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PROPAGATION THROUGH GENERIC LEVEL CROSSINGS:
A SURFACE HOPPING SEMIGROUP

CLOTILDE FERMANIAN KAMMERER* AND CAROLINE LASSERT

Abstract. We construct a surface hopping semigroup, which asymptotically describes nuclear
propagation through crossings of electron energy levels. The underlying time-dependent Schrédinger
equation has a matrix-valued potential, whose eigenvalue surfaces have a generic intersection of codi-
mension two, three or five in Hagedorn’s classification. Using microlocal normal forms reminiscent
of the Landau-Zener problem, we prove convergence to the true solution with an error of the order
et/ 8 where € is the semi-classical parameter. We present numerical experiments for an algorithmic
realization of the semigroup illustrating the convergence of the algorithm.

Key words. Time-dependent Schrodinger system, eigenvalue crossing, microlocal normal form,
surface hopping.

1. Introduction. In the framework of time-dependent Born-Oppenheimer ap-
proximation, the dynamics of molecules can approximately be reduced to matrix-
valued Schrédinger equations on the nucleonic configuration space,

ie0°(0.8) = (~5 A0+ V(@) v5(a.0), (0,t) €RI xR

1.1
. ¥°(q,0) = ¥5(q),

see for example [11, 18]. The linear Schrodinger equation (1.1) has a unique global
solution ¥ € C(R, L?(R%,CY)) for all square-integrable initial data 5. The param-
eter € > 0 is small and causes a highly oscillatory behavior of the solution in space
and time. It can be thought of as the square root of the ratio of electronic mass and
the average mass of the nuclei. Moreover, the solution itself does not have any direct
physical interpretation. It is the position density [¢°(q,t)|?, which gives the probabil-
ity of finding the nuclei in the configuration ¢ € R? at time t. We are interested in an
asymptotic description for the time evolution of quadratic quantities like the position
density with the following properties. First, it shall be effective in the sense, that
it unfolds characteristic dynamical properties. Second, it shall be explicit enough,
such that it allows an algorithmic realization. Third, the resulting algorithm shall be
applicable on high dimensional nucleonic configuration spaces R%, d > 1.

G. Hagedorn rigorously derived and classified Schrodinger systems for molecular
propagation through electron energy level crossings of minimal multiplicity [12]. He
obtained potentials of the form

Vig) =v(q)1d+ Vi (6(q)), £€{2,3,3,5},

where v(q) € C>*(R%,R) is a smooth real-valued function, Id is the identity matrix in
C2%2 or C**4, and q — ¢(q) is a smooth vector-valued function with ¢(q) € R?, R3
or R®. The matrices V; are given by

(1.2) V2(¢)<£; d:Zl)’ V3<¢)(¢2¢Ii¢s ¢2+¢i¢3>’
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( ®1 P2 + i¢3) 0
B @2 — i3 -1
(1.3) Vi (¢) = o ( b1 o — i¢3> ’
¢o + i3 —¢1
O1+ig2  P3 +igy
¢o 1d (—¢3 +ids P1 — i%)

(14)  Vs(9) = <¢1—i¢2 —¢3—i¢4> —¢o 1d

¢3 — iy P1+iga

For these four matrices, the eigenvalues are +|¢|. Therefore, the eigenvalues of V(q)
are v(q) +|¢(q)|, and ¢* € R? is a point of crossing eigenvalues if and only if ¢(¢*) = 0.
We shall say that this crossing is generic, if

d¢ is of maximal rank on {¢ = 0},

i. e. of rank 2 for £ = 2, of rank 3 for £ = 3,3’ and of rank 5 for £ = 5. This
explains why these crossings are usually referred to as codimension two, three and
five crossings, and enlightens the choice of the index ¢ we have made. G. Hagedorn’s
codimension one crossings are not considered here, since they violate the above rank
condition and also show a different dynamical behavior than systems with crossings
of higher codimension. We set

N@)=N@)=2, N@B3)=NG)=4,

so that the potential V(g), the wave function °(g,t), and the differential d¢(q)
belong to CNOXNE)  CNE) | and R*9, respectively. For £ = 3/ we set R® = R3. The
orthogonal eigenprojectors

I1*(q) = 3 (Id £ |p(q)|"'Vi(¢(q)))

of the matrix V(g) have a conical singularity at points of crossing eigenvalues ¢*,
that is VII*(¢) = O(|q¢ — ¢*|7") as ¢ — ¢*. This motivates the notion of conical
intersections, by which especially codimension two crossings are frequently referred
to.

Eigenvalue crossings are ubiquitous in the quantum mechanical description of
polyatomic molecules, that is molecules with more than two nuclei. The collection [4]
provides an exposition of this active area of research in theoretical chemistry. As for
a prominent example of an ultrafast isomerization on the femtosecond time scale, a
codimension two crossing of energy levels explains the effectiveness of the first step of
vision, the cis-trans isomerization of retinal in rhodopsin, see also [13] and section 3
below for related numerical experiments.

The analysis of scalar Schrodinger equations teaches that the direct study of the
time-evolution of quadratic quantities like the position density |1°(q, t)|? is impossible.
The oscillations of 1°(g,t) have to be taken into account, and one has to work in the
space of positions and momenta (g, p), the phase space Rg X Rg. Therefore, one studies
the Wigner function of ¢°(g,t) in a suitable e-dependent scaling, which resolves the
highly oscillatory features of the solution,

W (@5 ()(g,p) = (27T)‘d/Rd V(g — §0.t) @9 (g + §u.t) VP do.
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It plays the role of a generalized probability density on phase space. For square-
integrable wave functions ¢, the Wigner function W¢(v)) is a square-integrable func-
tion on phase space with values in the space of hermitian matrices. One recovers the
position density by

[W(q)]* = tr W@ (g p) dp.
R
Besides, the action of the Wigner function against compactly supported smooth test
functions a € C*(R24,CN (OxN(®) is simply expressed in terms of the semi-classical
pseudodifferential operator with symbol a, which is defined by

op-(@)i(a) = 2n) [ a(hla+0)p) e () dudp

for ¢ € L2(R4,CN®). Indeed, we have

o We() (g, p)alg, p) dgdp = (op.(a)¥, ¥) 2 (ra cneoy) -

It is our aim to construct an asymptotic semigroup, which approximately prop-
agates the initial data’s Wigner function for all generic level crossings of Hagedorn’s
classification. Our approximation relies on a microlocal normal form for operators
with eigenvalue crossings, which has been derived in [1, 2, 6]. Roughly speaking, near
a crossing point the Schrodinger operator

—ied; — S Ay + V(q)

is equivalent to the normal form

—ied; + Vi (t,op. (|d6(a)p| 3 mi(a.p)0(a)) )

where my(g,p) denotes the orthogonal projection onto the hyperplane normal to the
vector do(q)p € RY. In the case ¢ = 2, this resembles the Landau-Zener system

. t
g = (L 7, )u0, a>o0
for which the probability, that a solution starting at time ¢ = —oo in the one eigenspace
will have passed over to the other eigenspace at time ¢ = +o00, has explicitly been
computed by Landau [15] and Zener [20] in the 1930s. This famous Landau-Zener
transition rate reads as
T
(2.

and in [8] it is proven, that the rate still gives the correct asymptotics, if v is re-
placed by a bounded operator. Our semigroup combines effective transitions between
eigenspaces close to points of crossing eigenvalues on the one hand with classical
transport in the adiabatic regime on the other hand. More precisely, the V-diagonal
components TI+We (wg)ﬂi of the initial Wigner function are transported along the
Hamiltonian curves of the eigenvalues of the Schrédinger operator’s symbol

lp” + v(q) £ |o(q)l.
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Whenever one of the trajectories (¢*(t), p*(t)) attains a local minimal gap between
the eigenvalues, there is an effective non-adiabatic transfer of weight according to the
e-dependent transition rate

exp _E M
e |do(q)pl '

Since the rate is negligibly small, when the eigenvalue gap is larger than /g, the
non-adiabatic transfer of weight is effectively performed at times t* with

t = |¢(¢E(t))| has a local minimum in t = ¢t* and |$(¢=(t*))| < RVe

for some fixed R > 0. Our main result is, that this dynamical description yields
approximate solutions with an error of order €!/8 when choosing R = e~1/8. Moreover,
it is explicit enough for an algorithmic realization, whose performance on a model
for retinal in rhodopsin is studied here as well. The algorithm is a mathematical
counterpart to the popular surface hopping algorithms of chemical physics introduced
by Tully and Preston in [19].

Quantum dynamical descriptions in terms of classical transport as described
above, that is in the spirit of an Egorov theorem, are well established and have
been given for Wigner functions for example in [10]: for Schriodinger systems they
hold to leading order in e, until classical trajectories come close to a point of crossing
eigenvalues. Then, as already mentioned, the adiabatic approximation is no longer
valid, and there are leading order non-adiabatic transitions between the levels (the
energy propagated on one level to the crossing may pass partially or completely on the
other level). This phenomenon has been precisely analyzed in the case of Gaussian
wave packet propagation by G. Hagedorn [12] for all generic electron level crossings.
For initial data, which are less specific than Gaussian wave packets, the evolution of
appropriate two-scale Wigner measures has been studied. These measures are weak
limits of the Wigner function and incorporate information on concentration effects
close to trajectories, which touch points of crossing eigenvalues, with respect to the
second scale y/e. These Wigner measures have been analyzed for a linear codimension
two crossing in [7], for general two-level systems in [8], and for all of Hagedorn’s mod-
els in [5]. In [17], the results of [7] have been lifted to a leading order approximation
of the Wigner function. Here, we aim at approximating the Wigner function for all
generic crossings, while additionally proving a convergence rate.

