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An exact WKB approach to the 2-level
adiabatic transition problems
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1 Introduction

We consider the time-dependent Schrédinger equation:

ihé%b(t) =Ht.e)u(t),  Hlte) = ( Vét) —é(t) ) (1)

on R, where £ and h are small positive parameters and V (t) is a real-valued function. ¥(t)
is a vector-valued function with complex components. This equation (1) describes the
adiabatic time evolution associated to the Hamiltonian H(g, k). This 2 x 2 real symmetric
and trace-free matrix H(¢,h) has two real eigenvalues E(t,e) = +1/V ()2 +&2. The
difference of these eigenvalues '

E. —E. =2/V(t)? +¢?

is strictly positive for all t € R and has its minimum 2¢ at the zeros of V (t).

From the physical point of view, the two different unperturbed energy levels V (t) and
—V/(t) cross each other at the zeros of V(t) and ¢ is the interaction at the intersection.
Because of this interaction, E, (t,c) and E..(t,€) do not cross (avoided crossing), but the
transition occurs by the quantum effect. The parameter h is the adiabatic parameter and
the quantum effect becomes small in the adiabatic limit. On the other hand, ¢ is the gap
at the avoided crossing. One expects, then, that the transition probability P(e, h) is small
when h is small while it is large when ¢ is small. It is an interesting problem to study its
asymptotic behavior as both ¢ and h go to 0.

The study of the transition probability P has its origin at the works by L. D. Landau
[L] and C. Zener [Z]. In 1932, they studied the case V(t) = at, where a is a positive
constant, and derived the following explicit formula.

-2
P =exp [—-%’;} (

for all positive £ and h. This is the so-called Landau-Zener formula. There have been many
studies about the transition probability in the adiabatic limit A — 0 (see the summaries

. [BTJ, [HJ], [T]). The adiabatic limit of the transition probability is expressed in terms of
actions between complex eigenvalue crossing points:

{teC; V()2 +W(t)} =0},

which we call turning points.



In this proceeding we consider more general V(t) which vanishes at one point to order
n, and compute the asymptotic behavior of P(e, h) as (¢,h) — (0,0) under the condition
h/e™*+D/m — 0. In case n = 1, this problem is studied in more general settings by [CLP]
and [Ro).

Recently new approaches of an exact WKB method have been studied. These ap-
proaches give the rigorous argument to the divergent power series solution on the singular
perturbation h. [AKT] studied the Hamiltonian, which is 3 x 3 real symmetric matrix with
polynomial elements, by the exact WKB method based on the Borel resummation. In this
paper we apply the exact WKB method developed by C.Gérard and A.Grigis [GG], and
S.Fujiié, C.Lasser and L.Nedelec [FLN] to this adiabatic transition problem. This method
enables us to express the Wronskian of two exact WKB solutions as a convergent series
defined inductively by integrations along a path. Careful observations of the phase func-
tion on the path gives us their asymptotic behavior of the Wronskian as (g,h) — (0,0)
with h/e(*+1)/m 0, '

Finally we remark that this is similar to the scattering problem for Schrodinger oper-
ator over the maximum of the potential. See [Ra], [FR] for a non-degenerate maximum
case and [BM] for a degenerate maximum case.

2 Definitions and Results

We first define the scattering matrix and the transition probability for the equation (1)
under the following assumptions on V(t):

(A) V(t) is real valued on R and there exist two real numbers 0 < 8y < 7/2 and p > 0
such that V(t) is analytic in the complex domain:

S={teC; |Imt| < |Ret|tan b }U{|Imt| < p}.
(B) There exist two real non-zero constants E,, E; and ¢ > 1 such that

( E., +0(Jt|°) as Ret— +o00 in S,
t) =
E;+ O(Jt|=9) as Ret— —oc in S.

Under the conditions (A) and (B), there exist four solutions ¢, %7, ¥, and %' to
(1) uniquely defined by the following asymptotic conditions:

(. K 1/ —siné, .
Y (t) ~ exp +E E2 + g2t cos , as Ret— +00 in S,
L J r

cos 0,

. ), as Ret — 400 in S,
siné,

iy [ i [ : 1/( —sin§ o

Y (t) ~ exp _+h.‘/E’ +_2t_ ( cos 6] ), as Ret— —oo in S,
(1) [ (B2 + 2 4]

\cb_(t) exp R Ef +¢ t- (

J YT (t) ~ exp ——-;:\/Ef +e2t

Ccos 01
sin 6

>, as Ret— —oc0 in S,



where tan 20, = ¢/E, and tan26; = ¢/E) (0 < 6,,0; < 7/2). These solutions are called
Jost solutions to (1). We notice that the principal term of each Jost solution, for example
expl+%v/E? +€21] {(—sin 8, cosb,), is a solution to the constant coefficient system:

d r &
wgvo= (T 5 Jve.

