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We consider an electron constrained to move on a surface with revolution symmetry in
the presence of a constant magnetic field B parallel to the surface axis. Depending on
B and the surface geometry the transverse part of the spectrum typically exhibits many
crossings which change to avoided crossings if a weak symmetry breaking interaction
is introduced. We study the effect of such perturbations on the quantum propagation.
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can be applied. In turn, this leads to the study of a perturbation theory for the time
dependent Born-Oppenheimer approximation.
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1 Introduction

Recent advances in experimental physics have made it possible to produce two dimensional
conducting surfaces of mesoscopic size. In such devices, the mean free path often exceeds
the system size so the electron motion is ballistic and quantum coherence effects play a
crucial role. This gives a motivation to strive for a complete understanding of the quantum
mechanics of corresponding processes. In particular, conducting carbon “nanotubes” which
are more or less uniform cylinders, belong to the family of surfaces that are nowadays ex-
perimentally within reach [I]. Since their discovery, lots of studies have been devoted to the
elucidation of the spectral and transport properties of such devices, in a variety of situations



and approximations — see, e.g. [A, LR, WFAS]| and references therein. Nanotubes of differ-
ent types can be combined, and also coupled to other carbon structures such as fullerene
molecules [KBR], producing a variety of cylindrical surfaces .

In this paper we study a quantum propagation in an “imperfect nanotube” subject to
a constant magnetic field parallel to the tube axis within a simple model. Our model as-
sumption is that a single electron is confined to a surface of revolution with slow variation
of the radius along the revolution axis. Moreover, we assume that the rotational symmetry
is weakly violated, either by an impurity or by an external field. In other words, the used
idealization amounts to neglecting the atomic structure of the tube as well as the interaction
between the electrons, but taking into account the gross shape of the device. Our aim is
to study the propagation of the electron along such an imperfect nanotube in the homoge-
nous magnetic field by means of the time-dependent Schrodinger equation, starting with an
initially localized wave packet, and paying a particular attention to the transitions between
angular levels caused by the symmetry breaking perturbation.

To understand the peculiarities of this quantum mechanical problem, it is useful to review
briefly its classical counterpart; this is done in Section 2. The first question in the quantum
case is the meaning of the fact that the electron is confined to a surface. The most natural
approach, to our opinion, treats the surface as a limiting situation of a thin hard-wall layer.
This idea goes back to [dC1, dC2, To| and requires a renormalization in which the transverse
contribution to the energy — blowing-up in the limit — is removed. One gets in this way an
additional curvature-dependent term, in general attractive, to the potential. For the sake
of completeness recall that there has been another recent work treating particle motion on
revolution surfaces — see [Al, Ar, MV] and references therein. The last two papers aim at
solvable models of compact surfaces (neglecting the curvature-dependent term), while [Al]
treats the Schrodinger and wave equations on noncompact cylindrical surfaces without a
magnetic field from the PDE point of view.

Having thus found the Hamiltonian of our quantum system, we can analyze its spectral
properties. When the rotational symmetry is preserved, we can perform (using a suitable
gauge) the partial-wave decomposition. We can compute the angular part of the spectrum
which depends on the actual cylinder radius varying along the tube axis. This brings to
mind analogy with the molecular dynamics in which each angular state corresponds to an
“electronic” level and the longitudinal coordinate measured at the axis corresponds to the
one-dimensional "nuclear” configuration coordinate. Furthermore, when the rotational sym-
metry is broken by a perturbation, the above analogy remains valid and we may invoke the
time-dependent Born-Oppenheimer approximation to describe the propagation along cou-
pled angular levels according to [H1, HJ1, HJ2]. Recall that the theory in molecular systems
involves a small parameter which is given by the mass ratio between “electrons” and "nu-
clei”. In our mesoscopic system, it is replaced by the parameter € defined as the inverse of
the lenghtscale over which the variation of the radius of the nanotube takes place. Note,
however, that we cannot directly apply the theory of [H1, HJ1, HJ2] in our perturbative
context and a modification is needed as we shall explain below.

The result of the analysis presented below gives a complete and rigorous description to
the leading order of the wave function when the dynamics makes the electron go through a
region where a perturbation couples angular levels. The basic picture is as follows. As long
as the perturbed angular levels along the trajectory remain well isolated, the components of



the wave function referring to the corresponding eigenstates are unchanged, to the leading
order. When the unperturbed angular levels display a crossing or an avoided crossing,
transitions between the perturbed angular eigenstates may become non-negligible as in the
mentioned molecular analogy — see [HJ1]. We are going to consider precisely the situation
where the transition amplitudes are of order one, under perturbations of order y/e. In such
cases, an initial wave function having a nonzero component in a single angular eigenspace
before the (avoided) crossing splits into the corresponding angular eigenstates according to
the Landau-Zener formula, again to the leading order.

We have said already that despite being based on the paper [HJ1], our description is
not a direct application of the molecular time-dependent Born-Oppenheimer approximation.
Indeed, in the rigorous derivations of this approximation, the “electronic” spectrum and the
eigenstates, i.e. the spectrum at fixed coordinate along the rotation axis in our setting, are
taken as given data, and the approximate solution to the molecular Schrodinger equation
is constructed from this information — see [H1, HJ1, HJ2]. In our situation, by hypothesis,
we only have access to that spectrum in a perturbative sense, and thus we need to develop
a perturbative version of the time-dependent Born-Oppenheimer approximation that only
requires knowledge of the leading terms of the Rayleigh-Schrodinger perturbation series.
This is done in Section 5, where the main technical result of the paper is stated in Theorem
5.7. We believe that it is of an independent interest.

Precise statements of our results require a certain amount of notation and are therefore
given below in Proposition 4.2 and Theorems 5.7 .

2 Classical Mechanics

Let us start by describing the classical dynamics of the system. We consider a particle of
mass m and charge e constrained to move on a smooth surface S with revolution symmetry
around the axis OX in a homogeneous magnetic field B = Be,, B > 0, parallel to this axis.

Using cylindrical coordinates, the surface is characterized by the smooth positive real
valued function R 3  — R(z) € R’ such that

Y _ R(x) cos(#) (2.1)
z = R(x)sin(0)

where (z,0) € Rx S*. The squared length element on S is ds? = (1+ R'(z)?)dx? + R(z)?db?,
so the corresponding metric tensor g;;(z, #) is given by

_(1+R(@)” 0
gU(iE,H) - ( 0 RQ(x) (2'2)
Using the circular gauge, we express the vector potential at the surface as
1 R@)B [ O
A(r)=-BAr= —sin(0) (2.3)
2 2
cos(0)



This makes it possible to compute the Lagrangian function of the system

1
L(r,t) = Emi'2+ei'A(r)

1 : BR*(z)6
= 5m (562(1 +R(2)%) + R?@)@?) n % . (2.4)
The system is integrable: we find that the momentum py = % and the kinetic energy T' are
two constants of motion,
. eBR?
Py = mR*(z)0 + GT(QJ), (2.5)
1 .2 1(oN\2 2 )2
T = im(fc (1+R(:L'))+R(x)0>. (2.6)
Using (2.5) to express § as a function of  in (2.6), we deduce
1T 2 1 P} e’B?
T = —mi*(1+ R — | =7+~ — pyeB
5 (1+R'(z) )+2m <R2(x) poeB + — R*(x)
1
— 5md32(1 + R'(2)%) + V(R(z)). (2.7)

The effective potential R} > R — V(R) € R, admits a unique minimum at R, such that

. [2|ps| _ 0 if epg >0
R() = |e|B and V(RQ) = |e;,;fz‘3 if epp < 0 (28)

Note that if py = 0, the potential V(R) is harmonic on RY. From these considerations
we deduce easily, in particular, that particle motions in the simplest case characterized by
#(t) = 0 correspond either to (x(t),0(t)) = (zo,6) for any initial conditions (zo,6), or
to (z(t),0(t)) = (0,00 — £t), where % =: w, is the cyclotronic frequency, for any initial
conditions (zg, fp), or finally to (x(t),0(t)) = (o, 0o +wt), where w is any constant, for initial
conditions (zg, fp) such that R'(xzy) = 0. In case that R'(xq) # 0, the first two motions are
stable, whereas in the last one the stability depends on the local properties of R around x,.
In a similar way one can treat the general case with ©(¢) # 0. The motion is governed by
the effective potential determined by the shape of S, and the potential minima correspond
to the points where the angular motion has the cyclotronic frequency.

Furthermore, notice that the addition of a supplementary exterior potential W, depending
on x only, does not affect the functional dependence of py and its value remains independent
of time. It is just the second constant of motion which is changed at that in the sense that
the total energy £ =T + W is now constant.