We will proceed as follows. Section 2 constructs the surface hopping semigroup,
states the main result, that is the validity of our approximation with an error of
order /%, and discusses the strategy of the proof. In section 3, numerical results
are presented for an algorithmic realization of the semigroup applied to a retinal
model. In section 4, the proof for propagation away from the crossing is carried out,
while the microlocal normal form yields the correct non-adiabatic transition rates, as
proven in section 5. In section 6, the main result is extended to observables, which
are more pertinent for the crossings with degenerate eigenvalues (¢ = 3',5). Finally,
the appendix summarizes basic facts of Weyl calculus.

2. Main Result. Propagation through level crossings can be approximated by
a proper combination of classical transport and non-adiabatic transitions. For this,
we study the underlying classical flows and combine them with effective non-adiabatic
transitions to an asymptotic semigroup.
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2.1. Transport and transitions. We consider the classical flows
O R SR, D (qo,po) = (¢ (1), P (1))

associated to the Hamiltonian curves of |p|?-+v(q)+|¢(g)|. These curves are solutions
to the Hamiltonian systems

{ FE() = pE(0), 550 = Vo (g5 (1) T o (g (1) )
q=(0) = qo, p*(0) = po.

We only consider initial phase space points (qo, po) € R?? such that for t > 0

(2.1) $a™ (1) =0 = do(g*(1))p*(t) # 0.

This condition guarantees, that classical trajectories arrive transversally at the cross-
ing set and have a unique smooth continuation through this singularity, see Proposi-
tion 1 in [5].

For a large class of test functions and under suitable restrictions on the time
interval, the classical flows are enough for approximating the dynamics up to an error
of order ¢. Indeed, one considers observables a € C2°(R?4, CNO*N(®)) such that

(2.2) a=a Ot +a 1", a* € C*(R*\ {¢ = 0},C).

For ¢ = 2,3, the eigenspaces are one-dimensional, and these observables focus on
the V-diagonal elements of the Wigner matrix, where V-diagonal means diagonal
with respect to the decomposition of CN) by the eigenprojectors It (g) and I~ (q).
For ¢ = 3,5, however, the eigenspaces are two-dimensional, and observables of the
form (2.2) are not enough to completely resolve all dynamical features within the
eigenspaces. We will address this issue in section 6.

For all times ¢ € [0,7], such that the classical trajectories @', arriving on the
support of a have not passed the crossing set {¢ = 0}, the action of the Wigner
function on a = a*II* obeys

tr e2a We (@ (t)) (¢, p) o+ (q)ai (q,p)dgdp

— tr /de (HiWa(%)Hi o q);t)(q’p) ai(qm) dgdp = O(s)

as € — 0. Such Egorov type descriptions hold, until classical trajectories come close
to a crossing point (¢,p) € {¢ = 0} and leading order non-adiabatic transitions
occur. These transitions depend on how the solution 1°(¢) concentrates on the ingoing
trajectories with respect to the scale y/e. For the linear codimension two crossing
with ¢(q) = ¢, ¢ € R?, the two-scale Wigner measure’s description of [7] is lifted
to an approximation of the Wigner function in [17]. This linear model has specific
features, see also [9]. In particular, all classical trajectories which meet the crossing
are included in the set {g A p = 0}, where ¢ Ap := qap1 — q1p2 for ¢,p € R?. The idea
of [17] is to propagate the V-diagonal parts of the initial Wigner function along the
classical trajectories and to apply the e-dependent transition coefficient

7rq*Ap*Iz)
T a2 bl

Tiala ) = e - TIC 08
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as soon as the trajectories reach their minimal distance from the crossing set, which
is easy to check since ¢-p = 0 at such a point. Theorem 3.2 in [17] proves, that under
suitable conditions on the initial data this e-dependent propagation is correct in the
limit ¢ — 0. We construct here an extension, which covers the general situation
described above, and give a convergence proof including a convergence rate. Our
approach draws from the understanding of the non-adiabatic mechanism as developed
in [5].

2.2. A surface hopping semigroup. Let R > 0. In the general case, the
crucial points in phase space are those, where the classical trajectories attain a local
minimal gap between the two eigenvalues. These points fulfill the condition

< (1o *O)) =240 (¢*0) (1) - 6 (a* (1) =0,

and one performs an effective non-adiabatic transfer of weight, whenever a trajectory
passes the set

Se.r = {(q,p) € R** | |8(q)| < Rv/z, dd(q)p - ¢(q) =0} .

The microlocal normal form, which will be given later in Theorem 5.2, suggests the
transition rate

(¢ p") = exp<_7r w(q*,p%(q*»?) |

e |do(q*)p*]

where 7y(q*,p*) is the orthogonal projection from the Euclidian space R into the
hyperplane normal to the vector dé(¢*)p* € RY. Since d¢(¢™(t))pT(t) does not vanish
when the considered trajectories arrive at the crossing set {¢ = 0}, it is also non-zero
when arriving at the jump manifold S. g, if R/ is small enough. Besides, for £ = 2,
one has

| me(a, p)é(a) =] d(a) A 5HDE |,

and we recover the transition coefficient T}, (¢*, p*) for ¢(q) = ¢, ¢ € R%
We attach the labels —1 and +1 to phase space. For points (¢,p,j) € Rgid =
R24 x {—1,+1}, we consider trajectories

T4 110, 4+00) — RY,

which combine deterministic classical transport and random jumps between the lev-
els at the manifold S, r. More precisely, we set ’];(%pj)(t) = (<I>§ (q,p),j) as long as
®(q,p) & Se,r- Whenever the deterministic flow ®%(q,p) hits the manifold S; r at
a point (¢*,p*), a random jump from j to —j occurs with probability T¢(¢*, p*).
For points (¢, p,j) generating classical trajectories, which either violate the non-
degeneracy condition (2.1) or do not leave the set S¢ g, there is either no transport
or no jump at all. Since the trajectories which touch the crossing set arrive there
transversally, each path

(@.p.5) — TG (1)

has a finite number of jumps and remains in a bounded region of Rid within a bounded
time-interval [0,T]. Away from the jump manifold S. g x {—1,+1} each path is
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smooth. Hence, the random trajectories define a time-dependent Markov process
with state space R3%. The associated transition function P. g(p,q,j;t,T') describes
the probability of being at time ¢ in the measurable set I' C Rzid having started in
(¢,p,7). Its action on bounded measurable scalar functions f : R3? — C defines a
semigroup (LY z)i>0 by

Cahapd)= [ F@ER) Ponlap it di 6 )

For introducing the semigroup’s action on Wigner functions, we use the following space
of continuous V-diagonal test functions satisfying 7°-dependent boundary conditions
at the jump manifold.
DEFINITION 2.1. A continuous function a € C.(R??\ S. g, CNOXN®)) belongs to
the space C. g, if it has the following properties:
i. a=a*1lT +a~ 11~ with a* € C.(R??\ S, g,C)
ii. The function f, : (R*\ S: g) x {—1,+1} — C,

fale.p.+) =a'(¢.p),  fale,p,—) =a (a,p),
satisfies for all (¢,p,j) € Seg x {~1,+1}
Jim fa(q+0p,p +6(=Vo(g) = j "dé(e)8(a)/16(a)]). 5)
Jim (7% fa) (g + 9p, p+ 6(=Vu(q) +j *do(a)é(a)/I6(a)]), )
= Jim (1 =T%)fa)(a + 9p,p+6(=Vo(q) = j "dd(a)d(a)/|6(a)]); J)-

For test functions a € C¢ g, the action of (D; R)t>0 is naturally given by

(LL R a)(a,p) = (L2 rfa) (@0, +1) T (q) + (L2 rfa) (a.p. — D) IT (q).

By construction, the semigroup leaves C. g invariant, and duality allows us to define
its action on Wigner functions. More precisely, let W€ () be the Wigner function of
some wave function ¢ € L?(R?,CN(®)). Then, LL gW=(¢) acts on a € C. g by

(LLgWE(Y),a) = tr » We(¥)(q,p)(LE g a)(g,p) dgdp,

defining a locally integrable function on phase space. We finally choose an e-dependent
hopping range R(g) = ¢~ /8 and set
(L2)e0 = (L2 p(e))io0-

2.3. Assumptions and main result. Let ¢°(¢) be the solution of the Schro-
dinger equation (1.1) with initial datum 5. We now state the precise assumptions, un-
der which the action of the semigroup (£L);>0 on the initial Wigner function W¢(¢5)
approximates the V-diagonal components of W¢(v%(¢)).

(A0) V € C>®(R4,CNXN®) is of subquadratic growth and of the form

Vig) =v(g)Id + Vi (o(q)), €€{2,3,3,5},

where the matrices Vz(¢(q)) have been defined in (1.2), (1.3) and (1.4). We
assume the eigenvalue crossings to be generic in the sense, that d¢ is of
maximal rank on the crossing set {¢ = 0}.
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(A1) (1§)c>0 is a bounded family in L?(R4, CN®)) associated with RanII™,

1T 6| L2 (e vy = O(™), B >1/8.

We suppose that the initial data are localized away from the crossing {¢ = 0},
i. e. for all b € C3°(R24, CNOXN®)) with supp(b) C {|¢| < Ry/e}, R =" 1/8,

R2d We(§)(q,p) b(g, p) dgdp = O(e™), B2 >1/8.