The pairs of Jost solutions (%7,%".) and (¢%,%L) are orthonormal bases on C2 for any
fixed t. Moreover they have the following relations:

wo==(° 0 )wm  wo==(" })Eo (3

The scattering matrix S is defined as the change of bases of Jost solutions:

(d’i’/’l—) = ( ’;qp’_) S(e,h),  S(eh) = ( z;&zg z:g:;:% ) .

S is an unitary matrix independent of ¢t and moreover, by (3),
sife,h) = sna(e h),  sple,h) = —s21(s,h).
The transition probability P(s,‘ h) is defined by
P(,h) = [sn(e, W)

Let us assume
(C) V(t)=0ifand only if t = 0.

Then the eigenvalues have the so-called avoided crossing at the origin. We call turning
point a complex zero of V(t)? + <2, and in particular, simple turning point if it is a simple
zZero.

Let n € N = {1,2,---} be the number such that V*)(0) = 0 for 0 < k < n and
V(®)(0) # 0. We can assume V{")(0) > 0 without loss of generality. Then there are 2n
simple turning points T;(c) and Tj(¢) (j = 1,...,n) with0 < argTy < --- < argT,, < 7
which converge at the origin as ¢ tends to 0. We define the action integral A4;(e) by,

T5(e)
A,@):z/ VR
0

where the integration path is the complex segment from 0 to Tj(¢) and the branch of the
square root is € at t = 0. Our main result is the following asymptotic formula of P(e, h)
when ¢ and h are both small.

Theorem 2.1. Assume (A), (B), and (C). If n = 1 there ezxists ¢g > 0 such that we
have :

P(e,h) = exp [— Am Au()

- ](1+0(ﬁ)) as h—0
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uniformly for € € (0,20). If n > 2 there exists g > 0 such that, for allc € (0,20), we have

h h
£ n g n

In case n = 1 we notice that this theorem implies the result in [J2]. In case n > 2 we
remark that h/e("+1)/" appears in an obvious way in the case V(t) = t*. By a simple
rescaling t = /"7, (1) is reduced to

g = (7 ) e

P(s,h) =

exp |1 Ar(e)| + (-1 exp [ 1 n(s>]

where ¢(!/"7) = ¢(7).

Let us study the asymptotic behavior of

Po(e,h) =

exp (1 41(9)| + () enp £ n(z-:)]

in case n > 2 when both ¢ and k go to 0. We rewrite it as

Po(e, h) = exp |:__Im(A1(€)h+ An(g))] ' (exp [Im(Al(s)h — An(s))]

texp [Im(An(E) - Al(E))} + (~1)"12 cos [Re(AI(E) - An(E))D _

h “h

Put V(2) = ﬂ-,io—z v(z) then v(0) = 1. We can compute the asymptotic expansions of
the action integral.

Lemma 2.1. A;(c) is an analytic function of c1/™ att = 0 and has the following Maclaurin

erpansion:

o <] . .
Aje) z_z Cr exp [M] i

et 2n
, . V7 (L) n! [ gkt _k
where Cy, = R (k= S! T(5EE) (V(n)(0)> [dzk—l ('U(z) ")Lzo.

We can refer to [W] for this proof. From this lemma, we have the following proposition:

Proposition 2.1.
1) IfV(*+2-1(0) = 0 for all L € N, then

ImAi(e) = Im A,(2)
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and
Pole, h) = 2exp [_%QJ (1 4 (=1)"* cos [Re(/h(e)h - An(s))]) -
2) If there erists m € N such that yn+2i- 1)(0) 0 (l=0,...,m—1) and y{(n+2m-1) (0) #

