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Abstract. We consider a smooth operator-valued function H(t,d) that has two
isolated non-degenerate eigenvalues E (¢, ) and E(t, ) for 6 > 0. We assume these
eigenvalues are bounded away from the rest of the spectrum of H{(t,d), but have
an avoided crossing with one another with a closest approach that is O(d) as ¢
tends to zero. Under these circumstances, we study the small ¢ limit for the adiabatic
Schridinger equation

; 6l// — 1/2

ic o = H(t, e'"* ).
We prove that the Landau—Zener formula correctly describes the coupling between
the adiabatic states associated with the eigenvalues E_(t,J) and E,(t,d) as the
system propagates through the avoided crossing.

1. Introduction

Adiabatic approximations in quantum mechanics describe solutions to Schrodinger
equations with slowly varying time-dependent Hamiltonians. More precisely, if
the time scale is chosen to be commensurate with the Hamiltonian’s variation,
then adiabatic approximations describe the small ¢ behavior of solutions to the
Schrodinger equation

is% = H()Y, (1.1)

for ¢ in some fixed interval. The classical adiabatic theorem states that if H(z) is a
smooth family of self-adjoint operators with a continuous, isolated, multiplicity
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one eigenvalue E(t), then the Schrodinger equation has a solution of the form

exp {— ij E(r)dr/s} D(t) + O(e),

where @(t) is a particular smooth choice for the normalized eigenvector associated
with E(t). Under general circumstances, this result can be extended [ 1,4, 6,9, 10, 12]
to an asymptotic expansion of the form

exp { — ijE(r)dr/s}(cD(l) +ep () + 2, (0) + ). (1.2)

The Landau—Zener formula describes infinite order corrections to this expansion
that are associated with small gaps between E(t) and the rest of the spectrum of
H(t). In particular, suppose the gap between E(t) and the rest of the spectrum of
H(t) attains its absolute minimum width J at a unique point ¢, in the interval
— T =<t =T Furthermore, assume — T <t, < T, and that the width of the gap
behaves like /6% + a*(t — t,)* + O(|t — to|?) for small |t — t,|. Then the Landau—
Zener formula states that there are corrections to (1.2) of exponential order e ~™*/2%,

It is notoriously difficult to prove the validity of such infinite order corrections
in singular perturbation problems, and we are unaware of any rigorous proof of
the Landau—Zener formula under general hypotheses on the Hamiltonian H(z).
However, exponentially small bounds on the correction terms have been obtained
in some circumstances [2, 3,7, 14].

In this paper, we consider a much less difficult problem. We prove the
Landau—Zener formula for situations in which the minimum gap width depends
on ¢ and behaves like ce'/? + O(e). We further assume that the small gap arises
from an avoided crossing of two isolated multiplicity one eigenvalues that are
remain bounded an O(1) distance away from the rest of the spectrum.

By an avoided crossing, one usually means a situation in which the gap between
two isolated eigenvalues has a small, but positive local minimum. In this paper,
we use the term avoided crossing to mean the following:

Definition. Suppose H(t,0) is a family of self-adjoint operators with a fixed domain
9 in a Hilbert space #. Suppose that resolvent of H(t,8) is C* as an operator
from # to & for (t,9) in the domain [ — T, T] x [ — a,a]. Suppose H(t,d) has two
isolated, multiplicity one eigenvalues E (t,6) and E (t, d) for (t, d) # (to, 0). Assume
E (t,0) and E,(t,d) are bounded away from the rest of the spectrum of H(t,0)
for all t and 6. Then if E_(t,,0) = E ,(t,,0), we say H(t, ) has an avoided crossing
between these two eigenvalues at ¢.

In Sect. 2 we discuss degenerate perturbation theory in two variables, and
define what we mean by non-degenerate avoided crossings. The definition of
non-degeneracy is technical. It is a non-vanishing condition for certain matrix
elements of two 2 x 2 matrices that depend on the behavior of the eigenvalues of
H(t,8) and their spectral subspaces near the point (¢y,0). Avoided crossings
generically satisfy this non-degeneracy condition.

The following proposition describes the local behavior of eigenvalues involved
in a non-degenerate avoided crossing.

Proposition 1.1. Suppose H(t, o) has a non-degenerate avoided crossing between two
eigenvalues E_(t,0) and E ,(t, d) at t,, and assume (without loss) that E_(t,0) > E ,(t, )
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for 6 > 0. Then there exist real numbers a>0, b #0, and ¢ >0, such that
E (t,0) — E4(t,0) = 2. /a*i* + ¢*6* + O(F* + &%),
where T=t—t, + bd/a.

We now state our main result. An analogous result holds if the roles of E,
and E, are reversed.