Finally, let us also give the corresponding Hamiltonian function of the system for a future
purpose. With p, = g—i we compute

B p2 1 _ eBR(z) 2
H(z,0,pq,pp) = (Qm(HRI(x)Q) + PR () (pa — ) ) : (2.9)

In the sequel we shall consider our charged particle to be an electron, e = —|e| < 0, and use
the rational units in which |e] =m =1 as wellas h =c = 1.
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3 Quantum Mechanics

Consider now the same system within quantum mechanics. For the purpose of this section,
the function R : R — R, defining the surface S is supposed to strictly positive and C?
smooth; later we shall impose stronger requirements.

The state Hilbert space of such a system is thus L?(S). To construct the Hamiltonian,
however, it is not sufficient to replace the classical variables in (2.9) by the corresponding
canonical operators. The most natural way of quantization consists of taking a particle
confined within a cylindrical layer built over S and squeezing its thickness to zero — cf.
[dC1, dC2, To]. One has to renormalize the energy in the limit, of course, subtracting the
blowing-up part corresponding to the transverse motion.

In the absence of the magnetic field, one arrives in this way to the Hamiltonian which
equals to a sum of the respective Laplace-Beltrami operator (times 1/2 in our units) and the
curvature-induced potential V(z) = — & (01(z) ™' —g2(2)™"), where 0;(z), j = 1,2, are the
principal curvature radii at the given point. The second part is of a purely quantum nature
and has no classical counterpart. In the present case the locally elliptical intersection of S
with the normal plane has the radius g;(z) = R(x), while for the intersection with the axial
plane we find

(1+ R (2)>)*”

(%) = = ——F, @ (3.1)

the signs of p;, go coincide if both the osculation radii point the same side of the surface.
Consequently, the curvature-induced potential equals

o R(z)R"(z)
Ve) =~ g (1 5 R 32

To express the kinetic (Laplace-Beltrami) part, — 3 [g|~/29;|g|'/2¢"8;, we use (2.2) and the
corresponding contravariant tensor on S,

ey = ((CTEET 0 (53

The Hamiltonian in the presence of the magnetic field is then obtained by replacing the
angular momentum operator py = —idy by py — A(z)R(x) where A(z) := Ay(r); it acts as

_ 1 R(z) L (i o BR@?Y
= 2R(z)+/1 + R'(z)? O 1+ R(z)? O 2R(x)? ( T )

1 R(z)R"(z) \’
~sar (1 0t ) .

on an appropriate domain in L?*(Rx S', R(z)+/1 + R'(z)? dz df). Due to the rotational sym-
metry it has a simple partial-wave decomposition; its H,, component is obtained replacing
—10y by its eigenvalue m. In this way the spectral analysis of H is reduced to a family of



one-dimensional Sturm-Liouville problems. Also the magnetic term has a natural meaning:
we have

_ BR(z)*  ®(z)

A(z)R(z) 5 = o =), (3.5)

where ¢ is the magnetic flux value measured in the standard units (27)~!, or the number
of flux quanta passing through the cross section of the cylinder.

It may be convenient to get rid of the weight factor replacing by an operator H on
L*(R) ® L?(S'). This is achieved by the unitary transformation  — R'/2(1+ R?)'/*). The
only term in (3.4) which changes at that is the first one: by a straightforward computation
we find

- 1 1 . BR(z)*\”

with

B 1 R(z)R"(z) \°
@ =~ g (3 R G) D

and

(3.8)

R12 7 R12 R112 RII + R( RI RIII + RIIQ)
Vo) = | — 57— — = + (z).
8R2(1+ R?) 8 (1+ R?) AR(1 + R?)?

Spectral properties of the Hamiltonian are influenced by the geometry of S. Suppose,
e.g., that the latter has asymptotically constant radius, lim|g o R(x) = Ry . In the absence
of the magnetic field the problem is similar to that of a locally deformed Dirichlet strip
[BGRS, EV] (it is simpler, however, unless a mode-coupling perturbation is introduced). In
the s-wave part the effective potential V5, creates a potential well when S is locally squeezed
and a barrier in case of a protrusion. For higher partial waves and non-zero magnetic field,
of course, the effective potential consists of several competing contributions.

4 Quantum Propagation

Our main interest in this paper is not so much the spectrum of the Hamiltonian (3.4) but
rather the way in which an electron propagates over the surface of the cylinder. We will be
particularly interested in the limiting situation when the radius modulation is gentle. This
is conventionally described by means of the scaling transformation x — ex considering the
asymptotic behaviour as € — 0. This can be considered as a semiclassical limit since ¢ — 0
means that the wave packet size becomes ultimately much smaller than the length scale of
the radius variation.

It is clear from the preceding section that the effective potential Vo = V51 + Vag is then
dominated by the first term. Moreover, the operators (3.4) and (3.6) coincide in the leading
term, which will be in the following the object of the investigation. We write its action as

H(e) = —?&H%Wam + Va(z,€) + ZRi(:z:) (—iaa + BR;($)> (4.1)



on a suitable domain of L?(R) ® L?(S') where R(z), Vi(z) = R'(x)” are smooth on R and
Va(z, €) is smooth on R X [—€g, €], for some ¢y > 0. Introducing an R-dependent operator
h(R) for R € R} by

hR) = — <—iag +

(4.2)

T 9R?

BR?\?
. )

on a suitable domain of L%(S!), we can regard H(e) as an operator on L2?(R, L?(S%)) that
we write as

H(e) = —g@w#‘ﬁ(m)@ + Va(z, €) + h(R(z)). (4.3)

The spectral analysis of h(R) is straightforward and yields a family of simple eigenvalues,

(W(R) = Pu(Rn ez} =42 [0+ BEY ez (4.4)
o ={\.(R),n A 5 N , .
with the corresponding eigenvectors

©n(0) = exp(inb) /2, ne€l. (4.5)

Note that the eigenvalues A\, (R) correspond to the classical effective potential V' (R) in (2.7)
with n € Z in place of py. For n # m we have

M(R) = An(R) = 7 - m ((” ;m) + B> (4.6)
so that

M(R) =An(B) & n+m<0 and R=R,,, = w . (4.7)
Moreover,

A(Ru) = — g% > 0. (4.8)

Hence any pair of levels (A, (R), A, (R)) with n + m < 0 exhibits one and only one crossing
as R varies, whereas other pairs never cross. The crossing points are well separated,

{Rym : (n,m)ENQ,n+m<O}:{\/%: kEN*}, (4.9)

with \/% = R, _(k+n), 7 € N, and the values of the different pairs of levels crossing at %,
for k fixed, are also well separated since
B (2n+k)
A (R, —(k4m)) = CEEE (4.10)

We note also that \,(R) — A_,(R) = Bn.



Thus, depending on our choice of function R(x), the spectrum of hA(R(z)) may display
real or avoided crossings of an arbitrary width. Our aim is to adapt the techniques developed
in [HJ1] to describe the propagation of Gaussian wave packets (in the variable x) through
these (avoided) crossings and, in particular, the splitting of the solution among the different
angular levels A\, (R(z)) involved. In particular, we want to allow an € dependent definition
of the shape of our tube; it will then turn out that the natural scale for the phenomena we
want to describe is § = y/e. We henceforth adopt ¢ as our small parameter and consider
smooth functions R(z,d) defined on R x [—dg, d]. This means, in particular, that both the
function V; and the operator h will depend on both z and ¢ in a smooth fashion.

However, the above described model can exhibit no transitions because of the rotational
invariance due to which passages between different levels A, are forbidden. To get a nontriv-
ial result, we perturb therefore our system by introducing a real valued potential 6W (z, 8, ),
which is smooth on R x S x [—dy, dg] and violates the symmetry. For example, we can add
a constant electric field in the direction d = sin(a)é, + cos(a)é,, where o € Zm. As a
consequence, we lose integrability of the system on the classical level, whereas in the quan-
tum setting transitions between the different perturbed eigenstates become possible. By
assumption, when considered as a (bounded) operator on L?(S') for (z,d) fixed, the oper-
ator 6W (x,0,d) does not commute with h(R(x,d)), and therefore it perturbs the spectrum
o(h(R(z,d)). For the time being, let us keep the general form W (z, 0, J) for the perturba-
tion and describe the differences and similarities of the present case in comparison with the

paper [HJ1].
We introduce the operator g on (a suitable domain of) L?(R, L{S')) by
9(z,0) = h(R(z,6)) + Va(z,6) + W (x,0,0) (4.11)
so that the perturbed full Hamiltonian reads (with a slight abuse of notation)
& 1
H(0)= — = Oh——5—=0: + 9(2,9). (4.12)

2“1+ 0 (z,0)

Without loss of generality, we can assume that [o, W(z,6,6)df = 0 by modifying V5(z, d)
if necessary. We require the different potentials introduced so far to be smooth so that the
following regularity hypothesis is fulfilled

HO: The operator g is strongly C* in (z,9) in R x [—=dy, o).

We want to approximate the solutions to the Schrodinger equation in a suitable time scale,

i6* aa—lf = H(6), (4.13)

for ¢ in a finite time interval, as § — 0, for initial conditions of a “coherent state” type,
which we shall describe in detail below.