0, then for sufficiently small ¢
Im(A1(€) = An(€)) = 2Cam (sm ;w) = 4 o( —&”-ﬂ) (4)

where

CZmz -

2my/F T(2)V(n+2m-1)(0) ( n! )“*”—"'
n[(n +2m + 1)T(2E22) \ V(»)(0) '

and the asymptotic behavior of Py(e, h) as (¢, h) — (0,0) is given by the following formulae:

(i) When en+2m)/n/h 0,

Py(e,h) = 2exp [_Im(A1(s)h+ An(E))}

R 2(n+2m)
x <1+ (=)™ cos [Re(AI(E)h' A"“”] +0 (———E o )) :

(ii) When hjer+2m)/n 0,

2Im A1 (e) m i

o — ___________1___ . _ £ n

Py(e,h) = exp [ A } (1 +Q (exp [(Qsz (sm nﬂ) + 6) - }))
for any positive constant § if m/n ¢ N and V"*2™=1(0) sin 27 > 0 and

e e

(6)

(5)

for any positive constant § if m/n ¢ N and V"*+2™=1(0)sin Z7 < 0.

3 Review of the exact WKB method

We use as a basic tool the exact WKB method for 2 x 2 systems introduced in [FLN],
which is a natural extension of the method in [GG] for Shorédinger equations.
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Let us consider the following type 2x2 system of first order differential equations:
hd 0 «aft)
— e = . 7
o0 = (g °9 Ye) ™

The functions a(t) and 3(t) are assumed to be holomorphic in a simply connected domain
QeC.
First of all we make the change of variables t +— 2

“(tto) = | ' al B,

where g is a fixed base point of Q. If 2; is a simply connected open subset of Q in
which «(t)B(t) does not vanish, the mapping z is bijective from 2 to z(f2;1) for a given
determination of (:(t)B(t))"/2. Zeros of aft) and B(t) are called turning points. If ¢o is a
simple turning point, we get

27 3
(1) = #(t0) = 5 (a®B)'|_ (¢~ 10)f (149t~ 10)), (®)
where g(t) is holomorphic and g(0) = 0.
We put ¢(t) = e**/Pp_(z) and reduce (7) to the next equation in phe variable z:
hd N i H%(2)
Toee) = ( CHY(z) )H—(z), 9)

where H(z(t)) =(8(t)/a(t)) Y4 We change unknown function p1(z) = My(z)ws(z),
where M4 (z) is given by

‘ N HYz) HY2)
Myi(z) = ( FiH(z) +iH(z) )

Consequently, we obtain the first order differential equation of w4 (z):

d 0 H'(z)
—wx(z) = ( H'( 2 )wi(z), (10)
dz ey T

where H'(z) stands for £ H(z). We notice that M (z(t)) and w4 (z(t)) are independent
of to. We define the sequences of functions {wi n(2;21)}3%, by the following differential
recurrent relations:

’

’wi:‘l(z) =0, 'Wi’o(z) =1,
W d%—w&,zk(z) = ‘I;I;((gwi,qu(Z) - (k2>0), a1
‘ (;g; + %) wx,2k+1(2) = -Hﬁ,((zi))wi,gk(z) (k > 0).
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The vector-valued functions w4 (2(t)) = ( ijigzggg ) with
wi(z(t)) =Y wem(a(t),  wi(z() =Y waa1(2(t),
k>0 k>0

satisfy (10) formally.
H'(z)/H(z) is, in terms of ¢,

£H(=(t))  a@)B(t) — o (t)B(t) 12
H(z() ~  4i(a(t)B())32

From (8) and (12), we see that H'(z)/H(z) has a simple pole at z = z(t).

We fix a point 2; = 2(t;) with t; € ; and take the initial conditions to w4 ,(2) =0
for every n € N. Then the differential recurrent equations (11) are transformed to the
integral recurrent equations:

[ wig(z2) = 1,

we ok +1(221) = /Z ei%(c_z)g((g)) we2k(C;21)dC (k> 0),

we gp(z321) = /z%wmq(c;zndc C kz1)

\

From these integral representations, we obtain the following proposition on the convergence
of these formal series.

Proposition 3.1. The elements of the function wi(z;21):
wi(z;2z1) = Zwi,gk(z;zl) wi(z;z1) = Zwi,gk_l(z;zl) (13)
k>0 k>0

converge absolutely and uniformly in a neighborhood of z = z;.