Theorem 1.2. Suppose H(t, ) has a single avoided crossing between two eigenvalues
E ,(t,0) and E4(t, o) on the interval [ — T, T] at some time toe(— T, T). Assume this
avoided crossing is non-degenerate and that E _,(t, 5) > E 4(t, ) for 6 > 0. Let a, b, and
¢ be the three numbers associated with this avoided crossing by Proposition 1.1. Then
Jor |t —to| > >0, one can choose @ ,(t,0) and D,(t,d) to be smooth normalized

0,
eigenvectors that correspond to E ,(t, 0) and E ,(t, 0), respectively, such that a—:}(t, 0)is

orthogonal to @,(t,d) for € = o, B. Moreover, there is a solution to the Schrodinger
equation

LY (13)
that satisfies
t
Ut e)= exp{—i Ed(r,sl/z)dr/s}diﬂ(t,e”z) + O(e) (1.4)
to — (b/a)el/2

for t <ty — B. For t 2 t, + P, this solution satisfies

U(te)=A, exp{—i E&,(r,31/2)dr/s}d7ﬂ(t,s”2)

to— (b/a)e!/?

t

+Ag,exp{—i Eg(r,sl/Z)dr/s}dig(t,s”Z)

+ O(e?), (1.5)

to—(b/a)el/2

for some positive p,

(1—ic J/2n ic? c? —re/a,
= _ — _ nc2/4a 1
A, PP 1—<1 ic2>exp 2 1—1log % e , (1.6)

and
Ag — eiw(e)e—ncz/Za_ (17)

Remarks. 1. Expressions (1.4)-(1.7) are the Landau—Zener formula for Eq. (1.3).
Thus, the final conclusion to the theorem states that the formula is valid for
non-degenerate avoided crossings.

2. Because we have choosen & =¢'? in (1.3), the coefficients A, and A, that
describe the mixing of the adiabatic states associated with E (t, §) and E (¢, d) both
are O(1). If, instead, & is held fixed as ¢—0, then one expects A, = ¢'®® ¢~ "*%/2a
to be exponentially small.
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3. The analysis of exponentially small terms in singular perturbation theory is
mathematically very interesting and difficult. By choosing 6 = ¢/? we have avoided
these infinite order considerations. However, the limit we have chosen is appropriate
for many physically interesting systems in which the propagation is approximately
adiabatic and there are avoided crossings with small gaps. For example, the
electronic propagation is adiabatic in many molecular systems, and such systems
exhibit a wide variety of gap sizes at avoided crossings of eigenvalues. Another
such example involves solar neutrino oscillations.

4. The proof of Theorem 1.2 involves matched asymptotic expansions. Expression
(1.4) describes a negative time “outer solution.” In an e-dependent neighborhood
of to, (1.4) is matched to an “inner solution” that depends on a rescaled time
parameter s = a'/?¢~1/?{. This inner solution is then matched to a positive time
outer solution that is described by (1.5)—(1.7).

S. Zener’s original paper [16] only analyzed a special case in which H(t) was a
particular 2 x 2 matrix valued function. He argued physically that this special case
reflected the behavior of general systems. Our proof shows that his intuition was
correct. His physical reasoning led him to write down our inner solution. All the
interesting mixing of the two adiabatic states occurs in the temporal boundary
layer during which the inner solution describes the propagation.

6. In addition, Zener tacitly took the same type of limit that we discuss in this
paper. In the middle of this analysis, he used asymptotics of parabolic cylinder
functions that are valid when the eigenvalue gap has width O(e/?).

7. Landau’s original paper [8] contained the beautiful idea that avoided crossings
could be understood by analytic continuation to complex time. An avoided crossing
was associated with an actual crossing at some point in the complex time plane.
We have not seen a rigorous justification of the Landau-Zener formula from this
point of view, although exponentially small bounds have been obtained this way
[7,14].

8. Except when symmetries are involved, avoided crossings should generically
occur in adiabatic quantum mechanics rather than actual crossings. If there are
no symmetries involved, crossings of eigenvalues of real symmetric or self-adjoint
Hamiltonians generically occur on submanifolds of codimension 2 or 3, respectively.
Since H(t) depends on only one parameter, ¢, one should not expect to see actual
crossings unless symmetries are involved.

9. Although (1.6) appears to be complicated, its absolute square is not. The
transition probabilities associated with the avoided crossing are

A =1
and
lelz =e—7|:c2/a.

