﬁ the transition between the surfaces is practically
small. This is expected as the gap is finite and fixed, while ¢ — 0, so that the
non-adiabatic transition is approaching 0 (see, e.g., [23,125]).

Whereas, in the FGA algorithm, the hopping rate is only related to the coupling
vectors and the momentum along the FGA trajectory. Therefore, for ¢ = 1—16 and
1—;8, the hopping probabilities are similar along the FGA trajectory, but when
€ = ﬁ, the hopped trajectories on the exited state should average to 0, which
is verified by the numerical results plotted in Figure [@ together with the reference
solution. Besides, we show by comparing the reference solutions in Figure[d that the

weighting factors in (BI8]) are crucial in reconstructing the correct wave functions.

7. CONVERGENCE PROOF

We now prove that the ansatz is a good approximation to the true solution of the
matrix Schrodinger equation. For simplicity of notation, we omit the appearance of
d in the surface energy and coupling vectors. By Assumption [B] the boundedness
of related quantities in the following analysis is uniform with respect to §, and
hence all the estimates below are independent of 4. In Section [[Il we study the
trajectories, which follow Hamiltonian flows on each energy surface with hopping
between surfaces. The absolute convergence of the infinite sum used in the surface
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FIGURE 9. (Example 4) Comparison between the FGA algorithm
and the reference solutions. Top: ¢ =

%, the FGA method is im-

plemeted without the weighting factors. Middle: € = %6. Bottom:

€= 1;—8, zoomed-in plots included.

hopping ansatz is shown in Section [[.2] Finally, in Section [Z.3] we prove the main
convergence result Theorem [5.11

7.1. Preliminaries. To study the absolute convergence of the FGA with surface
hopping ansatz, we fix a time ¢ and recall that

oo

UFGA(t, x) = Z

k=0

e

() (e
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For convenience of the readers, we also recall
(7.2)

; 1 .
Dt ) =—— [ d / dT: 7O (T, D
B ( ,m) (27T5)3m/2 /K 0 0<ty < - <t; <t 7 ’ ( 1.1’Z0) ’ ( Jl’ZO)

X A(J (t 1} 1,2’0) eXp< G(J)(t T] 1,20, L )) )

which is an integration over all possible j hopping times ¢i,...,¢;. Notice that as
discussed above Theorem [5.I], we restrict the domain of integration on the phase
space to K.

Also recall that the FGA variables in the integrand of each u(7) are evolved piece-
wisely to final time ¢. To be more specific, the hopping time sequence {tx}r=1,... ;
defines a partition of the interval [0,¢], 0 < ¢; < --- < ¢; < ¢, such that within
each interval, the FGA trajectory and associated variables evolve on a single en-
ergy surface, and at hopping times {tx}x=1,.. ; switch to another surface with the
continuity conditions ([2.14]).

We remark that since we study here the case with two energy surfaces, it suffices
to specify the hopping times to uniquely determine the trajectory. In general, for
more energy surfaces, besides the hopping time, we also need to track which surface
the trajectory hops to (which makes the notation more complicated).

Let us first collect some properties of the Hamiltonian flow with surface hopping.
Given the hopping times T;.; = {t;,...,t1}, we denote the map on the phase space
from initial time O to time ¢ by #¢ 7, (f can be smaller than ¢; here):

ki, @ R = R™
(q,p) — (Q""T3x (q,p), P™ i1 (q,p)),

such that
(7.3) (@™ (q,p), P75

(Q(t,q, p) ( 1 4,D)), t< Ty,
= (Q(l)( Elvq p) P()(t Tllaq p)) té[z—‘ianJrl]aie{la"'aj}v
( (])(tzjjluq p) P(])(t Tj 1,9, p)) t>T]7

where the trajectory follows the Hamiltonian flow on one of the energy surface
and hops to the other at the hopping times. Let us emphasize that, due to the
continuity condition (ZI4]), even with surface hopping, the trajectory (Q, P) is still
continuous on the phase space as a function of ¢.

The following proposition states that for any possible number of hops and se-
quence of hopping time, the trajectory under &; r remains (uniformly) in a compact
set.