The first difference in comparison with [HJ1] comes from the fact that the kinetic term
gives rise to a perturbed Laplacian

_5_4(9 b 5 _fazﬁ_%M
2 "1+ 04V (2, 6) " 277 2 71+ 54V (x,0) °
54
= —583+R(m,a$,5) (4.14)
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where

R(z,8;,0) = —¢&"*

Vi(z,0) (—i6*0,)* &* (_MQL‘S))) (—620,).(4.15)

1+ 6*Vi(z,0) 2 2 1+ 6*Vi(z,0
We assume
Hi:
sup Vl(k)(x, 5)‘ <oo, k=0,1. (4.16)
Z€R,|4|<do

The factor 62 in front of the operator R makes it possible to show that the influence of this
term is negligible on the propagation of Gaussian states, so that the approximation given in
[HJ1] remains valid. This claim is the main result of this section and will be made precise
in Proposition 4.2 below.

The second difference in comparison with [HJ1] is that unless we have and explicitly
solvable situation — and such are rare — we do not know in general the exact eigenvalues
and eigenstates of the operator g(x,d). However, the approximation derived in [HJ1] is
constructed on the basis of this exact knowledge. A way out is to use an incomplete in-
formation coming from the perturbation theory. Our second result, Theorem 5.7, stated in
section 5 says that it is enough to know the first few terms in the perturbation series in order
to construct an approximation that describes the propagation, even in presence of avoided
crossings, and that the result is as good as the one derived in [HJ1].

The rest of this section is organized as follows. We proceed with the description of the
ingredients needed for our approximation, in analogy with [HJ1], assuming that we know
the exact diagonal form of g(z,d). Then prove that the modification R of the Laplacian
does not affect the validity of this approximation. The next section will be devoted to the
perturbative aspects mentioned above.

We will denote by u,(x,d) the eigenvalue of g(x, §) such that p,(z,d)— N, (R(z,0)) — 0 as
d — 0, for z such that R(z,0) far from R, ,,. The corresponding eigenvector will be denoted
by ®,(z,d). If R(z,J) lies in a neighborhood of R,, ,,, we will denote by pa(z,d) > ps(z,d)
the almost degenerate perturbed eigenvalues with corresponding eigenvectors ® 4(z,d) and
®p(x,0). The reason for such a convention is that the unperturbed eigenvalues A, (R(z, d)
may or may not cross, are therefore the labeling of the p’s in terms of the indices n and m is
not straightforward. Let @, (z,d) be the one-dimensional spectral projection of g(z, J) corre-
sponding to p,(z,d) in the first case and P(z,0) be the two-dimensional spectral projection
of g(z,0) corresponding to p4(z,d) > ug(z,d) in the second case.

The situation we will study is that of avoided crossings of minimum width of order §.
Without loss of generality, we can assume the avoided crossing to occur around x = 0. More
precisely we suppose that:

H2: The eigenvalues pa(x,8) and pp(x,8) are such that (ua — pg) {0} = (0,0) in a
neighborhood of (0,0) and infyer(pa(z,d) — ps(x,d)) = c[é] > 0 for § # 0, where ¢ is a
constant and I s a small interval containing 0.

We also set
g(x,6) = g(z,0)P(z,0) (4.17)
91(z,0) = g(z,0)(I— P(x,0)). (4.18)



We know from [H2] that locally around (0,0) there exists an orthonormal basis, denoted
as {¢1(x,0),vs(x,8)}, of P(x,8)L?(St), which is regular in (z,6) around (0,0). It is con-
structed in the standard Gram-Schmidt way: we choose an orthonormal basis {91, 15} of
P(0,0)L?(S') and set

_ P($a5)¢1
¢1(z,0) = TP 0)0u]] (4.19)

(T — [¢1(x,8))(p1(x,6) ) P(w,8)all
There exists a (z,d) independent unitary transform U such that in the orthonormal basis
%‘(35,5) = U¢j(xa5)a .7 = 1a27 (421)
the matrix g (x, ) takes the form

g(z,0) = g1(z,8) + V(z,6)

= B(z,9) v(x,d) + io(z,6) _
a (W(iﬁ, 0) —io(z,6) —B(z, 6) ) +V{(z,9)

where V' (z,d) = trace(g(z,d)P(z,d)) is a regular function of (z, ) around the origin and

(4.22)

B(x,0) = bix + b0 + O(2), (4.23)
Y(z,€) = 0+ O(2),

o(z,0) = 0O(2),

V(z,8) = 0(0),

where b; > 0, co > 0, by € R, and the following shorthand is used:
O(m) = O ((z* + (52)m/2) : (4.24)

In order to get rid of the d-dependence in the leading order of f(z,d) in (4.22), we
introduce new variables,

o =bx+bd, & =c, t=0b/ct. (4.25)

In terms of these variables, the Schrédinger equation (4.13) for

o2’ t") = (x(a,8"), t(t)) (4.26)
becomes

-5/2 8 ( ! t,) _ 5,4(9 1 8 ! t/ C% ! 5/ 5 5/ ! tl 4 27

? @d) €T, - _? x' 1+ 5'4‘/{(%",(5’) zl¢($, ) + Eg(x(x > )’ ( ))¢($ ’ ) ( : )
in the limit ¢’ — 0, with

Vi(a',8") = Vi(z(a',6"),6(8") /5, (4.28)

(el 0,000 = (5 0, )+ 00)+ V(ale' .60, (4.29)
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where V (z(z',4"),5(8")) and V{(z',") are regular in (z',8') around (0,0) and O(2) refers to
r' and §’. We introduce the fixed parameter 7 = c¢3/b%? > 0 and henceforth drop the primes
on the new variables. We assume that ¢;(x,d) has the form (4.22) with the following local
behavior around x =0 and § = 0:

B(z,0) = rz+ O(2), (4.30)
v(z,0) = ro+0(2),
i(z,0) = 0O(2),
V(z,8) = O(0)
with r > 0.

Let us next describe the building blocks of our Born-Oppenheimer states.

We begin with the definition of the semiclassical "nuclear” wave packets denoted as
©i(A, B, k, a, n, z). It comes from [H3]; we have specify it for our setting where z € R.
Since [H3] provides a detailed discussion of these wave packets, we refrain from proving all
their properties here.

We assume a € R, € R and 7 = §%2 > 0. Let us stress that while the last symbol is
useful when adapting the results of [H3|, it has nothing to do with the Planck’s constant.
We also assume that A and B are non-zero complex numbers that satisfy

ReAB= 1. (4.31)

This condition guarantees that Re BA™! is positive, since (Re BA™1)™" = |A[%.
Our definition of ¢;(A, B, k, a, n, x) is based on the following raising operator

A(A B,k an) = \/%_h Blr—a) — Z(—mg—x— 1 (4.32)

Definition: For the index 7 = 0, we define the normalized complex Gaussian wave packet
(modulo the sign of the square root) by

QDO(Aa Ba ha a, 1, .T) = 7T_1/4 h_1/4 A_1/2

x exp{ —BA (x—a)’/(28) + in(z—a)/h}. (4.33)
Then for any positive integer j we define
1 .
QDJ(Aa Ba ha a, 1, ) = = (A(A’Ba ha a, 77)*)] QDO(AaBa ha a, 1, - ) (434)

Vi
Remarks: 1. For A=B=1,h=1, and a =n =0, the ¢;(A, B, k, a, n, -) are just the
standard harmonic-oscillator eigenstates with energies j + 1/2.

2. For each A, B, h, a, and 7, the set { p;(A, B, k, a, n, -) } is an orthonormal basis for
L*(R).

3. The position and momentum uncertainties of the ¢;(A, B, k, a, n, -) are /(j + 1/2)h|A]

and +/(j + 1/2)h|B|, respectively.
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4. When we solve approximately the Schrédinger equation, the choice of the sign of the
square root in the definition of ¢o(A, B, Ak, a, n, -) is determined by continuity in ¢ after an
arbitrary initial choice.

5. Defining the scaled Fourier transform to be

(FU)E) = (2rh)"? / U(z) e~/ dy, (4.35)
R
then
[:Fﬁ QOI(A, B: h, a,mn, - ) ](5) = (_i)l e_ina/h Qol(B7 A7 h: n, —a, 5) (436)
We also define
V5 (2,8) = V(x,8) £ v/B(x,0) + 12(z,0) + 02(,9) (4.37)
where z € R, § > 0. Let a®(t) and n°(¢) be the solutions of the classical equations of motion
d ¢ c
el — 4.
L) = o), (438
S0 = ~VVE0),0), C=A B, (4.39)
95 = (072~ VD), 0),
with initial conditions
a®(0) = 0, (4.40)
n°(0) = 7°(9),
where
n°(d) = n"+0@©), n">0, (4.41)
S€(0) = 0.

The error term O(6) depends here on whether C is A or B. In case of isolated eigenvalue p,,,
VE=V" = p,.