10. The phase factor ¢ that occurs in (1.7) depends on the choices of the phases
of @, and @,. Since we have only specified the choices up to an arbitrary
time-independent phase factor, the value of w(e) is not determined. For any given
choice of the eigenvector phases, w(e) is determined uniquely by the formulas in
Sect. 3.
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The paper is organized as follows. Section 2 is devoted to a description of
degenerate perturbation theory in two variables. What we mean by non-degenerate
avoided crossings is precisely defined, and Proposition 1.1 is proved. Section 3
contains the proof of Theorem 1.2. It involves formal asymptotic expansions, some
simple estimates, and the use of a lemma that is based on the fundamental theorem
of calculus. v

There is a huge physics literature associated with the Landau—Zener formula,
and we will not attempt to review it here. We recommend the interested reader
consult the introduction to the recent preprint of Jaksi¢ and Segert [7].

2. Degenerate Perturbation Theory in Two Valuables

In this section, we discuss the structure of non-degenerate avoided crossings. This
amounts to a study of degenerate perturbation theory for Hamiltonians that depend
on two parameters.

Suppose two eigenvalues, E (t, §) and E4(t, 6), of H(t, 6) have an avoided crossing
at time t, (and recall that by our definition, this requires the resolvent of H(t,d)
to be C3 in (t,0) as an operator from J# to 2). We begin our analysis by letting
P(t, ) be the rank two orthogonal projection onto the spectral subspace of H(t, d)
that corresponds to these two eigenvalues. By representing P(t,d) as a contour
integral of the resolvent, it is easy to see that it is a C* operator-valued function.
From this it follows that the trace of H(t, §)P(t, d) (which equals E (¢, 6) + E4(t, 6))
is a C3 real valued function. So, the resolvent of

Hl(ta 6) = H(t’ 5) - %(Ed(t’ 6) + Eg?(t, 5))

is also a C3 operator-valued function. Clearly H(t,d) and H,(t,5) have the same
spectral projections, and the restriction of H,(t, d) to the range of P(t, d) is traceless.

We choose {{/;,¥,} to be an orthonormal basis for the range of P(t,,0), and
define

P(t’ 5)¢1

S PG,

Since P(t,6) is C3, it is easy to see that ¥,(t, ) is a C* function of t and § in some
neighborhood of (¢, 0).

Let P,(t,6) denote the orthogonal projection onto the subspace spanned by
¥, (t,0). It is a C3 operator-valued function in some neighborhood of (¢, 0), and

P(t,0)P,(t,6) = P,(t,0)P(t,0) = P,(t, ).

Y.t 0)=

We define
P(t,0)(1 — P,(t,0))¥, '
VW2, P(t,8)(1 — Py(t,0))¥,)

This vector-valued function is also C*® in a neighborhood of (t4,0), and
{¥,(t,0), ¥,(t,0)} is an orthonormal basis for the range of P(t,d) for (t,0) in a
neighborhood of (¢4, 0).

Near (t,,0), the restriction of H,(t, 9) to the range of P(t, ) is given in this basis

'Pz(t, 5) =
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by a traceless 2 x 2 matrix-valued function that is C3 in (t, §) and is the zero matrix
at the (t,,0). By standard Taylor series results, this matrix-valued function has the
form

At —to) + Bd + O(|t — t,]* + 62),
where 4 and B are self-adjoint and traceless.
Non-Degeneracy Assumption I. We assume that A is not the zero matrix.

By the spectral theorem applied to A, there is an orthonormal basis
{$1(1,0), $,(1,0)} that consists of i- and S-independent linear combinations of
{¥,(t,0), ¥,(t,9)}, such that in the new basis, the restriction of H,(t, §) to the range
of P(t,9) is given near (t,,0) by

Ayt —1to) + B0+ O(|t — 15> +6°),

0 >with a>0.

where A, is a diagonal matrix <g

Non-Degeneracy Assumption II. We assume that the matrix B, is not a diagonal
matrix (and hence, that it is non-zero).

. . C b ¢ )
Since By is traceless and self-adjoint, it has the form < b)’ where b is real
and c is complex and non-zero. € -

. b . . .
We define =1 —t,+ 56. Then in the basis {¢,(t, d), ¢,(t,0)}, the restriction of
H,(t,0) to the range of P(t, ) is locally given by

af+ F (E0) &+ F,(i0) >

5+ Fo(i,0) —af—F,(1,0) @D

Ml(f>5)=<

where the F; are C, F;(0,0)=0, %(0,0)=O, %(0,0):O, and F, is real. By

multiplying ¢,(t, d) by a t and J dependent phase, we can assume without loss that
F, is real and c is real and positive.