Hence w4 (z;21) are exact solutions to the equation (10) and
- Py (t, h;to, t1) = eiz(‘;tO)/hI\{i(z(t))wi(z(t), h; z(tl)). (14)

define exact solutions to (7). We call ¢.(t, h;to,t1) ezact WKB solutions. (14) are holo-
morphic in a neighborhood of ¢ = ¢, and extended to Q2 analytically because (14) satisfy
(7) with the holomorphic coefficients in 2. We call ¢ the base point of the phase and t;
the base point of the symbol.

The series (13) are also asymptotic expansions as h — 0 in certain domains.



Proposition 3.2. There exist a positive integer N and a positive constant hg such that,
for all h € (0,hy), we have

=

-1
wg (2(t), hi2(t1)) — Y weak(z(t), hi2(t1)) = O (hV),

i
e o

w(2(t), hs 2(t1)) — Y waak-1(2(t), B; 2(t1)) = O (RN,
=0

x

uniformly in Q., where Qi = {t € Q) ; there exists a curve from t; to t along which
*+Rez(t) increases strictly }.

Moreover the Wronskian between two exact WKB solutions W[¢(t), #(t)] = det(4(t) $(t))

is given by w¢:

Proposition 3.3. Linearly independent exact WKB solutions o (t,h;to, 1) and
¢_(t, h;to, ta) satisfy the following Wronskian formula:

w [é.*. (t, h; o, tl), o (t, h;tg, tz)] =2 wi (z(tz); Z(tl)).
In particular, if there exists a curve from t; to ty along which Re z(t) increases strictly,

w [¢+(t,h; tOvtl)» QS—-(tﬂ h; tO:t2)] = 27’(1 + O(h)) .

Notice that the Wronskian is independent of the variable ¢ because the matrix of right-hand
side of (7) is trace-free. The latter claim is evident from Proposition 3.2.

4 Stokes geometry

We introduce the so-called Stokes line, which plays an important role in our problem.

Definition 4.1 (Stokes line). The Stokes lines passing byt =ty in S are defined as the

set:
t
{tES; Im \/V(‘r)2+62d7'=0}.
to

A Stokes line is a level set of the real part of the WKB phase function z(¢t;t) referring
to (16). The turning points are the branch points of z(¢;t0). If Rez(t) increases along
an oriented curve, then this curve is transversal to Stokes lines. Such a curve is called
canonical curve.

We first state the local properties of Stokes lines near a fixed point to € S.

(i) If to is not a turning point, then z(t;t;) is conformal near t = to.

(ii) If to is a turning point of order r € N, that is V(t)2 + 2 = (¢t — to)"V (¢) with
V(0) # 0, then there exist r + 2 Stokes lines emanating from t = to and every angle
between two closest Stokes lines is 2n/(r + 2) at t = to.

15



From the assumptions (A) and (B), Stokes lines are symmetric with respect to the
real axis and the real axis itself is a Stokes line. At infinity in S the Stokes lines are
asymptotic to horizontal lines Imt = const..

If ¢ is sufficiently small, there exist 2n turning points Tj(¢) and Tj(e) (5 = 1,...,n) in
a neighborhood of each root of (V™ (0)/n!)%t2* +£2 = 0. It is possible to take p = p(¢) and
8o properly small, so that S includes only four turning points Ty, T, T}, and T;,. Moreover
the Stokes lines emanating from these turning points are not connected with those from
the other 2n — 4 turning points. Indeed, by Lemma 2.1, we see that the principal terms
of the action integrals for £ small enough have the relation:

max {Im A;(e),Im A, (€)} < min {Im A3(¢),--- ,Im Ap_1(g)},

under the determination of \/V(t)? + €2 the same as the action integral. Therefore, for
sufficiently small €, the Stokes geometry in S is as in Figure 1. Even if the number of
turning points increases, the geometrical structures of the Stokes lines in S is essentially

invariant.
MMm:¢
'T, Re!
- 7 ~0
Figure 1: Stokes geometry
5 Proof

We can express the elements of the scattering matrix by the Wronskians between Jost
solutions. To calculate these Wronskians, we shall take two steps. The first step is that
we construct the exact WKB solutions satisfying the asymptotic condition (2) at infinity.
The second step is that we connect those solutions around the turning points near. the real
axis. In this proceeding, we summarize the result of the first step as Proposition 5.1 and
state the second step.