We further introduce complex numbers which are defined by means of classical quantities.
Let AC(t) and B€(t) be the solutions of the linear system

d C _ ;€
S = iB() (1.42)
SR = e (0),0) A0

where a®(t) is the solution of (4.38) and (4.40), with initial conditions

A°(0) = Ao, (4.43)
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It is easy to see that these quantities actually describe the linearized classical flow around
the trajectory (aC(t),n°(t). The above convention regarding C applies if y, is isolated in the
spectrum. The asymptotics of these classical quantities for small ¢ and § are described in
detail in Section 2 of [HJ1].

The determination of the “electronic” part of the Born-Oppenheimer wave packet (B-
O states, for short) is as follows. Although the “electronic” Hamiltonian is independent of
time, it is convenient, since we deal with the time dependent Schrodinger equation, to choose
specific time dependent “electronic” eigenvectors. Since they may become singular when the
corresponding eigenvalues are degenerate, or almost degenerate, we shall define them for ¢ in
the outer regime, that is when a(t) is far enough from 0. This outer regime is characterized
by times ¢ such that (see [HJ1])

ST, €<1/3. (4.44)

We shall have two sets of eigenvectors, denoted by <I>CjE (z,t,8), where the label + refers to
positive and negative times. Of course, this distinction is irrelevant if we consider an isolated
eigenvalue p.

Let n°(¢) be the momentum solution of the classical equations of motion(4.38) and (4.40).
The normalized eigenvectors @7 (,t,6) are the solutions of

(®Z (2,t,0)| (9/0t + n°(t)8,) BZ (z,t,6)) =0 (4.45)

for C = A,B and t20. Since the eigenvalues p4(z,d) and pg(z,d) are non-degenerate for
any time ¢ small enough, such vectors exist, are unique up to an overall time independent
phase factors, and are eigenvectors of g;(z,J) associated with E¢(z,d) for any time. More
precisely, we define the angles ¢(z,d) and 0(z, d) by

B(x,0) = /B2(x,8) +7%(z,6) + 02(x, 8) cos(A(z, 5)) (4.46)

v(z,8) = /B%(z,8) +v2(z,68) + 02(z, 8) sin(B(x, §)) cos(p(x, 8)) (4.47)

o(z,8) = /B%(x,8) +2(x,6) + 02(x, ) sin(A(x, §)) sin(p(z, 6)). (4.48)
and construct static eigenvectors. Let

@, (2,0) = ¥ cos(0(w,8)/2)11(x,8) + sin(f(x, §)/2)ws(z, 6) (4.49)

D5 (2,8) = e @) cos(f(x,8)/2)wba(x, §) — sin(f(x, §)/2)w (z, 6) (4.50)
be the eigenvectors of g (z, ) associated with pc(x,6), C = A, B, for 7/2 < 0(x,6) < 7, and

&% (2,8) = cos(B(z,d)/2)1(z,8) + e @ sin(0(x, §)/2)bs(z, §) (4.51)

Ok (z,8) = cos(f(z,8)/2)ws(x,8) — @ sin(f(x, §)/2)w (x, 6) (4.52)
be the eigenvectors of g;(z,d) for 0 < 6(x,6) < m/2. The solutions of (4.45) are of the form

7 (z,t,0) = @é:(x,é)e“‘?(w’t"s), {i z 8 (4.53)
where A} (z,t,6) is a real valued function satisfying the equation

0L . C + c

za)\c (x,t,0) +in"(t)0, Az (x,t,0) + (Pc(z, 8) 0" (t) 0y Pe(2,8)) = 0. (4.54)
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We can get an expression for /\CjE and its derivatives as follows. We fix values of the indices
and drop them in the notation. We introduce the new variable

w=x—a(t) (4.55)
and the notation

Ar(w, t,0) = Mw + a(t),t,9), (4.56)
D, (w,t,0) = P(w+ a(t),0). (4.57)

In terms of these new variables, equation (4.54) for A, reads

i%/\r(w,t, §) = — <<1>,,(w,t, 5) ‘%Cbr(w,t, 5)> (4.58)
with
%@, (w, t,6) = n(t)0:P(w + a(t), §). (4.59)

By integration we get
t
Ar(w, t,8) = / Nt WP (w + a(t'), §)|0,P(w + a(t'), §))dt’ + A\ro(w,d), (4.60)
where we are free to set the integration constant A,¢(w,d) = 0.

The “nuclear” wave function is localized around the classical trajectory in the semiclas-
sical regime. In view of the genericity condition n° > 0, in the outer temporal region major
part of the “nuclear” wave function will be supported away from the neighborhood where the
levels almost cross. Hence we can introduce a cutoff function which does not significantly al-
ter the solution and forces the support of the wave function to be away of this neighborhood.
Let F' be a C'*° cutoff function,

F:Rf SR, (4.61)
such that
F(r)y=1 0<r<1
{F(r) —0 r> 9 (4.62)

The wave functions we construct below in the outer regime will be multiplied by the regu-
larizing factor

F(|le - ac(t)]|/6"7), (4.63)
where 0 < ¢’ < &, for C = A, B.
Remark: On the support of F' the relation

z=n(6)t + O + 1) (4.64)
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holds true, and since n°(d) = 7° + O(d), where n° > 0, we find that
| > clt], (4.65)

uniformly in 6.
A Born-Oppenheimer state T/J]Ci (z,6,t) is defined by

U (a,6,1) = (4.66)
F(lle = a€(0)]1/6'~")p; (A1), BE(®), 6%, a(t), 1 (8), & )e™ /P @F (1, ).
It is a good approximation to the solution of the Schrédinger equation (4.13) as § — 0, when
R is absent and far enough of the crossing region, i.e. in the outer time regime (4.44), as

shown in [HJ1]. Proposition 4.2 below shows this is still true when R is present.
In the inner time regime, characterized by the inequality (see [HJ1])

5t <<t < 1/3, (4.67)
we look for an approximation constructed by means of the classical quantities associated

with the potential V (z,d), the average of u*(z,d) and u®(x,0). Let a(t) and S(t) be the
corresponding classical quantities satisfying the initial conditions

a(0) =0,
n(0) =n°, (4.68)
S(0)=0.
It is suitable to use the rescaled variables
y=(z—a(t)/s
{ 5= t/5 (4.69)

It is shown in [HJ1] that a good approximation t; of solutions to (4.13) in that regime, when
R is absent, is given by

7 S 65 . 53

.5,8) = F(luls”)exp (252 4+ 10 5, .5), (@.10)
with

X(ya S, 5) = fO(ya 5)% (a(és) + 5y, 5) + gO(y: 3)¢2(a(55) + 5y, 5) ) (471)
where fy, go are complex-valued functions solutions to

0 [ foly s)) <77°s+y 1 ) (fo(y 5))

il y = ’ ) 4.72

i lto) = (7 ) (R0 472)
The general solution to this equation is

D) J25D ((—1 +i)y /5 (n0s + ))
9 70 2L7:'0——1 7° n Yy
<fo(y, s)) _ o) (4.73)

90(y; s) Dy, ((—1 + z‘)\/n’"io(n"s + y))



The coefficients C1(y) and Cy(y) have to be determined by matching with the incoming
solutions of B-O type at the border of the inner and outer time regimes.

In particular, assuming for definiteness that the incoming B-O state 1o; is associated
with the index [ for the “nuclear” component and the B level with the initial momentum
n?(0) = n°, i.e. that

vor(z,t,8) =P (x,t,8), —-T<t<—-6"¢, (4.74)
we have

Ci(y) =0 (4.75)
and

. — a0 ir
Coly) = — 0 Y29 (Ag, By —irAg/n°,1,0,0,y)e *f exp (2—770(2/2 - 2y)>
B _ .
X exp (z% + Z—;O(l +3In(2n°) + Inr — 41n 5)) , (4.76)

where S§ (6, —) is real and can be computed explicitly — see [HJ1].

The analysis of [HJ1] shows that in this situation, we get an outgoing solution given
by a linear combination of B-O states, with explicit coefficients, associated with the same
index [ for the“nuclear” component but with both levels. The initial momentum is chosen
as n4(0) = n° — 2r6/n° for the A level and the outgoing solution ¢ is of the form

0 o [mr e
Yoo(x,t,8) = —e ™ /ZpAY (35, 1) 4 =™/ R Pt (w,0,t) (4.77)
mr (1 + #)
provided 6'=¢ < t < T, where
r
MO) = 7/4+ S§i(—,08)/6% + 20 (1+3In(27°) +In7 — 41nd) . (4.78)

Here again, Sg!(8, —) is real and can be computed explicitly from [HJ1].

Moreover, the function obtained by pasting the approximations constructed in the outer
and inner temporal regions is an approximate solution to the Schrodinger equation when the
perturbation R of the Laplacian is absent (see 4.14). Similar explicit formulae are valid if
the ingoing state is associated with the A level. Hence, the propagation through avoided
crossings can be iterated.