Thus, Non-degencracy Assumptions I and II guarantee that near (¢, 0), there
is a C? basis,

{d4(t,9), (1, 9)}, (2.2)
in which H(t,9) is represented on # = CHCD(1 — P(1,0))# as

af+ F,(1,0)  ¢d+ F,(F.0) 0
S+ F,(8) —ai—F,Ls) 0 ), (2.3)
0 0 HL(,0)

where H;(f,0) is the restriction of H,(z,d) to the range (1 — P(t,5)). We note that
H1(Z,3) has a C? resolvent and has its spectrum bounded away from the spectrum
of M,(%, ) for (t, 6) near (t,,0).

From the representation (2.3), elementary linear algebra, standard Taylor series
estimates, and tedious calculations, we obtain several results for (¢,6) in a
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neighborhood of (t,, ). We conclude this section with a list of these results, and
note that the first of these is the conclusion to Proposition 1.1,

E_[(t,0) — E(t,0) = 2./a’F? + c262 + O(t* + 6?), 2.4)
E(E&, —E,)t,0)= 2i- + O((F% + 6212, 2.5)
ot a®t? + 25?2
@ _(1,0) = ”“V(cos (0/2)p,(t, 8) + sin (0/2)¢,(t, 9)), (2.6)
and
D ,(t,0) = “*“)(—sin (0/2)¢,(t, §) + cos (0/2)¢.(t, ), 2.7)
where w_(t,0) and w,(t, §) are functions to be chosen in Sect. 3 and
f=tan"! (%) 2.8)

We only use 6 for small 6 >0, and we choose 0 <0 < 7.
If |af] > ¢é > 0, we have

0 =tan~! (9) +0([7)), 2.9)
at

and in general for 6 > 0, we have

00 —acd ‘
= wr e O 210

and
020 2a3cfd

=@ s ey TOE T, (2.11)

3. Proof of Theorem 1.2

We begin this section with Lemma 3.1, whose proof is a simple application of the
fundamental theorem of calculus. We then explicitly construct the inner and two
outer approximate solutions. Theorem 1.2 follows from some simple estimates and
three applications of Lemma 3.1.

Lemma 3.1. For each fixed value of e, suppose that K(r, e'/?) is a family of self-adjoint
operators with a fixed domain 9, and assume that the resolvent of K(r,e''?), as an
operator from # to 9D, is a C* function of r. Suppose Y(r,€) belongs to 9, is
continuously differentiable in r, and approximately solves the Schrédinger equation
in the sense that

iev%(r, &)= K(r,e"*W(r,e) + {(r,2),

where ((r.¢) satisfies
10 e) || = ulr,e)
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on the time interval of interest. Suppose Y (r, ¢) is the exact solution to the Schrodinger
equation with initial condition ¥(ry,€) = Y(r,¢). Then the following estimate holds:

I ¥(r,e) = (r.e) | < f u(r',e)d (3.1)

ro

Proof. Our hypotheses guarantee [11, 13, 15] the existence of a strongly differenti-
able unitary propagator U(r,rq,¢) for the Schrodinger equation with time-
dependent Hamiltonian K(r,e'/?). By the unitarity of this propagator and the
fundamental theorem of calculus, the quantity on the left-hand side of (3.1) can be
estimated as follows:

” U(ra Tos 8)(//(7’0, 8) - ‘//(rs 8) ”
= [y "075)— Ulro,re)y(r,e) |

(l/f(r 0,€) — Ulro, 7, eW(r', €))dr'

r

| ( —ie 7 U(ry, 7, ) K7, X)W, ) — Ulry, ' 8)?// (r, 8)>

ro

i ie ™ Urg, v, e)L(r, e)dr’

ro

&

lIA

w(r', e)dr'.

‘;‘e—ﬁx

This proves the lemma. W

3A. The Negative Time Outer Solution. To construct and prove the validity of the
negative time outer solution, we mimic the construction and proof of Sect. 2 of [6].

We first comment that under the hypotheses of Theorem 1.2, we can easily
make C? choices for the normalized eigenvector e®“?®_(t, §) for |t — to| > R, where
0(t, 8)is an arbitrary real C3 function. By differentiating the normalization condition

(D(1,8), D,(t,0)) =1

with respect to z, we learn that

(@00.52,00)

is purely imaginary. Thus, there are real solutions to

.00
== < 42 6), @ (t, 6)>

If we choose such a real solution 6(t, §) that depends smoothly on 4, then
@,(t,0) = P D (t,5)