We also assume localization away from the set

{(q0,p0) € R* | 3t > 0: ¢(¢*(¢)) = 0, d(q™(t))p™(t) =0},

which contains the points issuing classical trajectories, which arrive at the
crossing without a unique continuation through it.
(A2) The test function a € C° (R, (CN“)XN(Z)) has its support at a distance larger

than R/ with R = ¢!/ from the crossing, that is

supp(a) N {(q.p) ER**| [p(q)| < RVE} =0, R=c""5,

and

a(g,p) = a™ (g, p)I*(¢) +a” (¢.p)T7(q),  (g,p) € R*

with scalar-valued a* € C°(R?4, C).

(A3) Within the time-interval [0,T], each of the plus-trajectories arriving at the
support of a™ at time T has performed at most one jump generating minus-
trajectories arriving at the support of a—, which have not jumped at all.

Alternatively, assumptions (A1) and (A3) could also require, that the initial data
are associated with RanIl~ and that each of the minus-trajectories arriving at the
support of a~ at time T has performed at most one jump generating plus-trajectories
arriving at the support of a™, which have not jumped at all.

THEOREM 2.2. Let the potential V', the initial data (1§)e>0, the observable a,
and the time-interval [0, T] fulfill the assumptions (A0), (A1), (A2), and (A3). Let
X € C([0,T],R). Then, there exist positive constants C,eo > 0 such that for all
0 < e < gg the solution ¥=(t) of the Schriodinger equation (1.1) satisfies

(2.3)

tr ‘/]Rgd_*_1 X(t) (Wa(wa(t)) — ﬁéwf(wo))(q’p) a(q7p) dgdpdt| < 081/8.

Before entering the proof, we add some remarks. First, if one allows initial data
in assumption (Al) with (1,82 > 0, then the result holds with convergence rate
emin(B1,62,1/8) - Second, pointwise convergence holds on time intervals without non-
adiabatic jumps, that is when the solution has passed by the jump manifold, see
also [17]. However, for pointwise convergence only the limit behaviour without con-
vergence rate can be deduced, since the constants C' and ¢y depend on the cut-off
function x and its derivatives in a way, that possible oscillations in time are not con-
trolled. Finally, in section 6 an extension of the approximation for the cases £ = 3/, 5
with degenerate eigenvalues is given. There, assumption (A2) is generalized to ob-
servables @ which commute with V', that is ¢ = IITall™ + I~ all~.
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2.4. Strategy of the proof. For notational convenience, we suppose (31 =
B2 = 1/2. Otherwise, one has to add O(¢!/8) in all the estimates. We work with the
semigroup ([,2 Rr)t>0 and prove convergence with an error of order

O(1/(R*Vz)) + O(R*Ve) + O(1/R?) + O(Ve | Inel)

as ¢ — 0 and R — 400, which gives the claimed rate when choosing R = ¢~ /3. We
distinguish between regions of large and small eigenvalue gap, that is between sets
{l¢| > C Rye} with C = 1,1 and {|¢| < R\/c} on the other hand. For large gap
we prove classical transport with an error of size O(1/(R°%\/€)) + O(1/R?) + O(/¢).
Close to the crossing set, proving the relevance of non-adiabatic transitions, we use a
microlocal normal form, which reduces the Schrodinger equation to a Landau-Zener
type problem with explicitly computable transition rates. There, we introduce an
error of order O(R3\/z) + O(1/R?) + O(y/2|In¢|) + O(1/(R%/2)). The combination
of both errors will then yield the final estimate of Theorem 2.2.

PROPOSITION 2.3. Let c € C*(R24,C), and let b € C>*(R*, C) with Vb compactly
supported. If there exist C > 0 and sg > 0 such that

Vr € [—s0,80] 1 @7 (supp(c)) C {|¢] > C Rye},

then for all x € C°(R,R) and for all s € [t — sg,t + s¢]

o / X(1) e(q,p) b 5% ) TE(q)W* (45 (1)) (g, p) dq dpat =

tr /RM+1 x(t) c(q, p) b(ﬁ(j)g) (ITEWe (4 (5)) IT* 0 @377 (¢, p) dg dpdt

+O(1/(R*V2)) + O(1/R?) + O(Ve).

Proposition 2.3 will be proved in section 4. To use it for the main proof, we need
to specify which points of supp(a™) arrive close to the crossing. We denote the sets
of trajectories arriving at respectively arising from the crossing set {¢ = 0} by

M= = {® (q,p) € R* | @ (q,p) & {¢ = 0},3t0 < t : DL (q,p) € {¢ = 0}},
MEo = (@Y (q,p) € R* | @y (g,p) & {¢ = 0},3t0 > t: ®(g.p) € {¢ = 0}} .

The sets M+/°ut are smooth submanifolds of R2¢. By construction of the semigroup,
all phase space points generating backward trajectories passing through the zone of
small gap {|¢| < Ry/z} and performing a jump are contained in a neighborhood Q%
of the intersection of the support of a® with M+-0ut,

Some of the random trajectories reaching QF touch the crossing set. We consider
one of them, which arrives at time ¢y at (go,po) with ¢(q0) = 0, do(qo)po # O,
and choose the associated point (qo, to, po, 7o) in the phase space of space-time, where
7o = —3|po|* —v(qo) is the energy-coordinate. The normal form theorems [1, 2, 6] give
neighborhoods of these points, on which the Schrédinger equation (1.1) microlocally
reduces to a Landau-Zener type problem

—iedsv® = Vp(s, 2 + 7:(2,())v° + O(e™).

These model problems have explicitly computable transition rates in the scattering
regime, see (7, 8]. The compact subset of {|¢| < R/}, which is touched by the
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backwards trajectories coming from QF, can be covered by finitely many of these
neighborhoods projected to R??, and without loss of generality we assume that one
of them suffices.

Moreover, for each point in QF being reached by a random trajectory at time ¢
there are positive numbers 0 < tfﬁ < tii, such that at time t — tii and ¢t — tfﬁ the
trajectories are contained in an annulus {C1+/ < |¢| < Ca4/e} with C1,Cs > 0 and
have performed their only jump within the interval |t — tii,t - tfi[, whose length is
denoted by 6F = tii - tfi. These quantities are well-defined, since the trajectories are
transverse to the crossing set. Choosing C = g and Cy = R, QF can be covered
by finitely many open sets, such that each of these sets can be associated with such
points of time tii and t?t. Without loss of generality, we assume that one of them is

enough. Then, we have by Proposition 2.3 with C' = %

o /deﬂ X(t) a* (q’p) I (q)WE (qpe (t))(Q7p) dgdpdt =

tr /R o XD a*(a,p) (HiWE(z/f(t—tfi))ni ¥ )(q, p)dgdpdt
+O(1/(R*VE)) + O(1/R?) + O(Ve).

+

Then, we perform a cut-off of the symbol a* o @i@ . We consider a smooth com-
pactly supported function xo € C°(R?,R) such that yo(u) = 1 on {|u| < 1} and
Xo(u) = 0 for {|u| > 2}. We write

(% 0 @2 ) (0.0) = afoa.0) + 0 50,1,
aFola.p) = (a* o @f>(q,p) (1-x0(5%)).
0ty (a.p) = (a* o ‘I>f>(q7p) o(54).

Since the trajectories, which pass within the time-interval ]t — ¢, ¢ — [ through the
support of aﬁo, do not jump, Proposition 2.3 with C' =1 is enough to deal with the
Born-Oppenheimer part. The analysis of the Landau-Zener part, however, involves
non-adiabatic transitions. For points (¢,p) € supp(ai,) we have |p(q)| < 2R/z.
Hence, not all of the trajectories passing through the support of a7, jump. Never-
theless, we argue as if all of them did. Indeed, the transition coefficients generated
by these added jumps are exponentially small with respect to €, since they occur for
points (¢,p) with [¢(q)| > Ry/e.

PROPOSITION 2.4. Let 0 < tfi < tii be such that at t — tii and t — tfi all random
trajectories arriving at time t in QF are contained in {g\@ < |¢| < RVE} and have
performed their only jump within the interval |t — tii,t - tfi[ of length &F = tii — tfi.
Then, for all x € C>([0,T],R)

t /RZd+1 X(t) W‘E(wa (t))(%p) azll,:Z(qvp)Hi (q) dq dp dt =

o /R2d+1 X(t) we (1/)6 (t - (5;‘:))((]717) (Cg:Ra%Z)(qup) H+ (q) dq dp de¢

(2.4) +O0(1/R?) + O(R3\/2) + O(v/z|In¢e|) + O(1/(R%\/¢)).
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One observes that in the right-hand side of (2.4) only the plus-projector I+
appears. This comes from the fact that at time ¢ — tii the contribution on the minus
mode is of order O(1/(R%/2)) + O(1/R?) 4+ O(y/€), which is due to Proposition 2.3
and the initial data being only associated with RanIIT. Finally, again the classical
transport result of Proposition 2.3 relates the right-hand side of (2.4) with the initial
data, and the proof of our main result Theorem 2.2 is complete.