We are going to show that the perturbation of the Laplacian in (4.14) does not affect the
propagation of B-O states. The general strategy is simple: we write

4
HE) = ~5 A+ g(r.0) + Bz,0,,0)

= Hy(6) + R(z, s, 6) (4.79)

and denote by U(x,t,d) the approximation given by tor, 11, Yoo in their respective time
domains constructed in [HJ1]:

Yor(x,t,9) T <t < -5l
\I/l(l',t, 5) = w](flf,t, (S) Ce —(5176 S t S (5175 (480)
Yoo(x,t,0) ... sl <t<T
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We define (; by

&(z,t,0) = i6°0,Y,(x,t,0) — H(8)V,(,t,0)
= i6%0,W(z,t,0) — Ho(8)W¥y(z,t,0) — R(x, 0y, 6)V¥y(z,t,0)
= CIO(.’L',t, 5) + Cll(xata 5)7 (481)

where () is the error term controlled in [HJ1] by means of the following abstract lemma.

Lemma 4.1 Suppose H(h) is a family of self-adjoint operators labelled by h > 0. Suppose
that 1 (t, h) belongs to the domain of H(h), is continuously differentiable in t, and solves
approrimately the Schrédinger equation in the sense that

maa—f(t, B = HB)w(B) + C(t B, (4.82)

where ((t, k), satisfies
1<, A || < plt, h). (4.83)
Then

[ M0, n) — w(t, B < A / "l 1) ds (484)
0

holds true for t > 0 and the analogous statement s valid for t < 0.
Using the same lemma to estimate the norm of ¢}, we get

Proposition 4.2 Under the hypotheses (H0)-(H2), the function V;(z,t,d) defined by (4.80)
is for any T > 0 an approzimation to the solution ¥ (x,t,0) of the Schridinger equation
(4.18) such that

P(x,t,0) = Yy(x,t,0) + O(") (4.85)
holds in the L*(R) sense for some p > 0 and all t € [-T,T).

The proof of this technical proposition is given in the appendix.

5 Propagation of Perturbed B-O States

Let us now turn to the second indicated step and replace the above B-O approximation
by a construction making use of a perturbative knowledge of the exact eigenvectors and
eigenvalues of the operator g, defined by (4.22). In particular, this needs to be done for the
quantities appearing in (4.38), (4.42) determined by means of a classical potential given by
an approximation of the spectrum of g;. We will show that it is enough to know the second
order perturbation expansion in order to construct an approximation of the solution that is
a perturbed version of our initial B-O states and still describes accurately the transitions
between the “electronic” levels.
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In order to make some explicit formulae simpler and to stress the effect of the perturba-
tion, we will assume in this section that both the operators h and W are ¢ independent, i.e.,
we shall consider

g(z,8) = h(R(z)) + Va(z) + 0W (x, ), (5.1)

where Vo commutes with h whereas W doesn’t. This means that h(z) is assumed to have
a degeneracy at x = 0 in the considered part of its spectrum that is lifted by W to the
leading order in 6. This is the generic situation we set out to investigate when the avoided
crossing results from a weak symmetry breaking violation of a true eigenvalue crossing. Note,
however, that we are able to accommodate the general situation considered so far, at the
cost of more complicated perturbation formulae.

Let us state a simple lemma which is at the basis of our constructions and which says
that an approximation of an approximate solution is an approximate solution.

Lemma 5.1 Let H(5) be for all 6 € (0,00) a self adjoint operator densely defined in a
Hilbert space H, and let ,(t,0) € H, wu(t,d) € H be time dependent vectors with the
following property: there exist c, p1,pas > 0 such that the relations

[ O 5, (0, 6) — 1 (t, 0)|| < c” (5.2)
and

[a(t,6) = ha(t, 0)|| < O™ (5.3)
hold for all t from an interval I C R and 0 < 0 < ég. Then

H o iH (0)t/6? 0a(0,8) — ¢a(t, 5)” < 3esminerp2)
| €91 4o 0,6) = gt 8)|| < BeBmE), (5.4)
Proof uses just unitarity of the evolution group and the Cauchy-Schwarz inequality. 0

Our approximate B-O states will require classical quantities defined by means of an
approximation V¢ of the potential V¢ used in (4.38), (4.42). We have to estimate the error
induced by this approximation. In order to do that, we make use of Gronwall’s lemma (see
e.g. [D]) that we recall below.

Lemma 5.2 Let E be a Banach space, U C E be open, I be an interval of R and f €
CHI x U; E) be such that there exists K > O with sup( gyerp 1D2f (t, 2)||cmy < K. Let
g: I xU — FE be continuous and such that there exists G > 0 with

sup |lg(t,z)|| < G. (5.5)
(tx)eIxU
If a and 8 be C* maps from J — U (where J C I) satisfying fort € J
o(t) = flt,alt), (5.6)
B't) = f(tB() +eg(t,B(H), (5.7)
then
la(t) = B < llalto) — Blto) | Pl + eG (X0 — 1) /K . (5.8)
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For convenience let us recall here our definition (4.66) of a Born-Oppenheimer state
Y$(x,6,t) in the exterior regime:
¥ (z,6,t) = (5.9)
F(llz — a®@)11/55)p;(AC(t), BE(2), 62, a°(t), 1°(t), = )e'S W/® @F (x,1,4).
We want to compare wf (z,6,t) with an altered but similar definition based on approximate

quantum and classical quantities for J]C(a;, 5,t):

b (2,6,1) = (5.10)
F(llz =@ @)11/6"=")p; (A (), BE(t), 62, @ (1), i (1), z)e™ O/ BF (z,1,6).

All “tilded~” classical quantities are generated by equations (4.38, 4.42) with an approximate
potential V¢(z,d) in place of V¢(x,§). The vector

BE(z,t,0) = BE(x, §)erc (@) (5.11)

depends on the approximate classical quantities through the phase Xéc and on an approximate
normalized quantum eigenstate 51335 (x,0). Note that we keep the same Gaussian function ¢,
to construct the “nuclear” wave packet.

Our next goal is to apply Lemma 5.1 to estimate the errors in terms of the difference
between V¢ and V°.

Lemma 5.3 The following inequality holds in the outer time regime for the L*(R) norm:

(@, 6,8) — vy (2,6,0)]] < (5.12)

¢ (1A() = A0+ |B(t) - BO)| + [a(t) — a(t)|/6" + [i(2) — n(2)| /6

+'§J sup ([ii(s) = n(s)| + [V(a(s)) = V(a(s))| + sup [0V (x)|[als) — a(s)))
s€[0,t] z€[a(s),a(s))

+ sup |F(|lz = a()||/6'") @z (x,1,6) = F(l|lz = a(t)]|/6'~")@F (x,1, 5)\-)

x,t,0
with some constant c.

Proof: The index C being fixed in this context, it will now be omitted. Other irrelevant
parameters will also be dropped in the arguments. Note that since the function F' is smooth,
we can write

F(lz —a@))/6=") = F(llz — a@®)ll/8"~") + O((@(t) — a(t)) /6'~") (5.13)

and that the L2(S')-norm of the vectors ®(z,t,4) equals one. Since

V(@) —V(a)=V(@) - V(a) + V(a) — V(a) (5.14)
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and n and 7 are uniformly bounded, we infer

S@t) = /0 (ﬁz(s)/z - v(a(s))ds) = S(t)+ (5.15)
o (It\ 861[10111 (Iﬁ(S) —n(s)| + [V(a(s)) — V(a(s))| + xe[;lsl)pa(s)] 10,V (z)|[a(s) — a(S)\)) :
Then we compute
oi(A, B,6%,4,7,z) — ¢(A, B, 82, a,m, z) (5.16)
= ¢li(z=a)/8? ((pl(zzlv, E, 62,@,0,2) — ¢i(A, B, 6%, a,0, x))

+oi(A, B, 82,a,0, 1) (eiﬁ((a—ﬁ')/JQ) _ ei(n—ﬁ)(w—a)/52> oi(@—a)/8%

From Lemma 3.1 in [HJ1] we learn that as A — A and B — B
@l(g,§,52,a,0,x) = QO[(A,B,62,CL,O,.’E)
+ O(|A-A|+ |B— B|+[a—al/d)

holds in the L?(R) sense, which takes care of the first term. Then we note that the L? norm
of the remaining term is equal to

”901(14’ B, 62, a, 0) x)eiﬁ((a—a)/62) - Qol(Aa Ba 52, a, 1 — ﬁa CU)” (517)
= |lou(B, A,6%,0, —a, @)e @ /7" — e D/ (B, A,6%, 0 — 7], —a, )|
=0 ((@-a)/5” + (1 —n)/5°)

by using Plancherel formula, the properties of the ¢; under Fourier transform, ||¢;|| =1 and
the above lemma again. Then, gathering these estimates and using the facts that A(¢) and
B(t) are uniformly bounded, we get the result. 0

In order to use the just proved lemma, we see that it is necessary to approximate V¢ to
an error of order 0(6?) and to show that this induces errors of the same order in the classical
trajectory (a€,7) and errors of order o(1) in the linearized classical flow (A€, B€). Moreover,
the corresponding eigenstates ®F should be at most at a distance o(1) from ®F.