Proposition 7.1. Given t > 0 and a compact subset K C R2™, there exists a
compact set K; C R®>™, such that Vj € N, V6 > 0, and any sequence of hopping
times Tj.1 C [0,1],

(7.4) ke, (K) C Ky,
namely, for any (q,p) € K and any s € [0, ],
(7.5) (@71 (g,p), P™ "1 (¢, p)) € K.
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Proof. Fix an arbitrary sequence of hopping time T}.; C [0,t]. For any time s € [0, ¢]
which belongs to one of the intervals (tg,tg+1) for K =0,...,5 (we identify to =0
and tj41 = t). Denote the index of the energy surface during the time interval
(tg, tk+1) as Iy, then we have

d ‘ PrsTia d _ Pty VoEi, .

E ntn ‘ = |PW5,TJ‘;1 ‘ ' d_S‘PFb Tt = _W < (;'E(|C2Fb ’TJ‘1| + 1)7
d T QKS’TJ” d . QRSvTj:l . P’%,Tj;l .

& |Qm,Tg:1| = W . EQN&,T]J — ‘QKS)TJ.:1| < |PN5,TJ:1 | 7

where we have used the subquadraticity of the Hamiltonian by Assumption[A] (recall
that Cg is uniform with respect to ¢). Therefore,
d

(1Pt QU ) < 2(C + 1) [P (1@ |+ 1)

<20+ 1) (| 4 Qw5 P+ 1).

Here we emphasize that the constant on the right-hand side is universal in the sense
that it does not depend on the particular hopping time sequence. The conclusion
of the proposition follows immediately from the differential inequality. O

As a corollary, since the trajectory uniformly stays in a compact set, given the
final time ¢, we can take a constant C'; such that the following estimate holds,
(7.6)

sup 7 (T, 20)| < sup max{[p- dio(a)l,Ip - diy (9)]} < Cr,
20€K,Ty.1 C[0,t],neENT, i=0,1 z€Ky
where the second inequality uses Assumption [B] and recall that the constants are
uniform with respect to 6. Thus, the coupling coeflicient stays O(1) along all
possible FGA trajectories.
For a transformation of the phase space x : R?™ — R?™, we denote its Jacobian
matrix as

. _ [0,Q (0,p)  (2,Q%)" (¢.p)
7 J(q’p)<<6qPﬂ>T<q,p> <apPﬂ>T<q,p>)'

We say the transform & is canonical if J* is symplectic for any (¢, p) € R?™, namely,

T 0 1, . 0 I,
s (0 Yoo (0B
Here, I,,, denotes the m x m identity matrix.

The map given by the FGA trajectories k; is always canonical, as stated in the
following proposition, which also gives bounds of the Jacobian and its derivatives.

Proposition 7.2. Given t > 0 and a compact subset K C R?™, the associated
map kK, 1S a canonical transformation for any sequence of hopping times T}
YV j. Moreover, for any k € N, there exists a constant Cy such that

7.9 sup max  [0%19% | J T (g, p)|| < O,
7 <q,p>emap|+\aq\<k’q ol (@p)]] < G

uniformly for any j € N, any § and any sequence of hopping times T}.1.



2222 JIANFENG LU AND ZHENNAN ZHOU

Proof. Recall that the time evolution of (Q*, P*) is piecewisely defined in the time
interval between hoppings, and remains continuous at the hopping times. During
each time interval, the symplectic condition ([.8)) is clearly satisfied by the Hamil-
tonian flow. The continuity condition guarantees the validity of symplectic relation
at the hopping times. Therefore, the map ry 7, is a canonical transform.

For any time s € [0,¢] which belongs to one of the interval (tx,txy1) for k =
0,...,j (we identify ¢y = 0 and t;41 = t). Denote the index of the energy surface
during the time interval (tx,txt1) as I, we then have by differentiating J"=%i
with respect to s,

A grer, ( OpdqH, — OpopH, )JHS,TJ.:I

(7.10) ds —0q0gH,, —0qg0pH,

Then, Assumption [A] implies there exists a constant C such that

d Ks,T}, aPaQHlk, OpOpH,, Ks,T;, Ks,T;,

@iy gl |( S0 O ) | < o).

It is worth emphasizing that this constant C is independent of the hopping time
sequence and 6. The boundedness of [J"*7s1 | then follows immediately from Gron-
wall’s inequality and the fact that |J"*"1 | = 1 since ko,7;,, is just an identity map.
To get the estimate for derivatives of J, we differentiate the equation (ZI0) with
respect to (¢,p) and use an induction argument, and we omit the straightforward
calculations here. (]

For a canonical transform k, we define

Z"(q,p) = 0. (Q"(q,p) +iP"(q,p)),

where 0, = 0, —10,. Z" is a complex-valued m X m matrix. By mimicking the proof
of [22] Lemma 5.1] and the above proposition, we obtain the following properties
of Z*.