16



1 )
First of all, by the change of the unknown function ¥(t) = Q¢(t), Q = 3 ( 1 ! ),
(1) is reduced to an equation of the form (7):

hd _ 0 —iV(t)—¢€
7500= (e 97 ) e (15)
In this case, the phase function z(t;to)

tto)—z/ SV +e3dr  (t € S). (16)

Recalling that we take the branch of \/V ()2 + £2 which is € at t = 0, we see that Re z(t)
increases as Imt decreases, and Im z(t) increases as Ret increases around the real axis.

Similarly the branch of
=iV () +¢
H(z(t)) = \/———~_W(t) —

is e™/* at ¢t = 0. We introduce four symbol base points 74, r_, I, I_ and make the branch
cuts as in Figure 2. We write, for short, the exact WKB solutions by

du(t i Tit) = 60(t), ot T tr) = 69 (th),

because the Wronskian calculation is independent of t. Then we sum the first step as
follows:

A Im¢

TI r +*
Ret
—>
- r-
T, *

Figure 2: symbol base points



Proposition 5.1. We obtain the following relations between the Jost solutions and the
exact WKB solutions:

(—A,x,(s) + AI(E))] §5(+1)(T+)(1 + O(h)),

S~

¥i(t) = —Qexp [

v20) = ~iQexp | 57 (Ale) - H)) | 0011+ O(1),

—
Sl

v () = ~Qexp [53 (~A-nl@) + 4x(9) | 20 0+ OB,

90 = ~iQexp |5 (4-x(6) - ) | 82000 + O,

a~|°‘

where
Ax(e) = 2/000 (\/‘7—(?)2-#—‘2 - )\r) dt, A_x(e)= 2/(;0o (-\/V(t)2 +€2 - /\z) dt

and O(h) is uniform for small <.

We can refer to (W] for the proof of this proposition. Now we explain the second step of
connecting the exact WKB solutions around the avoided crossing.

5.1 Transition at the avoided crossing

The elements of the scattering matrix can be expressed by Wronskians.

S= b (W[uﬁ,wil W[wi,wtl)
WL, 7] \ WL ok Wis,el] )

From Proposition 5.1, we obtain the diagonal and off-diagonal elements:
Wiyn, ¢ ' S
WL ¥4 exp [ = (= Aoo(e) = Asole) + Ax(e) + A,,(s))]

WL, $7] 2h |
W[¢(+1)(’I'+), ¢§:) (l+ )]
Wb (r4), 62 (r_)]
ro ,’ A~ A (=N
WL, vl ] = ex [2]7, (A—oo(f) Axc(e) + Ai(e) - An(E)):l

Wi, ¥ ]
WL ), 7))
ww‘”<r+> ¢ (r))

(1 +0(r). (17)

(1+om). @8

In order to know the asymptotic property of the Wronskian of two exact WKB solutions
there should be a canonical curve between their symbol base points (see Proposition 3.3).
If it is not the case, it is necessary to define some intermediate exact WKB solutions.

18



Two Wronskians W(g{"(r1), 6P (r_)], Wie\P(r.), 6™ (1_)] in (18) can be calculated
directly by Proposition 3.3 as follows.

WL (7). 60(0-)] = xp [~ (A166) - e ))} WD), 60 (),
= 2iexp [—ﬁ (Al(s) - m)} wi(2(r-); 2(r4))-
WL (r4), 67(1)] = exp [—ﬂ (4 - T(s))] Wi (), 40,

= Ziexp [—% (Axe) - 74';”(;7)] WS (2(1_); 2(r+))
Therefore we have

Wi (r), 6™ _ _a ] e eo)ia(ry)
W)~ 35 (70 - F0) ey

By Proposition 3.2, we can obtain the asymptotic expansions of these Wronskians as h — 0
for the reason why there exist canonical curves form 7. to either r_ or I_ (see §5.2).

However we must be careful in calculating the Wronskian W[¢m(r+),¢$)(l+)}, be-
cause there exist remarkable differences on the geometrical structures of the Stokes lines
whether n = 1 or n > 2. Therefore we will separately discuss the cases where V(t) has a
simple zero or a zero of higher order.

(19)

5.1.1 Transition at a simple zero

In the case where n = 1, there are two simple turning points Ti(¢) and Ti(e). The
calculation of W[qb(l) (r4), ¢(1)(l+)] is the connection problem at the turning point of order

1 over the branch cut as in Figure 3. Let l+ be the same point as [, but continued from
T+ passing by the branch cut from 7;.