When we consider times away of the matching regime, i.e. 7 < [t| < T, where 7 is
independent of ¢, it is easy to show the following result, just by using Gronwall’s lemma and
regular perturbation theory. We thus omit the proof.

Lemma 5.4 Let the time interval (1,T) be such that the solutions to (4.38), (4.40) satisfy
the condition

0¢{a(t) | 7<t<T,0<d<&}=P, (5.18)
where the corresponding potential

Ve(z,68) = uf(2,6), z€P, (5.19)
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is the nondegenerate eigenvalue of g(x,d) corresponding to ®¢(z,0). Let
VE(w,0) = ug(x) + 0pS () + 6°p§ (x), = € P, (5.20)

be the second-order perturbation expansion for u(z,8). We define @€, 7i°, A€ B SC as above
with the conditions

€L~C(T) = a®(1) + 0(6?), 7~7~C(7') =n°(7) + 0(?), (5.21)

146(7) = A°(1) +o(1), B°(r)=B"1)+o0(1), (5.22)

S(7) = S°(7) + 0(6%) , (5.23)
and

B¢ (z,t,6) = B (x,0)ePe@hd) (5.24)

where S\C(x,t, d) is given by (4.54) with ®¢(z,0) in place of Dc(x,0) and

Ae(z,7,8) = Ae(x, 7,6) +o(1). (5.25)
Then there ezists a solution 1(x,t,d) to the equation (4.13) such that
P(z,t,6) (5.26)

= F(||lz — @ @0)1/6" =" )p;(AC(t), BE(t), 82, @(t), 7T(t), 2 )& O/ B (x,t, 8) + o(1)
holds true in the L?-sense and for all T <t < T.

Remark: We have the familiar explicit formulae

py(z) = p(x,0), (5.27)
pi(z) = (Pe(z,0)[W(2)®c(,0)), (5.28)
w3 (1) = —(@e(z,0)|W(2)(h(z) — 1 (z,0)7 "W (2)®c (=, 0)), (5.29)

where the reduced resolvent is given by

CClron-t = S 1 2i(@0))(2;(z, 0)]
(h(z) = u(x,0)), ;(m(:c,o)—uC(x,O))' (5.30)

The above result has to be modified for times close to the matching regime, since in
that case degenerate perturbation theory is required to define the potential. Indeed, the
approximate potential chosen in the lemma diverges as z — 0, so that Gronwall’s lemma
cannot be used as it stands. Let us find the modified potential from the perturbation theory.

The two eigenvalues of g(x,d) which are of interest to us, p4(z,0) and ug(x,d), are given
by the spectrum of P(z,0)(h(z)+6W (z)+ Va(x)) This operator is represented in the smooth
orthonormal eigenbasis (4.21) by the matrix (4.22), which we can expand to second order
in § for any x in a neighborhood of the origin, since the projection P(z,d) entering the
definition of the basis (4.21) is regular. Hence we can write

_ B(z,9) v(,8) +io(x,9) _
g||($,5) = (7(% 5) - iO‘($,(5) —,3($, 5) ) + V($,5) , (5.31)
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where

B(x,8) = Bo(x) +661(x) + 8?Ba(z) + O(6*) = Bs(z,8) + O(8?), (5.32)
Y(z,8) = () + 671 (z) + 0*72(z) + O(8°) = G3(z,6) + O(6°), (5.33)
o(x,8) = oo(x) + bo1(x) + 6%0q(x) + O(6%) = S3(x, ) + O(%) (5.34)
Vi(z,0) = Vo(z)+6Vi(z) + 62Va(z) + O(8%) = Va(z, 6) + O(8°), (5.35)
with the error O(6%) being C* in z, and (see (4.30))
Bo(z) =rz+ 0%, pi(z)=0(), (5.36)
Yo(z) = O(z?), m(z)=r+0(z), (5.37)
oo(z) = O(2?), o1(x) =O(x). (5.38)
Let us set
s(x,0) = /(Bs(x,0))2 + (G3(x,0))2 + (Ss(z,5))? (5.39)
and define our (explicit) modified potential by
V¢ (x,0) = £s(x,8) + Va(z, ) (5.40)

where the sign is chosen according to the value of C. It is easy to check that by construction,
VE(z,8) — VE(xz,8) = O (5.41)

as ¢ — 0. As above, we employ tilde to mark the values generated by the modified potential.
We only consider the dynamics for positive times, the other case being similar.

To define the perturbed classical trajectory, we will start integrating Newton’s equations
from a positive to(0) = §%, for some 2/3 < k < 1, using as initial condition the explicit
asymptotic expansion given in Corollary 2.1 of [HJ1]:

Corollary 5.5 In the outer regime § — 0, t — 0, [t|/d — oo and t3/6? — 0, we have

ait) = — amvg(o,a)%m(’(a) 77025)
£ 8l 52 ooy 0Ind
T T aper Tameet TP O " pegp

+ OF) + 05 /1?)

The asymptotics for n©(t) in the same regime is obtained by termwise differentiation of the
above formulae up to errors O(t*) + O(§*/13).

The choice of ty(d) ensures that
aty) = a(te) +o(6?), (5.42)
n(te) = n(to) +0(9). (5.43)

Whereas the error is small enough for the position, it is not the case for the momentum.
Hence we resort to energy conservation in order to determine the momentum with a sufficient
accuracy.
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Let us first note that due to the uniform boundedness of the force induced by the poten-
tials V¢ and V¢, there exist a 7 small but independent of § and constants 0 < C; < Cy < 00,
such that as long as t € [—, 7],

Ci < nc(t) < CQ, (544)

and similarly for 7.
The unperturbed energy is given by

EC(©) = (1°(1)?/2+ VE(a“(2),8) = (n5(6))*/2 + V(0,6) (5.45)
= E°(6) + V°(0,0) — V°(0,0)

where the perturbed energy E€(6) is explicit. Hence

n°(t) = /2(EC(8) — VE€(al(t),6)) > 0 (5.46)

holds for ¢ € [—7, 7], and we can define 7)°(¢) by energy conservation so that

@) = \/2(EC(5) — VE(d«(t),0)) (5.47)
= (1) + 0 (VE@(1),0) - Ve(a“(1),8)) + O (V€(0,8) = V¥(0,5))
= ‘i) + 0 (2113 V(x,8) — VE(x,8)| +a(t) — ac(t)> .

Thus using formula (5.47), we make an error in 7€ of the same order as the error we make
in a® and V¢, N N

Next we turn to the approximations A€(¢) and B(t). They are defined as solutions to
the system (4.42) with V¢ in place of V¢ and initial conditions at ¢ = =t,, given by

As (1) _ A(0)
<éé‘<t) ) - (3(0) T sign(t)z’rA(O)/(now))) | (5.48)

It remains finally to consider the perturbed eigenvectors CEC(:C, t,0) (where we dropped the
index referring to the sign of ¢). The restrictions to the support of F' mentioned in lemma
5.3 and the estimate (5.44) imply that if we impose the condition

1-6—-k>0, (5.49)
we can write
z = a(t) + O) > ct(1 4+ O 7F) > " (5.50)

for some positive constant ¢, and the same estimate is true with a replaced by a.

Hence in the considered regime the eigenvalues u(z,0) of P(z,0)(h(z) + Va(x)) display
a gap that is at least of order z = (") — see the behaviour (4.30) — and we call the
corresponding eigenvectors xc(x). We define our perturbed static eigenvectors by

Be(z,8) = xe(z) (5.51)

23



and similarly, the phase corresponding to time dependent perturbed eigenvectors zﬁc (z,t,0)
— in view (5.11) — by

~ t o~ o~

Aer(w, t,6) = 2/ ds n(s){(Pe(w + a(s),0)|0,Pc(w + a(s),0)), (5.52)

t0(5)
where we used the new variables (4.56) and (4.60). _ _ N
The next lemma tells us that our definitions of (a®(t), 7¢(t)), (A¢(t), B¢(t)) and ®¢(z, §, t)

are accurate enough for our purpose. The proof can be found in appendix.

Lemma 5.6 With the definitions above, there ezists a positive T such that for allt € [ty(5), 7]
we have

() = aC(t) +o(6?), (5.53)
ff(t) = 1°(t) +0(6%), (5.54)
AC(t) = A°(t)+o(1), (5.55)
BS(t) = BS(t)+o(1), (5.56)
®(z,t,6) = D(z,t,6) +o(1). (5.57)

Hence, with the definitions made above, we have a perturbed B-O state given by (5.10)
that is explicitly expressed by means of perturbation theory in 6 (modulo finding the solution
of the classical equations of motion, of course) and which yields an approximation of the
solution to the Schrédinger equation (4.13) for finite time intervals as 6 — 0. In particular,
putting together our results, we get the following statement.