Proposition 7.3. Given t > 0 and a compact subset K C R*™, for any sequence
of hopping times Tj.q ¥ j, Z"*"i1 is invertible. Moreover, for any k € N, there
exists a constant Cy, such that

(7.12)

-1
sup max 0% 9% (7"t Tja q,p ‘ < CkH
(¢.p)eK lopl+lagl<k 11 7P [( ( )) ] <

uniformly for any j € N, any § > 0 and any sequence of hopping times Tj.1.

For the frozen Gaussian approximation, it is useful to introduce the following
Fourier integral operator. For M € L>®(R?*™;C), u € S(R™;C), and a FGA flow
denoted by ¢ 1, with Tj.1 C [0,t], we define
(7.13)

(I,itT (M)u) (x) = (2me)~ / /]1{2 exp ”(t T,Y,2 ))M(z)u(y) dz dy,
where the phase function ®\) is given by
q)(j) (tu x,Y, Z) = S(j) (tu 11j:17 Z) + %|JI - Q(]) (tu 11j:17 Z)’2

PO, Ty, 2) - (z— QU (L, Ty, 2)) + Slv—a’=p (-0,
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where the FGA variables PU), QU) SU) are evolved as in the surface hopping
ansatz, with given ¢ and the hopping time sequence T}.;. With this Fourier in-

tegral operator, we may rewrite the surface hopping ansatz (ZI1)) for ugn) as

u(()")(t):/ A (0 ”’HT i )0 0),
0<t1 < <tp, <T .

where x g is the characteristic function on the set K, which restricts the initial zy in
the FGA ansatz. This representation is particularly convenient for our estimates,
as we have the following proposition for the norm of the Fourier integral operators.
The version of Proposition [[.3] without hopping was proved in |22 Proposition 3.7].
The proof in fact can be almost verbatim used in the current situation (with some
notational change), and thus we skip the details here.

Proposition 7.4. For anyt and any hopping time sequence {t1,ts,...,t;} Vj €N,

denoting the the symplectic transform for the FGA with surface hopping flow as

Kt,T;.,, the operator Iy, 1(M) can be extended to a linear bounded operator on
J

L?*(R™,C), and we have

< 277 M”Lac R27n (C)
L(L?(R™;C))

I, (M)

Kt,T;,

(7.14) ‘

7.2. Absolute convergence of surface hopping ansatz. Now we estimate the
contribution of the terms in the FGA ansatz.

Proposition 7.5. For a given time t, there exists a constant C,, depending only
on t and the initial conditions of the FGA wvariables, such that for any n € N and
any hopping moment sequence Ty.1 C [0,t], it holds that

(7.15)

1 n .
(2me)3m/2 /K dzo [T 79 (Tja, 20) A (¢, Tra, 20)
j=1

X exp(EG)(")(t,Tn:l,zo,a:)) < Ca,-
€

L2(R™)

Proof. Recall that we have
(2775 3777,/2 / dZO HT(J J:b ZO)A( (t Tn 17Z0) exp( G(n)(T Tn 1,205 ))
Jj=1

- (T (H PO (T, )™ (1, T, Jxac o 0) ) 1)

Thus, using Proposition [[4] and the bound (Z.8) for the hopping coefficient 7’s, it
suffices to control a(™ (t,Th:1, 20) for zp € K. Recall that

A(k)(t,Tkzl,zo)za(k)(t,Tk;l,zo)/ o (0, y)e E (P =0 +lu=al) gy

m
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and hence a(®) satisfies the same linear equation as those for C(*) with the continuity
conditions at the hopping times: Depending on whether £ is even or odd

d 1
Yok 2 (k) (k)y—1 (k) _ ; (k)72 (k)
ta = 2a tr ((Z ) <5‘ZP 10,Q VQEO(Q )))

—a®dy - P(k), k even;
d 1
k) — Z k) (k)y—1 (k) _ (k)72 (k)
7 54 tr ((Z ) (BZP i0.Q"WVHEL(Q )))

—a®dy, - P*), k odd.