0
<d§,o/(t> 5)9& d)ﬂ(t’ 6)> =

satisfies
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We choose @,(t,5) by the same technique, and note that these choices uniquely
determine the functions w,,(t,d) and wy(t, d) in Sect. 2 up to additive constants.
We next make the ansatz that (1.3) has a formal solution of the form

t

Y(t, e) = exp { —i [ Ere" 2)dr/s}

to —(b/a)el/2
Wolt. ') + ey (t,61/%) + 2, (t,e"2) + ) (3.2)
for t <ty —pB.
We substitute (3.2) into (1.3) and equate terms of like powers of ¢ on the two

sides of the resulting equation.
The zeroth order terms require

H(t, 81/2)‘//007 81/2) = E.szl(ta 31/2)'//00, 81/2)’
Thus,
Wo(ta 81/2) = fO(ta 8) ¢M(t9 81/2)’

where f, is not yet determined.
The first order terms require

f° 5 6P +ifolt, 31/2) (t e!l?) = [H(t,e"?) — E,,(t,e"?) Y, (t, &),

We split this into two conditions by separately considering components of this
equation that are multiples of @_(z,¢'/%), and those are orthogonal to @_(t,¢'/?):

fo

(et =

and
ifolts 8”2) (t &%) = [H(t,e"?) — E ,(t, ")) ]y (t,6"7).

Since we are only doing a leading order expansion, we terminate the expansion
at this stage and choose the following particular solutions to these equations:

fO(lssllz) = 1,
and
Yi(t,e'?) = i[H(t,e'*) — E (1, 8”2)]r (t e'’?),

where [H(t,e}/?) — E (t,£/%)], ! denotes the restriction of the resolvent of H(z, é'/?)-
to the subspace orthogonal to @z, ¢'/?).
We define the negative time outer approximate solution to be

t

¥ (t,€) = exp {— i E r, a”z)dr/e}(did(t, et?) + eyi(t,e?).  (3.3)

to—(b/a)el/2
This expression approximately satisfies Eq. (1.3) in the sense of Lemma 3.1 with
a remainder term

{(t,e) = —ie?exp {— E [r,e" 2)dr/:a} g (t,e?). (3.4)

to— (b/a)el/2
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For t <t, — f, this error term has norm bounded by Ce¢?, so Lemma 3.1 with v = 1
and r =t shows that (3.3) agrees with an exact solution to Eq. (1.3) up to an O(e)
error for t <t, — f. Since (1.4) agrees with (3.3) on this time interval, there is a
solution to (1.3) that satisfies (1.4) for t <t, — p.

As t approaches t,, the norm of (3.4) diverges. This norm is equal to the norm of

0 0P,
sz(aw(ae“ﬂ—E‘,,,(t,e”zu;1)—6;%@8”2)
2 1/2 1/2 —lazq)y/ 1/2
+ ELHE ) — E (e )] e ), (33)

We estimate how this norm diverges with the help of formulas (2.4)—(2.11). From
(2.6) and (2.10), it follows by explicit calculation, that the norm of the final factor
in the first term in (3.5) is bounded by a constant times

00
ot
By (2.4), (2.6), (2.10), (2.11), and explicit calculations, the norm of the second term
in (3.5) is obtained by a constant times

ace'’?

a*t? +c%’

5 1 a*ce?|T| + ac’e
€ .
2 /ai i ¥ ¢k (@PT+ %)

To estimate the operator norm of the middle factor in the first term of (3.5),
we write the reduced resolvent as

[H(t> 81/2) - Ey/(ta 81/2)]: !
= (Ey(t,e'?) — E,(1,"%)) 71D ,(t,6'%) ) (D, (¢, &)
+[Hi(fe'?) = HE [(t,e"%) = E(t,e"%)] 711 — P(t,61/%)). (3.6)

The second term on the right-hand side of (3.6) has bounded derivative. To estimate
the first term on the right-hand side, we use (2.7) and then explicitly differentiate.
From (2.4), (2.5) and (2.10), we find that the operator norm of the derivative of
(3.6) is bounded by a constant plus a constant times

2alf] N 1 ace!’?
(@’T* + c?e)®? _Ja252 4 (2 (@PT% + cPe)

By combining all these estimates, we find that the norm of (3.4) is bounded by a
constant multiple of

5 e 2|7 £ g2

& 222 2.\5/2 + 222 2.\5/2 + 272 2
(a*T* + c%e) (a*t* + c%¢) (@’ + c*¢)
S CEP|E ™+ 3175 + 5277 2).

So, by Lemma 3.1, (3.3) agrees with an exact solution to (1.3) up to an O(¢3/?73%)
as long as £ £ — ¢”. If we keep y < 4, this error is bounded by a positive power of e.

3B. The Inner Solution. Near crossings, a new time scale becomes relevant (see
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2

[6]). Accordingly, we introduce a new time variable s = a'/?¢~ /2. When necessary,

b . . .
we let t(s,e) = a~ Y2e2s + 1y — 581/ 2 denote the old time variable as a function of

the new one. The rescaled version of Eq. (1.3) is
0 -
is”za'”z%=H(s,s”2)zp, 3.7

where
H(s,e1?) = H(t(s, ¢), £7?).