Theorem 5.7 Adopt the hypotheses (H1) and (H2) and assume the behaviors (4.30). Sup-

pose that 2/3 < k < 1 and T is as in the above lemma. Let %Ci(x,é, t) with |t| > 6" be a
perturbed B-0 states according to (5.10) constructed by means of the approzimate quantities
considered in lemma 5.4 if |t| > 7 and in lemma 5.6 if 8% < |t| < 7, subject to the condi-
tion that all classical quantities agree at the instants t = 7. Let ¢(x,0,t) be a solution to

equation (4.18) with ¥(z,d, —T) = %B (z,6,=T). Then

~B—
W(a,6,8) =0y (2,6,8) +o(1), (5.58)
holds as 6 — 0 for all =T <t < —6", while

mr ei’\(‘s) —~B+

¢(~’Ua (57 t) = _6_7”‘/2”0,‘;;4_'— (.’L', (57 t) + 6_7”‘/41’0 0 7.%’ (Za 57 t) + 0(1) (559)
" (1 + W)

holds for all §* <t < T, with \(0) given by (4.78).

Remark:

It is possible also to give an explicit approximation of the wave function in the inner time
regime, —0" < t < 6", in terms of quantities coming from perturbation theory. However,
this temporal region being so short, it is not crucial for most applications to have a detailed
approximation there.
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6 Appendix

Proof of Proposition 4.2: It is enough to show that the norm of ¢} in (4.81) is small and
apply to Lemma 4.1. The expression (4.15) together with H1 show that we only need to
control the effect of p = —i6%9, and p* = (—i6%9,)? on ¥,(z,t,d), since for any 1 we have

1R (z, 0s, 6)¥ll < C(8*[lp*]| + 0°[lpell) - (6.1)

First consider the outer temporal region and the form (4.66). We know from the computa-
tions in [H3] that

I — meu(A, B, & a, n, -)| = |BIoy/I+ 172,

10 —m*@i(A, B, 6%, a, m, - )|| = |B[*68°\/ (612 + 61+ 3)/4. (6.3)
Moreover, we estimate

oF (Il = a@0)/8)| < et (6.4)

PF (Jla = (0)1/6'~ )| < e28®, (6.5

where the constants c;, co depend on F' only. Away from the crossing region, the “electronic”
eigenvectors are well defined and smooth in (z,0). Hence we only need to consider what is
going on in the neighborhood of z = 0 to get an upper bound on the effect of p and p? on
the eigenvectors ®F(z,t,d) given by (4.53). We drop the indices and consider

®(z,t,06) = eAX@LIH (1, §) (6.6)

where ®(x,d) denote some static eigenvectors and A(z,d,t) the corresponding real valued
function defined by (4.54). We compute

0,8 (x,t,0) = @9, B(x,8) + (i0,A(z,t,6))B(z, 5)], (6.7)
2d(x,t,0) = e*EIPRD(x,8) + 2(i0,\(z, t,0))0,®(z, 6)
{i02X(x,t,8) — (0 \(z,1,6))*}®(, 5)] . (6.8)
As 1,9, 0p1p;, 021p;, 021p; are all O(0) as (z,t) — (0,0) in the support of F, we have
0 ®(,6) = O(0:0(z) + drp(z)) + O(0), (6.9)
050 (z,8) = O ((0:0(2))” + (Guip())* + 020(x) + 8Zp(x)) + O(0) (6.10)

in the norm of the “electronic” Hilbert space. In the expression (4.60) for A, we first check
by inspection that in all cases

(@|0:®) = O (0:) + O(0) (6.11)

(see, e.g., (3.50) in [HJ1]) since all functions of § and ¢ are uniformly bounded and, moreover,
the factor of 0,¢ is a function of # only. Hence, by a further differentiation we get

0p(®[0,®) = O (82 + Opip + 0,000 + 0,0) + O(0), (6.12)
O(®]0,0) = O(83p + 02p0,0 + 0,000 + (0p0)? + 02
0p 00,0 + 020 + (0,0)* + 0,0 + 9,) + O(0). (6.13)
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It remains to estimate d,¢ and 0,0. We have

o(2,0) = arctan(o(z,6)/7(,5))
provided v(z, ) is different from zero. Hence using (4.30) we get

v(z,0)0z0(x,0) — o(x,§)0,y(x, 0)

Orplz,0) = (@, 8) + 0*(z, ) ’

so that with the help of estimates of the type |y|/4/7? + 02 < 1 we arrive at

m:o(m) |

VPt

By similar operations we eventually obtain

o= O (agwr aga) o ((aﬂ)2 +(0,0)% + aﬂawo)

V2 +o? 2 + 02

and

Bo = O (627 + 3g0) ) (3;%78950 + 0200,y + 0290,y + 8%0@0)

V72 +o? 72 + o2
o [(@1)0:0 + 000y + (2) + (axa>3)

Assuming further that
lz|| = O(0%), €£<2/3<k<1-¢<1,

we get from the behaviour (4.30) in this region

1
Opp = O<51—_,€>7
2o = of1
%o = 0(5).
1
Byp = O((SQ—"‘)'

Then we consider

0(z,d) = arccos ( Blw,9) ) .

VB (x,0) + 12(x,0) + 0%(z,5)
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(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)

(6.20)
(6.21)

(6.22)

(6.23)



By computing derivatives and estimating as above, we easily get

2,0 = O (%) +0 Oy + 0,0 , (6.24)
Bty +o V(B +97+0%)(7? +0?)
2 2 2
%0 = O <%> +0 A
B+yt+o V(B 472 +0°) (7 + %)
2 2
Lo 0a3(0ay + 020) 4o [ Ge) + (0:0)" + 0:y0s0
(82492 +0%) /(7 +0?) V(B +97 +0%) (7 +0?)
2
+ O (9:6) = - (6.25)
/62 + 72 + o2
Using (4.65), 6°C > [t| > §'7¢, and (6.19), we thus find
1
1
Gathering the different pieces, we obtain for the derivatives of A in the regime just described
Mz, t,6) = O@/5'F)=0(1/6"%), (6.28)
A (z,t,0) = O(1/8 %72, (6.29)
PA(w,t,6) = O (1/5*7%"). (6.30)
so that we obtain the following estimates for the derivatives of the vector ®(x,t, 9)
%®(z,t,6) = O(1/877%), (6.31)
P(z,t,0) = O(1/67%). (6.32)

We are now in a position to estimate the effect of p and p? on the B-O states in the outer
time regime:
Ipyr | I(pF)@1®° + F(per) @€ + Fooy(p®©)||

e (877 + o= n)anll + 1| + 670,09

(1) (51+5’ + 6B+ || + 52f) . (6.33)

IA I

IN

We have already used above the fact that |[n°| is uniformly bounded as 6 and ¢ go to zero,
and the same is true for B¢ — see Lemma 2.1 and Proposition 2.2 in [HJ1]. Finally we get
in the outer temporal regime

lpvf || < e(D) (6.34)

as  — 0, where ¢(l) is some constant independent of time. By similar manipulations we
also get in the same regime

Ip*Yr ] < e(l) - (6.35)
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Note that the non-vanishing term comes only from the action of p on the Gaussian state
¢y, which yields essentially ¢ as expected, whereas the contribution from the derivatives of
the “electronic” eigenvectors and cutoff function vanish. From the definition of R we get a
supplementary 6% which more than compensates for the denominator §? appearing in (4.84)

1 T
57 [, IR, 00 8)0f 2,1,0) it < e(1)5", (6.36)

We now need to perform the same type of analysis on the approximate wavefunction
¥1(y, s,9) given by (4.70) adopted in the inner temporal region. There we use the variables
(4.69) so that the relations

0y =00, and p=—id0, (6.37)

have to be employed to compute the derivatives of the different pieces in the definition of
¥1(y, s,9). In this case we need to show that

§1-¢

1
ﬁ /51—§ ”R(x’ O, 6)¢[(y($, t)’ S(t)’ 5)||dt
1 [ 1/2
= 5\/ {/ |R(5y+ax(35),5ay’5)/¢]l(y’ 875)|25dy} ds
iy
2 1/2
< S Sup {/ \R(6y + a(sd), 60y, 0)¢r(y, s, 5)|25dy} (6.38)
—676<s<o¢

is of order 6 for some positive p as 6 — 0. As above, we denoted at that the norm in the
“electronic” Hilbert space by a modulus. The estimates (6.4), (6.5) remain valid and we
have

[pe | = |n(s8)| < C, (6.39)
p2es/e | = |n2(s6)| < C, (6.40)

since 7(t) is uniformly bounded in the inner temporal regime. Noting that z = a(ds) + 0y =
O(617¢), we also get from the regularity of the orthonormal basis {t(z, §), ¥ (z, )} around
(0,0) that