Note that the coefficients on the right-hand side are all uniformly bounded along
the trajectory thanks to (70, (7.6), (79), and (ZI2)) in the preliminaries. There-
fore, (™ is also bounded uniformly with respect to all hopping sequences, which
concludes the proof. O

With Proposition [, we further estimate the contribution u(™ in the surface
hopping ansatz.

Theorem 7.6. Under Assumptions [B] and [Bl, given a fized final time t, there exist
constants Cy and C, independent of € and §, such that for any n € N, we have

< C(Ct)” C(Ct)”.

= ] = ]
L2(R™) n: L2(R™) n!

v

and Hsvzu(") (t, ;C)H

In particular, the surface hopping ansatz 18] is absolutely convergent.

Proof. Note that

n

ul™ = / dTnn I7, . | (H TO(Ty.0,)a™ (t, T, ')XK)UO~
O<ty < o<ty <t :

Jj=1

We estimate using Proposition

Hu(n) g / dTn:l
L2(R™) 0<ty <<t <t

<122, (TL7 T a0 T Y
Jj=1 L2(R™)
tC)™
gc/ AT, cr:c( |) :
0<t1 <+ <tp<t n:

The absolute convergence of Upga (¢, 2) then follows from dominated convergence.
The control of eV,u(™ is quite similar, except that we shall use Lemma to
control the term (z — Q™) resulting from the gradient. Actually,

(7.16)

1
Vou™ (2, :—/ d / AT,y O (Th.y,
eVau(h ) (2me)3m/2 [y “ 0<ty <+ <tn<t 7 (T, 20)

"'T(n)(Tm,Zo)

1
5

X 1 (P(") +i(x — Q("))) A(")(t,Tn:l, 20) exp < 6(”)(t,Tn:1, zo,x)> .
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The control of the term involving P(™ is the same as that of (™). By Lemma 2.2
the term involving (z — Q™) is an even smaller term, which follows from the
estimate ([[I2)) and a slight variation of Proposition O

7.3. The analysis of approximation error. We now estimate the approximation
error of the FGA approximation with surface hopping to the matrix Schrédinger
equation ([Z3]). We first state a consistency result by estimating the error of sub-
stituting Upga into [23). All the estimates and constants below are uniform in

0.

Theorem 7.7. Under Assumptions [Al and [Bl, given a final time t, there exists a
constant Cy, such that

. 52 EO 52 DOO D()l
€0 Urga + 5AchFGA + ( E1) Urga — ) (Dm D11) Urga

m d d
00 01
— g2 E (d d ) 8ijFGA < g2eCt,
i=1 10 11 j

L2(R™)
Proof. We first consider that the term arises from the time derivative and denote
for j even,
, . uW)
If + Ig = i€8t 8 s
where
(7.17)
. 1 / 1 4 4 T (s
(e dZO/ AT, 7V .. 7D, {A(y) exp(—e(ﬂ)}
I = (2me)3m/2 [ 0<ty <---<t;<t ’ €

0

coming from the time derivative acting on the integrand, and for j > 1,
(7.18)

< 1 / 1 ) AU NG
i | e dzo/ AT 7V ... 70 AW exp(—@ )
L=| " (2ne)3m/2 [ K O<ticocty<t g °

0

resulting from the time derivative acting on the upper limit of the integral. The
expression for odd j is similar except that the top and bottom rows are flipped:

ie@t ( ugj) ) .

We also write the terms from the right-hand side of ([23)) for even j as

, . g2 u) E u) e2 (D D u@)
T 0 € (Do Dot
geri= 58 () (7 n) () -2 (55 20 ()

2 doo  do1 u?)
c Z(dlo diy jamj 0 )’

Jj=1

tj=t |’

where

(7.19) jr. ((Ho — 5 Doo)u? — e2dgg - vmum)
O 9

; 0
7.20 = : o).
(7.20) 4 (_52(101 SV uld) — %Dmu(]))
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Here, Ig contains all the terms which govern the inner-surface evolution on each
energy surface, while IZ contains the coupling terms (note that the subscripts are
swapped). The expressions for odd j are similar.