We now search for a solution to (3.7) that matches the negative time outer
solution (3.3) when { is small and negative, but s is large and negative.

We begin by proceeding formally. We make the ansatz that the inner solution
has the form

t(s,€)
exp { —i | (E[r ")+ Eyr, 81/2))di‘/28}

to—(b/a)el/2

((fols) + vi(@) f1(s) + -+ )1 (t(s, &), %)
+(90(s) + v1()g1(s) + ---)Palt(s, &), eV/?)
+Yols) + vi(eWyls) + ), (3.8)

where the v;(e) are arbitrary order functions, and the y; are orthogonal to the
range of the rank two projection P(t(s, ¢), ¢'/?). Note that the ¢; here are not the
eigenvectors, but the vectors constructed near the end of Sect. 2.

We substitute (3.8) into (3.7), use representation (2.3) with the F; expanded in
their second order Taylor series with remainder, and equate terms of like powers
of ¢ on the two sides of the resulting equation.

The leading order terms have order ¢°. They require

(1 — P(i(s,8), e"))Hy(a™ %' 25,6 %) = 0.

Since P(t(s, ¢), e'/*), = 0, this forces us to take Y, = 0.
If lings_”zvl(s) is infinite, the next order terms similarly require only ¥, = 0.
F-ind

Since this is trivial, we assume ling ¢~ 12y (e) to be finite. Thus, v,(g) = o(e}/?) or
Fiind

v,(¢) = &'/%. In either case, the next order terms are of order /2. If v,(g) = o(e}/?),
the order ¢!/ terms require

0(fo) _ s ca”'?\( f,
l§<go>_<“f1/2 =S ><90>' )

If v,(g) = &'/2, the order &'/? terms require a more complicated condition. However,
by separately examining the components in this condition that are in the ranges
of P(t(s, €),£/?)) and (1 — P((s, ¢), ¢'/*)), we find that this condition splits into two
separate conditions. One is (3.9); the other is

(1 — P(t(s, &), eY?))Hy(a™2e!2s,e' 2, = 0.

This latter condition implies ¥, = 0.
Thus, if either v,(e) = o(¢'/?) or v,(e) = &2, Eq. (3.9) must be satisfied. The
solutions to this equation can be expressed in terms of parabolic cylinder functions.
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As we discuss below, the particular solution that formally matches the outer solution
(3.3) is the following:
(1—=1i)
f WD(zcz/za) (i —=1)s)
(o) ’
9o Dic2/24)((i — 1)s)

K= . . b in o izl c? +ic2 7r_c2
= exp o, | to— &', e | bexp ogl o 1+ v (-

In addition, the matching condition requires ; =0, even in the case where
vy(e) = o(e!/?).

We terminate the formal construction at this stage since we are only doing a
leading order calculation. Thus, we take the inner approximate solution to be

1(s,e) b
exp{—i [ (E, e+ E%(r,a”z))dr/%}exp {iwﬂ<to —-581/2,81/2>}

to—(b/a)el/2

-ex _iczl 62 +E Eﬁ
P 08 2a 4a 8a

1—
<(2a_1/12>c%/2a) (= 190 (0(5,8). ) + Dy = Ds)ls. & ”2>>.

(3.10)

We now must prove that this agrees with an exact solution and that it matches
the negative time outer solution. The first of these tasks is relatively easy. By explicit
calculation using the representation (2.3), we see that (3.10) approximately satisfies
(3.7) with a remainder { that contains two types of tzarms. One type comes from
the error term in (2.3) and has norm bounded by a constant times &s® + ¢. The

where

, 0
other type contains ic'/ 6_ applied to the basis vectors ¢;(t(s, ¢), ¢), and has norm

bounded by a constant times ¢. To obtain these estimates, we have used the
boundedness of (3.10), which follows from the self-adjointness of the matrix in (3.9).
Thus, (3.10) approximately solves (3.7) in the sense of Lemma 3.1 with a remainder
{ whose norm at time s is bounded by a constant times es® + ¢&. We apply Lemma
3.1 with v =% and r =s. We conclude that (3.10) agrees with an exact solution to
(3.7) up to an O(e3” 1) error as long as we keep |f| < &’ If we choose y’ > 1/3, the
error is bounded by a positive power of ¢.