Ipe;(a(ds) + 6y, 0)] = O(6?%), (6.41)
|p2¢j(a(5s)+5y,5)| = 0 (6.42)

for j = 1,2. Finally, the functions fy(y, s) and go(y, s) determined in (4.73) to (4.76) and
their derivatives can be estimated using the following remark. Up to phases, these functions
are given as products of a Gaussian, a polynomial in y, a parabolic cylinder function times,
and a factor 1/6'/? coming from the normalization of the function ¢;. Asymptotically, these
parabolic cylinder functions, their first and second derivatives are of order O((s + ||y||)?),
O((s+ ||ly]])) and O((s + ||y||)?), respectively, where s = O(6~¢). Hence we can write

[foly,s)] < Pi(y)e v'/Al 512 (6.43)
pfoly,s)| < Py(y)e v /AAolgm1/2=t, (6.44)
P2 fo(y, s)| < Pyy)e v/24lgt/z22 (6.45)
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where Ay is the initial condition (4.43) and P, j = 1,2, 3, are polynomials in y the coefficients
of which are independent of §. They depend on [, the index of the chosen B-O state. Similar
estimates are valid for gy in place of fy. Having

piy = eSO [(pF 1 Fp) (forpr + gotba) + F((pfo)tr + (pgo) o
+fo(p1) + go(p¥2))] (6.46)

and the above estimates we can write
Uiy, 5,0)| < Paly)e v /2ol 5172 (5”‘5' +1+6%+ 51*6) (6.47)

with another polynomial P;. Hence the right hand side of (6.38) can be further estimated
to give

1 1/2
e oo L[ bnws ot} <o (6.45
O secscpe
By similar manipulations we also get
1 1/2
e oo L[ wvsora) </ (6.49
O secscs e

We note that here the leading order contribution comes from the action of p on the phase
e™/% which gives 1. The supplementary factor 6* in (6.1) yields the final estimate

1 o )
y/ e | R(z, Oy, 8)br(y(z, 1), 5(), 0)||dt < c(1)0>%. (6.50)
Hence the proposition holds with p = 3 — &. -

Proof of Lemma 5.6: As noted above, we cannot directly use Gronwall’s lemma as stated
in the text. Hence we need to prove that the two evolutions stay close enough to each other
between times ty(0) and 7, where 7 will be small but independent of § by a more refined
analysis. We consider the index A and drop it in the notation.

First, it is easy to check the following asymptotic properties as (z,d) — (0, 0):

s(x,0) — /B2(x,8) + 72(z,68) + 02(z,6) = O(5%), (
2 2(g o2(z.0) = 673

6568(.’13',(5) _aw\/ﬂ ($,5)+’Y ( ’5)+ ( ’5) O(\/m)’ (

s(z,6) = Va2 + 82(1 + O(z +9)), (

(

(

6.53)
Ozs(z,0) = O(1), 6.54)
5 _ ré?
We collect some preliminary observations on the solution a(t) to the equation
a(t) = =0,V (a(t), ) (6.56)
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for t € [ty, 7] with initial condition satisfying (5.42). We can choose 7 > 0 independent of 4,
such that

a(t) — a(te(6)) = co(t — 40(5)) (6.57)
for some ¢y > 0 and all ¢ € [ty(d),7]. This implies easily by means of (5.42) that
a(t) = alto(9)) = it = 10(9)) (6.58)

for all ¢t € [to(d), 7] with a uniform constant. Hence we can write
22+ 6%, > ¢5(0" + (t — t4(0)))%, Vb, € [a(t),a(t)]. (6.59)
Consider now the identities (dropping the § dependence in the arguments)
a(t) - it) = 8,V (alt) — 8,V (a(t)) =
0p\/ B2 + 92 + 0%(a(t)) + 0,V (a(t)) — O,s(a(t)) — 9. V3(a(t)) =
0s(v/ 3% + 72 + 02(a(t) — s(a(t))) + 0(V (a(t)) — Vs(a(t))) —
0ys(6:) (@(t) — alt)) + 0;Va(6:) (@(t) — a(t)), (6.60)
where 6; € (a(t),a(t)). Now the first order derivatives are of order §2/(6" + (¢t — o(9)),
whereas the second order ones are of order §2 /(6% + (t — t))® — see (6.55) and (6.59).
Hence introducing d(t) = a(t) — a(t) we get an ODE of the form
d(t) = £(d(t), )d(t) + g(d(t), 1), (6.61)
where we have the a priori bounds
L Fd(s). ) |ds < cf? / L/ 4 (5 — to))Pds < 620 (6.62)
to to

and since we can assume without loss that 6% + (¢t — #0(5)) < 1,

lg(d(s),s)| < /t o+ o’ zds < 83 (|In(6%)| + [In(6" + (t — o))

to (s — o))
= 0(5*1n(9)). (6.63)
Equation (6.61) is equivalent to
d(t) = d(to) + (t — to)d(te) + /tt ds /ts du(f(d(u),u)d(u) + g(d(u),u)) . (6.64)
Let us denote 0 0
D(t) = up 1d(s)] . (6.65)

We deduce from the above bounds

1d(8)] < |d(to)] + (t — to)|d(te)] + ¢ / s D(5)620=) + ¢8%|In(8)| <

to

c(ld(ts)] + d(to)] + 6| In(5)] + / ds D(s)521—") (6.66)

to
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and, as D is not decreasing,

D(t) < c(|d(to)] + |d(to)| + 6% In(6)| + / dsD(s)6%17)

to

< c(ld(to)| + |d(to)] + 6%/ In(5)| + D(t)6* ). (6.67)
Since §2(1=%) — 0, we find that
D(t) < c(|d(to)| + |d(to)] + 6% In(8)]) . (6.68)

Plugging this into (6.64) finally yields
d(t) = d(to) + (t — to)d(to) + O™~ (|d(to)| + |d(to) ) + 6°| In(8)])- (6.69)
As an immediate consequence of this result and (5.47) we have for any ¢ € [ty(d), 7] with our
choice of #y(6) and initial conditions (5.42)
a(t) —a(t) = o(6?), (6.70)
i(t) —n(t) = o(6%). (6.71)

Turning to (A(t), B(t)) and their approximations, we first note that by [HJ1, p. 102] we
have with our choice of #,(4)

(5tey) = (3i6) =0 "
Then we consider the equation (equivalent to (4.42) and (4.43))
(50) = (53) + . Canrn 5) (500) o

and a similar one for the approximations with the tilded symbols everywhere. Introducing

s~ (f1)- (43)

we compute

A(t) = Alto) + (6.74)
. 0 0) [ A(s) e 0 i\ Als) ds
[, Comvaon - amviay o) (5) 2+ [, Caviogy o) 20085
But ‘ (g&g) = O(1) by [HI1], ftz 82V (a(s))ds = O(621~")) and similarly for the untilded
quantities. Hence using the same type of manipulations as above, we deduce
IA@] < (& +[[At)]) - (6.75)
It follows that
A(t) A1) _
(5) ~ (50)) = (0:70)
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holds for any ¢ € [ty(6), 7].

In order to deal with the “electronic” eigenvectors we consider the perturbation series for
the resolvent (h(z) + Va(z) + W (z) — 2)~! when the argument z runs through the circle of
radius |u(x,0) — uB(z,0)|/4 centered at any of the eigenvalue yu€(x,0). Integration on this
circle yields the eigenprojector Q;(z,6), j = A, B, and the estimates

Qj(w,0) = Qj(x,0) +O(W (2)/|u(x,0) — p(w,0)]) = Q;(x,0) + O(6/x), (6.77)
0:Qj(x,0) = 0,Q;i(x,0) + O/ |u?(2,0) — u®(z,0) %) = 8, P;(x,0) + O(6/2%) .(6.78)

This, in turn, yields the following estimates on the eigenvectors ®;(z,d) of the perturbed
operator h(z) + W (z):

Q(x,0) = xj(x)+0(/x), (6.79)
0:9;(z,6) = 0Oux;(x) +O(6/2%). (6.80)

Now we consider one eigenvector x;(z) and drop the index j. We note here that eq. (3.58)
in [HJ1] shows that

Ar(w, t,8) = O(t/5' "), (6.81)
so that A, (w,(d),8) = O(6*~!) — 0 with 6. On the other hand, using the fact that x(z)
is smooth and that 7(¢) is uniformly bounded on [ty(4),T] we find

/t(é) idsn(s)(®(w, s,0)|0:;®(w + a(s),0)) =

[, stits) ot
x((®(w, s,8) + O(5/(a(t) +w)))|(0:2(w +a(s), 8) + O(5/(a(s) + w)*))))
_ /t :@ idsii() (B(w, 5, 6|0, (w + (s), 8)) +
o(1) + 08 In((t + w)/(to + w))) + OB (1/(te(8) + w) — 1/(t + w))). (6.82)
Having w = O(6'~%) and (5.49), the error terms above can be estimated by
o(1) + O(§1In(d) + 6+ %) (6.83)
which goes to zero as 6 — 0. It follows then that
Mz, t,6) — M, t,6) = o(1) (6.84)
and in turn we get

®(z,t,6) — ®(x,t,6) = o(1), (6.85)

which concludes the proof. 0
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