Denote Uf, the sum of the first n terms in the FGA ansatz (ZI)). Summing
over the contributions up to u(™, we have

e? E, €” (Do Doy
e Upga + 9 Upga + ( E1> Urca 9 <D10 D11> Urca

d
_5zz<doo d01) 0. Un
=~ dip diy) ;7" FGA

n n n n—1

S 0+Y - g —zn:ﬂ' =S (H-B)+X> (4" -)+ 1.
i 0 7=0 j

n
=0 j=1 j= =0

<

<
Il
o

We now estimate three terms on the right-hand side.
Term I}: By Theorem [T.6, we have

(C)"
n!

(7.21) |17 ) < CelleVoul? | p2gm) + Ce[[ulD| p2(rm) < Ce

2 e

Term S_(I] — I}): The difference (I — I}) contains all the formally O(¢?) terms
we have dropped in determining the equation for AY). To estimate those, we use
the Taylor expansions with respect to the beam center @,

By = 3 2 EHQ) (o )y R olB.

[a] <3
du@)= Y W@ (o gy i Ry o)
ler|<1 '

where Ry g[f] denotes the kth order remainder in the Taylor expansion of the
function f at Q.

HI{ - Ig“Lz(Rm) < 1{1 + 1{2 + 1{3’
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where (k=0 if j is even and k =1 if j is odd)

; 1
o, = 7/ dzo/ AT, 7
H Z (2me)3m/2 [ 0<ty <<t <t !

|a|=3
(D) A 09 w(x _QUye
(e}

L2

+sz

lee|=1

o
B dzo/ T,
(2me)3m/2 [ 0<ty <<t <t !

o) A0 pli) . M@ — QU

al

L2

+e€

o .
—_— dzo/ dT;., 7™
(2me)3m/2 [y 0<ty <<ty <t !

T D ADEOY g QWY (2 — Qm)‘

2’
1{2 _ ;/ dZO/ dT]l ’T(l)
(2me)3m/2 [ 0<ty <<t <t .
. A R=10))]
DA R, [Ek]’ .
+¢ ;/ dzo/ dT}.q ()
(2me)3m/2 i O<ti<o<ti<t
. N i) 1
7D ADEOT PO Ry 6y [dii] Hm
et e ATy 7
(2me)3m/2 [k Octicmcti<t
. N i) ]
) A ezOY Ry Qo [dik] - (z — Q(J))‘ L2’
_ 2 ‘
J = (])
I, = 3 ’Dkku 1

Here, I f 1 contains the next order Taylor expansion terms after asymptotic matching,

I, contains the remainder terms in the Taylor expansions, and I{; contains the
contribution from Dyy.

To estimate I {1, note that by Assumption [A] Proposition [[4] and Lemma 2.2]
we have for |a] = 3,

1 ) iem 0uEL(Q) o
b i858

Thus by a similar calculation as in the proof of Theorem [(.G] we obtain

1 Ny ig) OaE
w/ dzo/ dTj. 7D () A0) 2O )ﬂ(f—Q)a\I/k
(27e) K 0<ty <---<t;<t %

(Cy)’
gt

< Ce2.

L2

L2

< Ce?
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We can similarly estimate the other two terms in Ifl, which can by controlled by
the same bound, which yields

(7.22) I, < 052Tt!.

The estimate of the term Ifz is similar as in Lemma[2.2] the powers of (z — Q)“
are of higher order in €. In particular, we have

/ dzpADe®" R, Q[Ex]

H (27T<€ 3m/2

L2
<C dzg A0 | — QU)o =0(e?),
b)) el B QU] =0
and hence,
. dZo/ SUPRE S (D AD 2O Ry o[Ey
(2me)3m/2 [ O<tr<o<tj<t ' 1
< 052 (Ot)J
S ]|

The other two terms in I7, can be similarly bounded, and we arrive at

€y

(7.23) I, < Ce? i

The If3 term can be estimated using Assumption [Bl and Theorem [.6] which
yields

2 (Ct)j.