3. Numerical experiments. Before giving the detailed proof, we present nu-
merical experiments illustrating the theoretical convergence result and the effective-
ness of the algorithm. We consider a two-level Schrodinger equation with codimension
two crossing in two space dimensions, which models the photoisomerization of retinal
in rthodopsin. This conformational change is considered as the first step of vision.
In [13], computations with the model Hamiltonian

W Lo 10 (3Wo(l—cosy) Az
283'j 2m8¢+2wx +( Az Ey — iWi(1 —cosy) + ka

have qualitatively reproduced spectroscopic information of the molecule. The two

effective coordinates (¢, z) €] — 7, 37”] x R consist of the reaction coordinate ¢ and a
collective coordinate x. The parameters are m~! = 4.84-107%, E; = 2.48, W, = 3.6,

W1 =1.09, w=A=0.19, and k = 0.1 (all in €V, h = 1), see note 18 in [13]. Setting
£
Vw

one obtains a rescaled Hamiltonian —%Aq + V(q) with potential

IWo(1 - cosqy) e’
_1 2 3 Wo a1 192
Vi(g) = 3(Ba2)” + ( a1gs Ey — iWi(1 —cosqs) + azqa )

e=m /2% = 0.022, q = ¢, Qo = x,

whose parameters (a1, as) = @(/ﬁ, A) =~ (2, 3.8) and f = w/e ~ 8.6 are of order one
with respect to £. Fixing these values of (a1, as) and 3, we run a series of experiments
for varying values of the semiclassical parameter ¢ and hopping ranges R,

e € {0.0005,0.001,0.005,0.01,0.015, 0.02, 0.022, 0.03}, R e {1,2,3},

in the following set-up. We consider normalized Gaussian initial data associated with
the plus-level, that is

P5(q) = (em) 2 exp(—lg — g§|> + Lpo - (a—q5)) v (a),

where vT(¢g) is a normalized eigenvector of V' (q) for the eigenvalue v(q)+ |#(q)|, which
depends smoothly on ¢. The initial center in position space

a5 = (1.63 — 44/z, 0.5V/¢)

is chosen left of the two crossing points (y1,0), (¢, 0), where 41, are the two solutions
of cosp =1 —2E;/(Wy + W) for p €] — Z, 2] that is 1 ~ 1.63 and 7, ~ 4.65. The
initial momentum center and the time-interval,

Po = (170)7 [O>T] = [Ou 7\5]7
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Fic. 3.1. Double logarithmic plots of the absolute error, when comparing the outcome
of the surface hopping algorithm with a numerically converged pseudospectral splitting scheme.
The semiclassical parameter € varies in the set {0.0005,0.001,0.005,0.01,0.015,0.02,0.022,0.03}.
The dashed, dashed-dotted, and the solid lines refer to a hopping range R = 1,2,3, re-
spectively.  The three plots show the error of the level population ||TI1(q)y=(q,t)||?, of the
position ezpectation wvalue (I11(q)v°(q,t),ql1T(q)¥°(q,t)), and of the momentum expectation
(I~ (@)¢° (g, t), —ieV4II~ (@)9° (g, t)) at the final time T = Ty/e. All errors lie in and below the
corridor defined by the two functions € — 5y/€ and € — éﬁ, which are represented by dotted lines.
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TABLE 3.1

The table shows final level populations and particle numbers as well as the accuracy of the
reference solver. The population of the upper level |IT1 )% (t)||? at the final time T = 7+/€ is computed
by the reference solver, a pseudo-spectral Strang splitting scheme, and illustrates leading order non-
adiabatic transitions for all test cases. Depending on the hopping range R, the final particle numbers
of the surface hopping algorithm vary between three and thirty thousand. The reference accuracy is
the difference in L?-norm of the final wave function computed with full and half resolution. For all
computations it is less than 10~4.

€ 0.0005 0.001 0.006 0.01 0.015 0.02 0.022 0.03

ISR OIK 0.499 0.576 0.792 0.378 0.263  0.276 0.276 0.239

f particles, R =1 5396 5229 3730 3548 3316 3274 3482 3292
f particles, R = 2 6650 6353 4732 4766 4801 5569 6106 8281
f particles, R =3 7392 6881 5809 6155 7119 10536 12581 34485
ref. accuracy -10° 3.44 2.89 7.57 2.56 2.47 2.45 2.47 2.63

are chosen such that the wave function passes only the left crossing point (,0) once
without returning to it again. The upper level populations [[IIT%(¢)||? at the final
time T" = 7+/e, which are given in table 3.1, confirm that the experimental set-up
produces leading order non-adiabatic transitions.

The numerical realization of the surface hopping semigroup (EZ R)t>0 is the same
as for the simulations of models with linear isotropic potential matrix presented in
[16], up to adding the Ry/e-dependent jump criterion

t — (g™ (t))] has a local minimum in ¢ = t* and |¢(¢T (t*))| < Rv/e.

The initial sampling is performed on 16 x 16 grids in position and momentum space,
and the classical transport is discretized by the explicit Runge-Kutta method of Dor-
mand and Prince DOPRI45. For comparison, we have also solved the Schrodinger
equation (1.1) by a numerically converged pseudo-spectral Strang splitting scheme.
The solutions obtained with a 1024 x 512 space grid on the computational domain
[1.63—8/2,1.63416+/¢] x [—6+/¢, 61/€] and with 10* time steps are regarded as a refer-
ence, since they differ in L?-norm from the corresponding solution with a fourth of the
grid points and half the time steps by less than 10™%, see table 3.1. We have computed
the following quadratic quantities of the wave function at final time T = 7./e: the
level populations ||TT*4%()||? and the expectation values of position and momentum
on each level,

(I ()Y (g, 1), qII* (q)0° (g, 1)), (ITF(q)° (g, t), —ieVIT* ()9 (g, 1)).

We note, that the reference solver restricts the length of the time-interval to 74/e,
since the dynamics can only be resolved, as long as the solution stays well-localized
in the computational domain, while for the fixed number of 1024 x 512 grid points
the size of the computational domain affects the numerical accuracy.

Comparing the outcome of the two algorithms, we find all errors within and below
the corridor [%\/E, 5], see figure 3.1, which is better than the proven convergence
rate ¢!/8. Moreover, the errors increase monotonically when increasing the semi-
classical parameter, however, when entering the range € > 0.01 we observe different
dependencies. The level populations’ error starts decreasing, while the error of the
momentum expectation oscillates. We have no mathematical explanation for these
observations and can only make an educated guess. The good convergence rate might
be caused by the localization properties of the initial Gaussian wave packet combined
with the short length of the time-interval. Indeed, the error terms O(1/R?) and
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O(1/(R5/2)) in the approximation by classical transport in Proposition 2.3 might be
negligible in this case as well as the contribution O(1/R?) in Proposition 2.4, which
is due to localization in energy. The tendencies for large semi-classical parameter,
however, are clearly beyond the reach of our asymptotic analysis.

Table 3.1 shows, that an increase of the hopping range R increases the number of
final particles, that is the number of jumps within the overall time-interval. We obtain
particle numbers around three and thirty thousand for R = 1 and R = 3, respectively,
resulting in half a minute and five minutes computing time for our implementation of
the algorithm in Matlab 7.0 on a 3GHz Pentium 4 computer. However, an enlarged
hopping range need not improve the accuracy of the approximation. The plots in
figure 3.1 mostly display smaller errors for larger R, but the level populations in the
physical relevant range of € = 0.022 have the most accurate computation for R = 2.

Summarizing, the numerical experiments are consistent with the theoretical re-
sult, but also present a better convergence rate and tendencies in the range of larger
semi-classical parameter, which seem to be unexplainable by our asymptotic analy-
sis. A systematic comparison with the well-established surface hopping algorithms of
chemical physics is in progress.

4. Propagation outside the crossing zone. We now begin proving our main
result. The first step is to establish the validity of the classical transport approxima-
tion in the zone of large eigenvalue gap {|¢| > C R/c}.

Proof. [Proposition 2.3] Our aim is to prove
[ {xOela.pb(42) 7+ Lo + vla) £ 100} @)W (5°(0) (4. ) da dp
= O(1/R?*) + O(1/(R*Ve)) + O(Ve),

since then classical transport follows immediately. The key argument is the estimation
of the action of the commutator

. 2
K= . (.90 (2) 710 20— 28, Vi)
on the solution of the Schrédinger equation (1.1). Indeed, observing that
(Kwav wE)Lz(Rd+1) - 0,

we are going to prove
(KU# %) pauarsy = O(L/R2) + O(1/(R*VE)) + O(VE)+
(op- ({x(teta, pb( 52 ) 7+ 41pl2 + v(a) *16(a) } T1=(a) ) v*, )

where op, also denotes Weyl quantized operators acting on space-time variables. We
use the scaling operator

(4.1) T: Lipo(RTY) — L (R, (T)(t,q) = e (t, v/2q)
and write
T*KT = L [op, (x(t)e(vEq, Vap)b( 2052 ) I (VEq)) | —icdh — 58, +V (V)|

We have to deal carefully with the ¢, R dependence of the symbol in the left-hand
side of the commutator. For all multi-indeces o € N?,

D (1% (q)) = O(lp(q)| ).

L2 R(H’l)
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Since |¢(¢)| > C Ry/e on the support of be r(g,p) := c(q,p)b(ﬁ%), we have

(4.2) DS ((be,rII¥)(v2q,VEp)) = O(1), D& ((be,r1I)(Vzq, vep)) = O(1*1/?)

for a € N%. By the symbolic calculus of Lemma A.2,

L [opy ((be,rIT) (VEq, vEp) ) s opy (51p1%)] = § opi({(b<,#1TT) (VEg: VD) , 5[pI*})
= 1 op; ({b=,r(VEq, Vep), 3IpI*}T1*(v2q)) — % oy (ro(VEg, Vep))

where

d
(4.3) ro(Veq, Vep) = be r(Veq, Vep) pr] ) (Veq).