We fix 1/3 <y’ <y < 1/2. Then for —&” <7< —¢’, both the negative time outer
solution and the inner solution agree with exact solutions up to O(e?) errors, for
some p > 0. We now must prove that they agree with one another up to such an
error in this overlap region. To do this, we set I = —¢&*, where xe(}’,7) is arbitrary,
and we compute both solutions modulo errors that are bounded by positive powers
of .

For = —&*, the norm of ey{(t,&'/?) in (3.3) is

1/2
1 ace < Ce3in -3

€
[a2e2 + (2e ate* + e T
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Thus, in the matching region, we can ignore this term, and up to an O(g”) error,
(3.3) equals

exp {— i j (E_[(r, e'1?) + Er, 81/2))(17‘/28}

to—(b/a)el/2

to— (bja)el/2

‘exp{—i j (EM(r,s”z)—Eg,(r,e”z))dr/%} o (t,6'?)

=exp{—i jt' (E [(r,e'?) + Eg,(r,sl/z))dr/Za}

to—(b/a)el/2

-exp {iwﬂ,(to - Zs”z, 81/2>}.(2M(t~, g).

Using the basis {¢,, ¢,} and formula (2.4), we can write Q_(f,¢) for f = —¢*, as

172y _ 172 cos (9/2)>
to—(b/a)el/2 (Eﬁ(r’ € ) Ega(r’ ¢ ))dr/28}< sin (0/2) ’

=exp {—;ﬁ[—as'ﬂ /a’e* + c%e + c2elog (—ae" + /a*e** + cza)]}

: 2
exp {—ﬁs—[—cze log (cs'2) + O(e¥ + &' )] }(ZT;(%D (3.11)

where 0 = tan™(ceV?~*/a) + O(¢¥) by (2.9). To evaluate the small ¢ asymptotics
of (3.11), we use (2.9), standard Taylor series estimates, and

t

Qﬂ(’: €)= exp {—i

2

c
Ja*e* +c%e = ag” + 2—81 K4+ 0(2 73
a

to obtain

2,1-x
R ! a2 -1 _ 1-2x 2 ce 2
Qd(t,a)—exp{ 2a|: 2 +0(3 )+c log< % +0(¢ 3r<)>]}

-exp{ i[ czlog(cellz)]}(())-l-O(e")

“er - Jorliafeel-se( )l ) o

for some p > 0.
So, for £ = —¢*, the outer solution (3.3) equals

exp{—i [} (Ed(r,s”z)+Ew(r,e”2))dr/28}exp {iwﬂ<to —381/2,81/2>}

to—(b/a)el/2

iqe?< ™1 ic? ic? cell/2)—x )
) R —_— /2 y2
exp { 3 }exp {4a } exp { 2 log< a2 >}¢>Z(to, %)+ 0(eP).  (3.12)

To evaluate the asymptotics of the inner solution for = —¢&* we note that
s= —a'?g"~ (/2 and use the known asymptotics of the parabolic cylinder functions




446 G. A. Hagedorn

[5] for large complex arguments. These show that the ¢, component in (3.10) is
0(¢M?7%). Thus, in the negative time matching region, the inner solution (3.10)
equals

t b
exp{—i [ (E e+ E,,,(r,sl/z))dr/%} exp {iw,v,<to ——581/2,81/2>}

to~(b/a)el/?
(I =i

stz BT (1(5,001) + O(7),

where

2.2
E(f,e) = “I* exp {— % log (c2/2a)}e“ 8D 20 ((i = 1)s).

: 2
S(7,8) = &40 exp{_Z_alog(cz/Za)}e'”ZW

iasz;c—l ) s 2
: —1 1—i S O(e?
exp{ 5 + P og((1 —i)a''“e )}4— (€P)
s a2k~ 1 5 n2 (1/2)—x
=exp {mez }e"cz/““ exp {—— <%> log<w—2a—>} + O(e?).
So, we see that the inner solution also agrees with (3.12) for = —¢*, and the

matching is justified.

3C. The Positive Time Outer Solution. The positive time outer solution is a linear
combination of the two standard adiabatic states associated with E_, and E . The
particular linear combination is determined by matching the inner solution.

To construct the two standard adiabatic states we use the same technique we
used to construct (3.3). The state associated with E_, is given by (3.3), except we

b . . .
now keep ¢ > ¢, — —¢'/?. The state associated with E , is
a

t

to— (bla)e!/?

W (t.e) =exp {- i E fr, 8”2)dr/8}(%(l, &%)+ ei(t,6'?)),

where in this instance, i is the function

D,
Uite' ) = i[H(te') — E (e, ! %ﬁ(r, £'2),

where [H(t,&'/?)— E (1,¢"/?)], ! denotes the restriction of the resolvent of H(t, &'/?)
to the subspace orthogonal to @ (t,&'/?).