(7.24) Hy < C2|[u || p2mmy < Ce i

Now adding up ((22)), (T23), and (T24) from j = 0 to n, we get

noo ) n (Cy) ’
(7.25) ZHI{ — || 2 @m) < Ce? Z ]—j < Ce?et,

Term S (It — I1): The difference (I37' — I7) contains all the formally O(e2)
terms we have dropped in specifying the hopping coefficients 7). By Taylor ex-
pansion, we get

ng-i-l - IZHLz(Rm) < Igl + 152 + Igs’
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where (for j even, the formula for j odd is similar except that dgy1, Do1 change to
dyo, D19, respectively)

. 1 ; N i) ;
I, =« 7/ dzo/ ATy, 7V ... 70) A =07 pli)
2 Z (2me)3m/2 [y 0<ty <--<t; <t !

laj=1
Dado1 (QW) .
.*(I — QW)
! 2
1 / 1 1 N igW) P
+ el ————7= dZO/ dT';l T( ) .. 'T(])A(‘])ef d()l(Q(‘]))
(2me)3m/2 J O<ti<octy<t
(I - Q(j))‘ 12 )
j 1 N ) 1o
I =¢ 7/ dzo/ AT, 7D ... 70) g0 ez0Y pla)
- (2me)3m/2 [y 0<ty <<t <t !
Ry o [dor]|| -
1 / 1 N () ieW
R | P— dzo/ dTj., 7 ... 7D ADe2® Ry 56y [dod]
(2me)3m/2 J O<ti<octy<t e
(IE - Q(j))‘ L2 )

g_c i

23 2 01 12
The estimates of these terms are similar to those we have done for the terms arising
from (I I Ig ), and hence we omit the details. We get

(Cr)

3 < C&2e“r.
7!

n n
(7.26) SNB™ = Hle@eny S €°
j=0 j=0

Therefore, putting together (T21)), (T250), (C26]), we get

g2 E, e? (Doy Doy
. n _Am n n < n
e Upga + 9 Upca + ( E1> Urca (Dlo D11> Ukca

2
4 (doo d
2 00 dot n
€ 21 (dlo dn)jaszFGA
o

Taking the limit n — oo and by increasing C; to absorb the constant C above, we
arrive at the conclusion. |

< Cs—(Ct) + Ce2e%t,

n!
L2(R™)

To control the propagation of the consistency error of the FGA solution in time,
we need the next lemma.

Lemma 7.8. Suppose H® is a family of self-adjoint operators for ¢ > 0. Sup-
pose a time dependent wave function ¢°(t), which belongs to the domain of HE, is
continuously differentiable in t. In addition, ¢°(t) satisfies the following equation,

(7.27) (ie% - HE) P=(t) = ¢° (1),
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where the remainder (¢ satisfies the following estimate:
[CF ()22 < po(2).
Then, let %‘E be the solution to the Schr(')'dz'nger equation with Hamiltonian H®, and

162 (0) — ¢°(0)]| 2 < eo.
We then have

Jo 1 (s) ds

(7.28) 16°(t) = ¢°(8)ll 2 < eo +

Proof. Since He® is self-adjoint, it generates a unitary propagator

¢
US(t,s) = exp </ —iH*® ds’/s) ,

US(t,5)0°(s) = ¢°(1).

such that

Therefore, we obtain
16°(6) = &7 ()| 2 = [l (£) = U (£,0)6% (0)| 2
= [l4° (0, £)¢°(t) — & (0)]| .2
Here, we have used (U)~1(¢,0) = U*(0,t). Then, by triangle inequality, we have
16°(t) = 6°(1)l1> < [U(0,£)° () — ¢°(0) | 22 + €0

t
0 0
= ’/0 (alf(o,s)qﬁe(s) +U€(0,S)£¢E(S)> ds
Then, by using properties of the unitary propagator and equation ([Z.27)), we get

16°(t) = 6° (1)1 2

—/0 (=U(0,8) H*¢"(s) + U(0, ) (H=¢7(s) + (°(s))) ds

+ €
L2

! a € (>
| 5 @096 () as

+ eg.
L2

< +eg

3 L2

1

+ €p.
L2

t
| @) as
€ 1lJo
We arrive at ([.28]) by noticing that
t t
[ wosce / o (0.5 e ds < [ w(s)ds. O
0 0

In the lemma above, ¢° almost solves the Schrédinger equation with Hamiltonian
He in the sense of equation ([Z.27)), where the remainder term (¢ is controlled. Then,

¢° can be considered as an approximate solution to qge , if the right-hand side of
the estimate (Z28)) is small. Therefore, if we take ¢° to the approximation given
by FGA with surface hopping, then with the stability lemma, we can conclude the
error estimate in Theorem [l

Proof of Theorem [l Note that the initial error is given by €, by definition. The
theorem is then a corollary of Theorem [[]] and Lemma [T.8 O
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