Moreover, in view of [II*, V] = 0 and (4.2),
L [opy (b=, 1TF) (VEQ,VEp)) » V(VEQ)] = 3= op1 ({ (b=,r1TF) (VEq, VD), V(VEQ)})
— 51z op1 ({V(V2q), (be r1IF) (VEq, vep)}) + O(e).
Working on the Poisson brackets involving V = v + Vi(¢), we first observe
{be, 115, Vi()} — {Vi(@), be,gTT*} = TT* {be g, Vi(#)} — {Vi(0), be,r} T
Using that V(¢) = |¢|(ITT — I17) and 9,, 1T = I (9, IIF) + (94, ITE)ITE, we get
{be, rTIE, Vi(9) } — {Vi(9), be pTIF} = £2{b. g, || }TIF £ 24| Zd: (0p,be,r) Og, TT*

j=1

and set

(44) m(V2a, Vep) = 20(VEQ)| Y Dy, (be.r(v/Za, VER) Dy, (15 (V)

M&

1

= [6(vVE)| (0, 0)(vEa, VED) b4

M“‘ﬁ

S0 (0,,11%) (VEq).

1

J
Now, collecting all the different pieces, we have

K = op. ({x(t)be.r(a,p), 7+ 3IpI* + v(q) £ |6(q)| } TT*(q))
Fop. (x(t)r0(q,p)) + op. (x(t)r1(q,p)) + O(e).

Hence, our claim follows from the analysis of r¢ and 71, which is carried out in the
following Lemma 4.1. O

LEMMA 4.1. Let 9¢ solve the Schridinger equation (1.1). For the matriz-valued
functions ro and 1 defined in (4.3) and (4.4), respectively, one has

(op. (x(1)70(a,P)) ¥, 9°) p2pas1y = O(VE) + O(1/R?) + O(1/(R*Ve)),
(0p= (x(t)71(g,p) ¥, ¥%) a(arry = O(VE) + O(1/R?).
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Proof. Both functions have off-diagonal matrix structure, that is ro(q,p) and
r1(q, p) do not commute with V'(¢). However, since r; contains an additional factor |¢|,
it is less singular than 7, in the sense that for o € N% and (g, p) with |¢(v/2¢)| > CR\/z

Dy (ro(veq, Vep)) = O(R™I1=1e™2) - Dy (r1(veq, vVep)) = O(R™1*)).

We begin with r;. We write r; = II7rIIT 4+ IIT7 11~ and work successively with
each part. Thus, without loss of generality, we suppose that II=7II7 = r;. The
strategy is to reuse the Schrédinger equation, since

ri =1 rII" = ﬁ[ﬁ, Vi(g)] = ﬁ[rlﬁ + %|p|2 +V].

With the scaling operator 7' defined in (4.1), we obtain
op (x(t)r1(g, p)) = T"op, ( [% r1(veq, Vep),er + 5lp* + V(\EQ)D T.

Then, by the symbolic calculus of Lemma A.2,
oy ([52%5 11 (VEa, VEp), =7 + 5Ip + V(vE0)|)

= [ops (2% 71(VEa. VER) ) copi (67 + 5pI? + V(VEa)) | + 0py (rat, Vg, VEP).
where

ra(t,V/Eq, VEp) = X(8)71 (VEG, VD) + g s 11(VEq, VEp) + ex(t)ia(vEq, Vep)
with

F1(VE0, VD) = & { gce 11 (Ve VER) L 51l + V(vED) )
— % {5161 + V(VEQ) gy i (VEa VER) |-

The term 79(1/€q, /€p) contains the commutator of second derivatives in p of the
symbol |¢(v/2q)| 7 71 (v/2q, v/Ep) with second derivatives of V' (1/gq) and a linear com-
bination of derivatives in (¢,p) of order greater than or equal to three. Hence, by
Lemma A.2

op. (x(t)72(g,p)) = O(ev/e) + O(e/R*) in L(L*(R¥H)).

It remains to study 1. Since derivatives in p of 1 (1/€q, /€p) generate powers of /g,
the bracket with V' (y/eq) gives

OP; (X(t) {mm(ﬁ% \@p),V(\EQ)D = O(V2/R) in L(L*R¥Y)),
For the bracket with 5|p|* one has

{mﬁ(\ﬁ% \/Ep) ) %\p|2} =

Ve c dp(y/E0) VP - H(yF0)
Aoz Vep - Vg (r1(vVeq, Vep)) + 5 T 1 (Vaav/ED).
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Both terms give a contribution of order O(1/R?), but since they are not purely off-
diagonal, the preceding commutator argument cannot be reiterated. Hence,

op- (X()71(4,)) = O(1/F) + O(WE/R),  op. (=8 rala,)) = O(VE/R)

in £(L?(R4*t1)), and we have proven one part of the Lemma.
In the case of the more singular symbol rg, the previous strategy results in an
error of size

7z (0(eVE) + O(e/R*) + O(VE/R) + O(1/R?))
= O(ve) + O(1/R?) + O(1/(R*V%)).

However, the special form of ry allows to ameliorate the term of order O(1/(R3\/z)),
which stems from the Poisson bracket with %|p|2. Indeed, we observe that

P+ VI (q) = gt Ve(0(9)) , [Ve(9(9)), Ve(de()p)]] -
Therefore, the bracket with £|p|? in the 7 term writes as
{ sz ben(VE, VED) [Vi(6(VEq), Vilde(vVEa)Vap)] 5 bl
= oz Velo(veq)), Ge(Veq, Vep))
for some matrix-valued function G, with
D (Go(VEq,Vep)) = O(1), Dy (Ge(vZg, Vep)) = O(1/2)
for all & € N?. We then set

73 (VEa, Vep) = iz [Vi($(vEq)), Ge(VEg, Vep)]
[\¢(fq 7 G=(Veq, Vep) , T+%|PI2+V(«£<1)],

and obtain

(op. (x(H)75(q, ))¢ ¢)L2 (Rd-+1)
= (70ps ([t Go(VEavem) em 5ol + V(VEQ)] ) T w7) L,

= 3 (1op: ({ i Ge(VEa.vep) . o7 + 5o + V(VEQ }) Tor v
—%( o ({e7 + 510 + V(VE0), 258 Ga(VEg, VR }) Tes , v°)
+ (70D, (Fa (V0. VED) T ) g

L2(Rd+1)

L2 Rd+1)

where 74(\/£q, v/ep) contains the commutator of second order derivatives in p of

x()|o(v/€q)| % G-(v/2q, /ep) with second derivatives of V(/q) and a linear com-
bination of higher order derivatives in (¢, p). Hence, op.(74(qv/g, pv/€)) = O(¢/R*) in
L(L%(R¥*1)). Since the Poisson brackets give a contribution of order O(1/(R°/2)) +
O(1/R%), the other part of the Lemma is proven, too. O
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5. Transitions near the crossing. The microlocal normal form used for prov-
ing Proposition 2.4 holds locally near some point (qo, to, po, 7o) € R??*2 of the phase
space of space-time, which is a crossing point in the sense that ¢(gp) = 0 and
70 + v(qo0) + 5|pol*> = 0.

5.1. Localization in energy. For localization in energy, we consider a cut-off
function § € C>°(R), 0 < @ < 1, with 6(z) = 1 for |z| < L and 6(z) = 0 for || > 1.
We set

AE(q,p,7) =T +v(q) + 3p]* £ [6(q)],

and crucially use the following lemma for suitably reformulating Proposition 2.4.
LEMMA 5.1. Let ¢ € C°(R*HH C). If c. r(t,q,p) = c(t,q,p, ¢(q)/(R\/E)) is
supported in {|¢| > %\/e}, then

tr We (@ (1)) (q, p)ce,r(t, q, p)II* (q)dgdpdt = O(1/R?) + O(V/E)

R2d+1
+ (Opg (CE,R(tqup)g(Ai]({qi\}%T)) Hi(Q)) wevwa)Lz(RdH) '

Proof. Writing 1 — 6(u) = u G(u) with G € C*°(R), we have

102 = LNt (g p, )G (R

Rz NG NG

We now argue as in section 4, using the estimates on IIT and A*(g,p, 7)II*(q) =
II*(g) (1 + |p|* + V(g)). The symbolic calculus of Lemma A.2 yields in £(L?(R?*1))

ov. (ce.alt.a.p) (1 - 0(2£2) ) () ) = O(VE) + O(1/R?)+

+
oz op. (cen(t,a,p)G (A2 ) T (0) ) op. (7 + 31pl* + V(0))

Indeed, the derivatives of the projectors are less harmful than in section 4, since they
are only divided by /¢ and not by . Since )¢ solves the equation, we obtain

(op: (cenltap) (1 - 0(252872) ) 15 (0)) v, ) = O(1/R?) + O(VE).