These two standard adiabatic states agree with the exact solutions of (1.3) up
to O(e®/»737) errors as long as 7= ¢”. The proof of this claim is essentially the
same as the proof in Sect. 3A that the negative time outer solution agrees with an
exact solution up to an O(e3/2 737 error.
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We note that when ¢t > ¢, + f,(1.5) agrees with
AV (6E1) + Al 4(t,6117) (3.13)

up to an O(e?) error. So, the proof of Theorem 1.2 will be complete as soon as we
check that the inner solution and (3.13) agree with one another up to an O(e?)
error when f=¢*, where ' <x <7y. We check this by explicitly evaluating the
asymptotics of (3.10) and (3.13) in the matching region.

The inner solution (3.10) has two components: multiples of ¢, and multiples
of ¢,. The factors that multiply ¢, in (3.10) are

t(s,¢€)
exp{—i [ (E e+ Eg,(r,s”z))dr/%}exp {iwd,(to —Zs”z,s”z>}

to—(b/a)el/2

ic? c? 24a - ne2jgall —0)C
‘exp {_ E log <2_>}etc /4a ne /SazTD(lczﬂa) . ((l . l)S)

a

to— (b/a)el/2

‘exp{lwd{(t —gsl/z )}(12_1/’2) E,(@,e). (3.14)

When = ¢&° with xe(y, y),

t(s,€)
=exp{—i [ (Efr,e")+ Eg,(r,s”z))dr/%}

22

= ic EN ierjaa, - 4 -
E.({,e)=exp { — E log <Z>}e;c2/4ae MZ/saDicz/Za— (G —1)e 1/2)
: 2 2 L, , /2
=exp{ ad IOg <§_>}ew /4ae—1tc /8a 7[ - e—nczlla

ic
Irit——
(-5
2k—1

. . 2
‘exp{— 1(182 — lzc—alog((i — 1)at/?e<” 1/2)} + 0(e?)

J2n a1 jc? ic?
= —nc2/4a _ _ 2,2k—1 o p
o2 e exp{ 5 i log(c®e )+ 4a}+ O(&P).
i1——
2a

The factors that multiply ¢, in (3.10) are
1(s,¢) ,
exp{—i I (E (e +Egg(r,81/2))dr/2s}exp {inl(t ——31/2 12 >}

to—(b/a)el/2

icz CZ tc2/4a —nc2/8a .
“€Xp _Elog % DwZ/Za((l_ I)S)

t(s,e)
=exp{—i [ (B re)+ Egg(r,sm))dr/%}

to— (b/a)el/?

b
“exp {iwﬂ<t0—581/2,81/2>}52(f, g). (3.16)

(3.15)



448 G. A. Hagedorn
When 7 = ¢* with ke(y',y),

) 2
E,(fe) =exp {— " log (C—)}eiﬁ/“e‘"f2/8“D,~cz,2a<(i — 1))

ic? A\
— _ lo ic2/4a ,—nc?/8a
xp { 4a & 2a ¢ ¢

-ex ia82k—1 12 1/2 . k—1/2 +0 y2)
Py (oXP 2aog(( Da'#es=*%) (€”)
8
442

ic? T2\ 3p ne?  ic?  iag** !
exp{ i <log< ) 8a>}e p{ Ra +4a + 4 }Jr (€?)

ic? el 72N\ i ige*<!
= ——1 —_— O(&P). 3.17
eXp{ 4a °g< 4a? > a4 }Jr (&) (3:17)

Equations (3.14)—(3.17) describe the asymptotics of the inner solution in the
positive time matching region. The asymptotics of the outer solution in this time
interval contain two terms that correspond to the two terms in (3.13). The
asymptotics of each term are evaluated by the techniques that led to (3.11) and
(3.12) for the negative time outer solution. We consequently find that for f= ¢,
the outer solution (3.13) equals

t(s,€) b
exp{—i | (Eﬂ(r,s”z)+E%(r,e”2))dr/28}exp{iwd<t0—58”2,8”2>}

to—(b/c)el/2

ia82k—1 icZ iC2 8(1/2) K
'(AMGXP{— 5 —E+§E10g<——2—‘>}¢ (to,e'?)

P ae2Kk— 1 12 12 (1/2)—~x
+A%exp{L+lc . <%>}¢z<to,81/2>>+0(81’). (3.18)

2 T4a 24 B
The formulas (1.6) and (1.7) for A, and A, were specifically chosen so that (3.18)
would agree with the inner solution asymptotics described by (3.14)—(3.17), provided

b b
60(8)=60M<t0—~8”2,8”2 —wyl to——¢"% Y2 ).
a a

This completes the proof of Theorem 1.2. W
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