L2 (R‘H'l)

|
By Lemma 5.1, we introduce the energy cut-off on both sides of equality (2.4)
adding an error of order O(1/R?) + O(/€). Then, the left hand side reads

tr /]RZdJrl X(t) WE(QﬁE(t))(qvp)afZ(q,p) Hi(q)dq dpdt — 0(1/R2) + O(\/E)

+ (op6 (G%Z(Qap)X(t) ‘9(?1(%(17\7/%7)) Hi(q)) e we)

L2(Ri+1)

Using the notation
fai(q7pa.7) = 1{j::|:1}(j) a’j((Lp)v (Qapvj) € R?I:d

for a V-diagonal matrix-valued symbol a, the action of the semigroup on ajLEZ can be
written as
+

(L2 pat,)a,p) T (g) = (L5 fE (g p, +) T (g).
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Then, the right hand side of (2.4) is

tr /deﬂ X(t + 67) We (@ () (g, p) (EifiRafz)(q,p) I1*(q) dg dp dt
= (op- (x(t + 8 0247 ) (CXnfE ) @p DI @) 0 0)
+0 (1/R?) + O(e),

and the proof of Proposition 2.4 reduces to showing that

+ A (qp,7) + e L€ _
(OPE (aLz(q,p)x(f)t‘)( NG ) II (q)) Ve, )LZ(RM) =
£y A (gp,7) 5 et + e
(Op‘S (X(t + Jt )9< Ry/e ) (£57RfaLZ)(Q7pa+) II (q)) T/’ ) 1/} )Lz(Rd+1)
(5.1) +O(1/R?) + O(R*\/2) + O(Ve|In¢g|) + O(1/(R5Ve)).
For points (q,t,p,7,j) € R?7+2 x {£1}, we consider random trajectories

,Ts(:gt,pﬂ',j) : [O,+OO) N (R2d+2 > {:l:l})

with Z/%P7)(r) = (¢ (r),r +t,p(r),7,j) as long as (¢/(r),p’(r) & Se.r and a
jump from j to —j with probability T¢(q*, p*), whenever (¢?(r),p’(r)) hits S: g at a
point (¢*,p*). We keep the notation (Lf p),>o for the associated semigroup and set

+ T
(5.2) ¢ la.tp.7) = a4 la.0) x(0) (Yo7

Since r +— A*(¢T(r),p*(r),T) is a constant function, and since within [t — ¢;,t — t]
all involved random trajectories perform a jump, we have

51:i At P, T t
(LR fE @, tp 7, 4) = x(t+00) 0 (2527 ) (L2 £, ) (a9, ),
t — At (q,p,7 t —
(‘Cg,R cE,R)(q7 tvpa T, +) = X(t + 6t) 0(%) (‘CS,R aLZ)(qap7 +)
With this notation, equation (5.1) and consequently Proposition 2.4 are equivalent to
+ + € € _
(ope (CE,R(qJ,p, ™)1 (Q)> v, )LZ(RM) =

(Opa ((‘Cg?inC:ER)(q7 t,p, T, +) H+(Q)> ¢€ ’ ¢6>L2(Rd+1)
(5.3) +O(1/R?) + O(R?*\/2) + O(Ve|In¢g|) + O(1/(R5Ve)).

+
We emphasize, that the symbols csi r and Lg‘ R fcf_ , are compactly supported inside
the annulus {£./z < |¢| < R\/e} at a distance of order Ry/z of J5°u! where

el —{(q,t,p,m) € REH | (q,p) € ME/2U - 4 o(q) + |pl? + |¢(q)] = 0}

denote the submanifolds, which consist of all Hamiltonian trajectories entering (re-
spectively leaving) the crossing set.
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5.2. The normal form. Let us first recall some basic facts about canonical
transforms and Fourier integral operators. The phase space T*R4t! = RI*! x R4+!
is a symplectic space, once endowed with the symplectic form w = dr A dt 4+ dp A dgq.
A canonical transform s : T*R%*! — T*R4*1 is a change of coordinates, which

preserves the symplectic form. To a canonical transform k, one associates a unitary
operator U : L?(R41') — L2(R¥*1) such that for all a € C3°(R24+2, CNO*N ()

U*op. (a) U = op.(ac k) + O(c?)

as bounded operators on L#(R4*1), see for example section 2.2 in [7]. The operator U
is a Fourier integral operator. The last equality extends to symbols of the form

bE,R(Q,t,p, T) = b<q7tap7 T, ff.(iq\’/g))

with b € C2°(R243 CNOXN©)) and f € C>°(R?%, R) according to

(5.4) U*op, (be,r) U = op.(be,r o k) + O(V/2).

The proof of this statement follows the proof of Lemma 2 in [7]: one uses symbolic
calculus for the commutator of a usual semi-classical pseudodifferential operator and
a two-scale one of the form op,(be r), hence the gain of \/e.

We shall crucially use the following microlocal normal form result, which for
codimension two and three crossings is proven in [1, 2], however, without the explicit
equations (5.6)—(5.9). These equations including the normal form for codimension
five crossings are provided in Theorem 1 and Proposition 4 of [6].

THEOREM 5.2 ([6]). We consider py = (qo,to,po, 7o = —v(q0) — 5|po|?) such that
?(q0) = 0, do(qo)po # 0, and d¢ is of mazimal rank near qo. Then, there exists a
local canonical transform k from a meighborhood of py into some neighborhood Q2 of 0,

K (qatap7 T) = (Z,S,C7U), Ii(po) =0.

There exist a Fourier integral operator U associated with x~' and an invertible matriz-
valued symbol A. = Ag+eAj +e?Ag + ... such that v¢ = U*op(A:) " 1° satisfies for
all p € C (2, R)

(5.5) op.(¢) op. (=0 + Vi (8,2 +7e(2,())) v© = O(e™)

in L2(RTY), where z = (2,2') € R? with 2 € R and 7. = v.(2, ) is a vector-valued
symbol ve = vo +ev1 +2y2 + ... € RE1 with

Ye =0 for { =2, Ye = O(|2|?) for £ > 2.

Z € R contains the coordinates of the vector |d¢(q)p|~**m¢(q,p)p(q) in an or-
thonormal basis of the hyperplane normal to dg(q)p up to O(|¢(q)|?), while

56 s = —|do(q)pl " G58E - 6(a) + O(s* + 0 + |27,

o = |dg(q)p| ™12 (7 + 3lp* +v(q)) + O(s* + 0% + |2).
Moreover,

(5.7) JEM={oFs=0,2=0,5<0}, JEU={o+s5=0,2=0,s>0},
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and there exists v € {—1,41} such that for all p = (q,t,p, ) with k(p) = (z,8,(,0)
(5.8) A (p) (T + 51> + V(9) Ao(p) = v (=0 + Vils, 2 +70(2,0))) -

(5.9) A3(p) Ve ZLLBUDY Ao(p) =7 Ve(0, ) + O(Vo? + 52 + 7).
We denote by

ﬁi(z,s,é) = % (Id:F WW(&5+’YO('Z,O)> ;

S‘i(zasvgao) =—0+ \/82 + |2 +70(23C)|2a

the spectral projectors and the eigenvalues of —o + V4(s,Z + 70(2,¢)). Due to the
relation JEn/out C {—o 5 /s + 3|2 = 0,7 = 0}, the labelling of II* coincides on
JEn/out with the one for II*.

PROPOSITION 5.3. There exists functions k™ such that if k(q,t,p,7) = (2,5,(,0),
the projectors TI+ and 1% are related by

(510) ﬁi (Z, $7<a U) = (kiASHiAO) (Q7t7pa T) on EZF = {)\:F == 0}

IfS ={4(q) = 0, T+35[p]*+v(q) = 0}, then ks = kg = e # 0 and (e A5 Ao)|s = Idjs.
Moreover, on ¥ N {0 < |¢| < RE},

(5.11) % (2,5,(,0) = e(A§ITE Ag) (g, t,p, 7) + O(RVE).

Proof. For convenience, we set
P=1+3p+V(g), P=—0+Vis,z+(z0).

By (5.8), the use of determinants gives Xt U X~ = s 1({AT = 0} U {A~ = 0}).
Considering the equations of J*/°ut the only possibility is

ot = ! ({Z\i - 0}) .

Therefore, for p € T we have

YP(k(p)) = v(ATII7)(k(p)) = (AFPAo)(p) = (A~ AFTI™ Ao)(p).

The same argument for ¥~ gives (5.10).
The fact k‘ﬁé = kl_s comes from the precise analysis of the Hamiltonian vector

fields associated with the eigenvalues A*. Let p € S. We find in [6], section 5, that if
H(p) = lim Hy:(22(q,p)), H'(p) = lim Hys(®%(q,p)),

then there exists a non zero function e such that

H=¢(0s+0,), H =¢(ds—0,) on S.
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Since A* = 0 and A* = 0 on S, we have k‘g = k:lig = e. Next, we consider the limit
of the projectors IT* along outgoing trajectories,

7 (p) = lim IF (9% (q,p)) =2 (Id?vf(\dqb(cn |))

a—0~

Then, equation (5.10) gives on S
eAjAg = eAj (I +105) Ag = (ITF + 117 ) ok = Td.

Finally, let p € ©*. By relation (5.8), we have for any vector w € CN®) that
w € Ker P(k(p)) if and only if Ag(p)w € Ker P(p). Moreover, Ker P(p) = RanIl™(p)
and Ker P(k(p)) = RanlI™ (k(p)). We therefore obtain

RanITT (k(p)) = Ran (A5 'TIH Ag)(p).
Since y/eAy is unitary on S, we have
(Ag'TI* Ao)* (p) = (A5 'TI* Ao) (p) + O(RVE)

for p € Xt N {|¢| < Ry/E}. Since the two projectors It (k(p)) and (A5 Tt Ag)(p)
have the same range, while one of them is orthogonal and the other orthogonal up to
O(R+/e), they coincide up to O(R+/€). The same argument holds for p € ¥, and we
have proven relation (5.11). O

As the next step towards proving the claimed identity (5.3), we perform the
canonical change of coordinates for arriving at the microlocal normal form.

PROPOSITION 5.4. Let cgiR € C(R24+2 C) be the functions defined in (5.2) and
v® = U*op.(A.) 1. Denote

(5.12) T=(3) = exp(—Z|Z]?).

Then, there exist functions b* € C*(R%4+2 C) and 31i € R, such that b*(z,s,(,n)
and b*(z, 51i +s,(,m) are compactly supported in {s > 0} and {s < 0}, respectively,
and satisfy

(op- (£ nla, .2 (@) (0.0 0% (1)) =
(op (b* (53¢ 77 ) ) vi(2:9),v5(2,9)) |+ O(RVE).
(op- (2R L D@, topm, DI (@) 5 (0, 8),0%(0.1)) | =
(op- (1 = T=@b* (25 +57.C. 557 ) ) 05 (2.9). 5 (219)) | + O(RVE),
(op- (czrla-t:p. 7 (0)) V(0,80 0%(a.1)) |, =
(op- (b7 (5. 752) ) vi(r ), vi(209)) | + O(RVE),
(op- (L2 S ) astopm, I (@) w5 (0, 8), 05 (a.1)) =

(ope (TE(Z) b~ (z, s+s7,(, #)) vi(z, s),vi(z, S)) Lo + O(R3V/¢).
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Proof. We only prove the first two equalities, since one deals similarly with the
other two. By symbolic calculus and the transformation property (5.4), the canonical
transform x~! of Theorem 5.2 acts as

(Opg (c:R(q,t,p,T)HJF(CI)) ¥ (g, 1), ¥"(q, t)) =

L2

(op (£ AT A0) 0 571 (2,5,C,0) ) 0 (228) , ¥ (2:5) ) +O(VR).

The compactly supported function c+ g © " Is localized near JTout that is near
{c4+s5=0,2=0,s>0}. The relatlon (5. 11) between the projectors gives a function
beCr (RQ‘”HZ (C) compactly supported in {s > 0} such that

(¢ R ASTT Ag) 0 17 1) (2,5.C.0)
=b(25.¢.0, 75, S G ) T4 (2,5,0) + O(RVE)
= b (25,C )T (2,5,) + O(RVE)
as functions in C2°(R24+2,C). Hence, we obtain
(op. (X rla:t.p I (@) ¥ (0.1) . ¥°(a.1)) |
= (op: (ber(zr5. G I (2,5.0) ) v¥(2:5) L v°(2,5)) |+ O(RVE).

For || = O(R+/e) we have

fit(z,5,¢) = (8 121) +O(RVE) in {s> 0},
(5.13) fit(z,5,¢) = (151 8) +O(RVE) in {s <0},

and therefore
(op5 (bE,R(Z, s, ¢, o)t (z, s,()) v (z,8), v°(z, s))L2
= (0P (be,r(2:5,¢,0)) v3(2, 5), v3(2, 8)) 12 + O(RVE).

We now remove the o-dependence of the symbol. Taylor expanding around o =
—V/s2 4+ [E 4+ 0[O, we write

bE,R(Z7S7<30) = b(Z,S,C, _\/52 + ‘Z + 70(27<)|27 Rf/g50>

z At(z,s,0,
+R1[)‘+(87 Z,0, C) G(Zv S, Ca a, RL\/gv %)

with G € C3°(R24+2+¢ C). Since

5‘+(Z’S’<7O’) (Z S C) (Z S C) (a_w($’2+70(Z7C))7

and since v¢ solves the Landau-Zener type problem (5.5), an argument analogous to
the proof of Lemma 5.1 yields

(op. (be,r(2,5,¢,0)) v3(2,5) , v3(2,5)) 2 —0(1/32) + (\f)
+ <0pe<b(z,s,(,—\/32+ 1Z + vo(z, ’Rf’ ) , U5 z,s))

e’
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Setting b"(2,s,(,n) = b(z,s,¢,—s,7n,0), we obtain

(op- (£ rlast.p I (@) ¥ (0.1) . ¥°(a.1)) |
_ (opE ( (z 5,C, Rf)) vE(z,8) ug(z,s))L2 + O(RVZ) + O(1/R?).

Next, we focus on the second claimed identity, which contains non-adiabatic tran-
sitions. We have

(opg ((ﬁg‘R o )@t p, T, +)H+(q)) Ve(q;t) , ws(q,t)) =

L2

(op: (((£2RfE AT A0) (57 (2,5, 0),4) ) v¥(2:5) s v¥(2:5)) | + O(VE),
Let r — (27(r),sT(r),(T(r),07(r)) be the Hamiltonian trajectory of

2= 0T = 'devo(z, Q2 +70(2,0) (52 + |2 +70(2, O ) 72,

§=0, A =

é = 7625‘jL = 7td2(2 + ’YO(Z’C))(Z +’)/0(Z,C))(82 + |é + 70(27<)|2)71/27
&= =0\ =—s(s* + |2 +10(z, Q)2

with (z(0), s(0),¢(0 ) o(0)) = (z,s,(,0) = k(q,t,p, 7). A trajectory jumps for r = r,,
if st(r.) = O(|¢(q)|*) = O(R%¢). Then, o (r.) = O(RZ%€) as well. Since

L (st + ot (r) =0(2P) on JH ={s+s5=0,2=0,s>0},
and since |Z| = O(R+/€) on the support of our symbol, we have

2H(r) =2+ O(R%?), st(r)=s+r,
¢F(r) =C+O0(RVE), o (r)=—s"(r) + O(R%).

These asymptotics together with conservation of energy along Hamiltonian flows yield

zT(r) At GTE),sT )¢t ()0t (r
b(z*(r),s*(r),(*(r),o*(r), (r) AT(z7(r),s" (1), (r),07 ( ))) _

e Rz
b(z,s+7’,<, (s+71), R\[,$) + O(RVe).

Jumps occur for |¢(q)| < Ry/e, that is for

1212 = |dé(q)p| ™ |me(q, p)o(q)|* + O(|6(q)[?)
= |d¢(q)p|~|me(a, p)d(q)|* + O(R3*2).

Therefore, the transition rate T°(g, p) reads in the new coordinates as

T¢(q,p) = exp(—Z|de(q)p| " |me(q, p)d(q)]?)
= exp(—Z|2]?) + O(R*Vz) = T%(2) + O(R*Ve),

and there exists s] € R such that
((‘CS?R Ce, R)A0H+A0)( (Z B C? )’+)
5 3 A(28.69)\ T
— (1 - TE(z)) b(z, s+57,C—(s+57), 72 %fc)) I (z,5,¢) + O(R3VE).
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By the asymptotics (5.13) of II* above {s < 0}, we then get
(op- (((£2af AT A) (57 (2,5,C,0),4) ) v7(2,8) » v7(218)) | = O(RVE)
+ (opa ((1 — Ts(Z))b(z,s +s7,¢, —(s + s1), Rff’ v%if[c”)» v5(z, 5),v5(z, s))L2 :
As before, we remove the o-dependence of the symbol and obtain
(op ((£2pfE Datep 7. O (@) ¥°(0.0)  ¥5(a.1))
= (opE ((1 - Tﬁ(é))b‘* (z,s +s7,¢, Riﬁ)) vi(z,8) , vi(z,s))L2 + O(R3VE).

5.3. The transitions. It remains to analyze v = U*op.(AZ 1)y for proving
the equality of each pair in Proposition 5.4 up to an error of O(1/R?) + O(R3\/z) +
O(vz|Ing|)+0O(1/(R?\/2)), concluding the proof of our main result. We consider the
solution u® of

. sld eG
(5.14) —igdsu’ = (\EG* fsld) c Us—p = Vjs=0>
where G is one of the operators
G = %‘p(pf/g)’a G f@(Rf)(Zl +125),

5 Zy+iZy  Zs+iZ
_ 1 z 1 2 3 4
G5\/590(R\/E)<Z;3+ZZ4 Zl’LZQ)

with Z = op.(Z + 7.(2,¢)) and ¢ € C°(R*"1,R). In all three cases, G is a bounded
operator on L?(R%) with ||G|| = O(R), and we have

=, gy = OE).

The following Landau-Zener type formula is given in Proposition 7 of [8], up to the
explicit error terms.

PROPOSITION 5.5. Let u® be the solution of equation (5.14). There exist vector-
valued functions of = (a5,05), w* = (wi,ws) € L2(RY, CN®) such that for any
function x € C°({x € R | |z| < R%},R) the families (x(GG*)a5)e>0, (X(G*G)a5)e>0,
(X(GGH)wS)es0, (X(G*G)wS)eso are bounded in L2(R?, C) and satisfy

-
s

X(GG S (2,5) = X(GG)e! /)| =

k5 (2) + O(R*VE),

X(G*G)u5(z,s) = X(G*G)e_isz/(ge) s

€

K5(2) + O(R*VE)

in L?(R%, C), where kS = a5 and k§ = w5 for s <0 and s > 0, respectively, j € {1,2}.
Moreover,

(5.15) ()= (o o) ()
with
226z /4

a(\) = e ™2, b(\ S 97iA2emmAAD 1—|—z sinh(Z2).
2

AT
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Proof. Lemma 7 in [8] is the crucial step in the proof of Proposition 7 for which
we have to check that the leading order error estimate is indeed O(R?,/z). For this,
we turn to the explicit calculations in the proof of Lemma 11 in [7] and study the two
integrals

A :Sf1+m2/207i52/2/ ~< >‘f_ / _Lz
0 R

Bo= 512 [ (1 (e Oy gy,
R

in?/2

F

dz,

where ¥ € CZ(R,R) is a function with 0 < ¥ < 1, X(y) = 0 for |y| > v/2/2 and
X(y) = 1 for |y| < +/2/4. The phase function y —7(1 + 4% — 21/2y) of By has the

stationary point y = /2, and Taylor expansion of y — In |y| around y = v/2 yields
_ me—m/42m2/48m2/zeis2/2 + 0(7725_2),
while integration by parts gives
Ag=O0(n*s™)

as 1,8 — 00. Since the asymptotics of the other relevant integrals can be obtained
analogously, the claimed error estimates follow by setting s = O(¢~1/?) and = O(R).
0

For implementing these Landau-Zener asymptotics, we need the following addi-
tional relations, which are literally contained in the proofs of Lemma 8 and Lemma 9
in [8].

LEMMA 5.6. For any x € C°(R,R) and b € C*(R>*HNO-1 C), we have

(EL) = X(GG) +0(vB) = X(G" ) + O(V3),

" o ) o

G*G
_S_

o (o 280) [

Now, we are ready to conclude the proof of Theorem 2.2. We only discuss the first
pair of terms in Proposition 5.4, since the other pair can be dealt with analogously.
We set

I = (op (b (2,5.C. 752) ) us(z9), 05 (2:9) )
12 = (op. (L= T2 E)H* (25 + 5T ¢ 752 ) iz, 9) ui (2:9) )
By Lemma 5.6 and Proposition 5.5, we have

Il p= op8 (b (z s, ¢, Rf)) X(G*G)ug(z,s%x(G*G)ué(z,S))L2 + 0(Ve),
( (2.6 752) ) e || 7 wi) e || wz<z>>
L2
+O(R%*\/2)

= (op. (b (225, 552 ) wi(2) w5 (2)) , + O(RPVE) + O(VE|Ine])
= (op- (b7 (205 + 57.¢. 5752 ) w5 (2),05(2)) , + O(B2VE) + O(vE| e

S

Ve

Ve
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because st = O(R+/2) and analogously
IiR = (op‘S ((1 — Te(g)) bt (z,s +57,¢, R%/E)) a’i(z),a’f(z))m
+O(R*\/2) + O(Ve|Inel).

By the scattering identity (5.15), we have w§ = b(G*G)G*a5 + a(G*G)a§ and

1 = (o0 (b (25 + 57, 77 ) ) (B(G"G)G a5 (2) + a(G7 Gas(2),

b(G*G)G* 5 (2) + a(G*G)ag(z))L2 + O(R2VE) + O(ve| Ine)).

Since the wave function 1°(g, t) is of order O(1/R?)+ O(y/2) + O(1/(R®\/2)) near the
set J7m ={o+s5=0,%=0,s <0}, we have
(1500 ) = o0-((5.00) v°0) 4 O(RVE
= O(1/R?) + O(RVz) + O(1/(R*VE))

as functions in LZQOC(Rd“) localized near J . The preceding arguments expressing
Ic_lyR and IE,R in terms of a° and w® then yield

a(G*G)as(z) = O(1/R?) + O(R*Ve) + O(VEe| Ine]) + O(1/(R°VE))

near J " and hence

1L = (op. (% (25 4+ 57, 5752 ) B(G"G)G" 05 (), (G G)G a5 (2)) |
+O(1/R?) + O(R*Ve) + O(Ve|lne|) + O(1/(R°Ve)).
Lemma 5.6 together with the relations G*b(GG*) = b(G*G)G* and
A =1— ™™
implies
GH(G*G) op, (b+ (z s+ 57, ¢, W)) b(G*G)G*as(2)
— GG Q)H(G* Q)G op, (b+ (z s+ st,¢, W)) s (2) + O(VE)
— GG*B(GC)H(GE™) op, (b+ (z s+st,¢, W)) af(2) + O(V/3)
(516) = (1=T*(2)op. (b* (2.5 +57.C 552 ) ) ai(2) + O(VE)
and finally
ILp =125+ O(1/R?) + O(R*Ve) + O(Ve|Ine|) + O(1/(R°Ve)).

6. Eigenvalues of multiplicity two. We have assumed that the matrix-valued
observable @ is V-diagonal in the sense that a = a™IIT + ¢~ I~ with scalar-valued
functions a*. The more natural assumption, that a commutes with V,

a=TTallt + T all™
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does not change the situation in the case £ = 2, 3, but enlarges the class of observables
for £ = 3',5. For observables of this form, one has to modify the Markov process to
account for a polarization effect. The state space requires an additional component
w € C* and when the deterministic flow <I>§- (¢,p) hits the jump manifold S; g in
a point (¢*,p*) a more general branching occurs. The state (¢*,p*,j,w) changes
with probability T¢(q*,p*) to (¢*,p*, —j,w) and with probability 1 — T¢(¢*,p*) to
(¢*.p", 4, R(¢q*, p*)w), where
Ria.p) = Ve FEERE)-

This phenomenon is also described in Theorem 1 of [5] for two-scale Wigner measures.
Our main result Theorem 2.2 for the propagation of Wigner functions still applies for
the semigroup, which encorporates polarization.

Proof. [Theorem 2.2 for a = ITall™ + II—all~ if £ = 3',5] Let us first prove
classical transport. We set A* = IITall™ and we focus on the + mode. We extensively

use [ITAT = ATIIT = AT, The strategy is similar to the one of section 4, and we
have to focus on the Poisson brackets

${AT (4, p), 7 + 3lpl* + v(q) + Va(o(a)} — 3{7 + 5IpI* + v(q@) + Va(¢(q)), A* (¢, p)}-
We set pu(q,p,7) =7+ %\p|2 + v(q) and write
{AT, ) = AT, p}IT° + AT{ITT, o + {117, pj AT
We observe that
ro=AT{II", u} + {0, u} A" = —AT (VT - p) — (V,IIT - p)AT

)
can be treated as in section 4. Indeed, since AT commutes with V;(¢), one has for
any matrix G that AT[Vy(¢), G| = [Vi(¢), ATG], [Vi(0),GIAT = [Vi(¢), GAT], and
consequently

ro = —arbs [Ve(0), [Ve(6), A*Vi(dep)]] — grbs [Ve(0), [Ve(6). Veldop) A¥]]
— [+ Vilo), it [Ve(9), AT Vildem)] | = [+ V(o). apbs [Velo), Vildgp) A1)

The most harmful of the arising terms contains the brackets with %\p|2, that is

Fo = — {311, i [Va(@). A*Vildap)] | = {31, b [Vil©), Vi(dop) A*] |

Since the term containing the derivatives of V;(¢) vanishes,
4|¢‘3 [W(d¢p) A+‘/l(d¢p)} 4|¢|3 [‘/Z(d¢p) va(d¢p)A+} =0,

there is a matrix-valued function GG, with suitable bounds on its derivatives, such
that 7o = |¢| =% [Ve(#), G<], and hence the other arguments of Lemma 4.1 apply for
the analysis of rg.

For the brackets with the matrix part, we write

AT Vi(9)} — 3{Ve(9), AT} = ITH{AT, [g[}ITT + [¢] ({AT,IT7} — {IT, AT}).
The second part
= [¢| ({AT, 0T} — {IIT, AT}) = || (VAT - VIIT + V,IITV,AT)
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is off-diagonal with respect to V, since V,A" = I[ITV,AT = V,ATII*, II*1¥F = 0,
and I+ V II+II* = 0 imply

II* (V,A" .V IIT + V, IV, AT) II* = 0.

Hence, Lemma 4.1 applies.
The importance of R(q, p) for the non-adiabatic transitions becomes clear, when
recasting equation (5.16) in the previous section as

(g Cé*)b(G*G) Ops(bJr(Z,SJr Si_vC» RL\/E)) bG*G) (((;)* %;) <a§(§z)>
=V (0, \%\)(G*G)% b(G*@G) op, (b+ (275 +s7,¢, RL\/E))

et () < ore

~ " 5 5 p aj(z
= (1= T2 Vi (0, ) ope (b (2 + 57.¢ 752 ) ) Val0, ) ( it )) +0(Ve)
and observing that the normal form transformation relates V;(0, 2/|2|) and R(q,p) by
identity (5.9) of Theorem 5.2. O

Appendix A. Weyl calculus. For the convenience of the reader, we formulate
the key technical lemma of the calculus of Weyl quantized pseudodifferential operators.

DEFINITION A.1. A smooth matriz-valued function a € C*®(R%4 CN*N) js of
subquadratic growth, if for all || + |B| > 2 there exists Cy 3 > 0 such that

|02 allee < Ca.

LEMMA A.2. Let a € C®(R%?, CN*N) and let b € C°(R*,CN*N) be of sub-
quadratic growth. Then, for all ¢ € C° (R, CN)

op; (a)opy (b)¥ = (opy (ab) + ;0 ({a,b}) + opy (c) + opy (7)) ¢,
with {a,b} = 0pad,b — 0yadyb the Poisson bracket, ¢ a linear combination of

2 92 2 a2
0, ad b, 0 a(?pjb, 8pja8qu,

a;,p; 4 9q;,p; 0 Og;
and r € C®(R??, CN*N) such that

Ni(r):= Sup ||(92‘(95THOO <Cp B (Nm(DBa) Nm/(D3b))
lal+|8|<k m+m'=k

for all k € N.
For a proof of this classical lemma, the reader can refer to [14] or to [3]. The
Theorem of Calderon-Vaillancourt implies, that op;(r) is a bounded operator on

L2(R?,CN).
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