Proposition 5.2, Ifn = 1, we obtain

WL (1), 8 0(1)] = =208 (2(L4); 2(r+)).-

Proof of Proposition 5.2. We can not apply Proposition 3.3 to this calculation directly.
Therefore we consider the following lemma, which give the relation between exact WKB
solutions on the different Riemann surfaces.

Lemma 5.1. Let T be a simple turning point and t; # T sufficiently close to T. Then

iz (t; Tk, 1) (T is a zero of V(t) — i¢),

6T, T + (t — T)e ™) = .
o+( (ta )™ ™) { —ipz(t; T, 1) (T is a zero of V(t) + ic).

19



Figure 3: Stokes geometry n =1

T, is a simple zero of V(t) — ¢=. Since [, is obtained from [, after turning clockwise
around T}, one has from Lemma 5.1. qﬁg_l')(h,) = i¢(_1)(z+). Hence

WiBL (r1), 60 (1)) = WL (r4), 60 ().
We apply Proposition 3.3 to this Wronskian then Proposition 5.2 is obtained. g

Hence the Wronskian of the exact WKB solutions in (17) is given by

W) e . [ Wl (2(04); 2(r+))
W), 80w O] S e

For the syrqbol base i+ on the another Riemann surface, there exists a canonical curve
from 74 to [, passing through the branch cut (see §5.2).

5.1.2 Transition at a zero of higher order

In case n > 2, the geometrical structures of the Stokes lines emanating from four turning
points T, Tn, Ti and T, are classified into three cases Re z(T1) > Rez(T ), Rez(Th) =
Re z(T,,) and Re z(T1) < Re z(T,) (see Figure 4, 5, 6).

We introduce the two symbol base points § and & on the imaginary axis such that

max{Re z(T2), Re z(Tn-1)} < Re z(8) < min{Re z(T1), Re 2(T3,)}.

Then we can consider linearly independent intermediate exact WKB solutions (¢+ (t; T4, 8),
¢-(t;T1,98)) and (¢+(t; Tn,6), ¢-(t;:Tn,0)). Let [, #4 be the same point as iy, r4+ but
continued from ¢ passing through the branch cuts as in Figure 2. Then one see that
e =To+ (4 —Ta)e * and ry =T} + (71 — T1)e®™.

20
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A lm¢ A m¢ Alm¢

A X N,

Figure 4: Re2(T5;T1) <0 Figure 5: Rez(Ty;T1) =0 Figure 6: Rez(Ty;T1) > 0

Proposition 5.3. If n > 2, we obtain

(1) W0 v o f e WE(E(0); 2(r ))w‘i(Z(ll);2(5))e 2(Tn; Th)
W[¢+ (T+)a¢+ (l+)] = -2 (( 1) % wi(:(g),z(é)) — xp[ A ]

wt (2@ 2(l))us (=71 20)) [ =(T1; )
* wt ((0); 2(8)) ”[ h D

Proof. The exact WKB solutions ¢, (t; Ty, 6), ¢_(t;T1,8), ¢.(t:Tn,d) and ¢_(¢; Ty, )
have the well-defined semiclassical asymptotic expansions in the direction from the sym-
bol base points to the phase base points. The pairs of (¢ (t;71,6),4_(t;T1,8)) and
(¢+4(t; Tn, 6), ¢ (t; Tn, 6)) are fundamental bases of the space of solutions each other. So
¢+ (t;T1,74) and ¢4 (¢; Tn,l4) are written by the linear combinations:

W,y - WL ), 60 @) 0y 5 WIS (0),60(r)] ) 5

)= wieD(8),6D @) @ wis(8),61 (@) ©
(n) (n),/x (n) ((n)

¢S1—1)(l+) - W[¢+ (l+)7¢— (5)] (n)(5)+ W[¢+ (6)a‘b+ (l+)}¢(_n)(5)

n) /5 + ‘ (n) 7
Wiel (6),6™(5)) Wi (6).42(3)]
These Wronskian calculations are same as the connection at the turning point of order
1. Notice that turning point Th(¢) is a zero of V(¢) — ic when n is odd and that of
V(t) + ic when n is even. By Lemma 5.1, we have ¢(+1)(r+) = —’i¢(_1)(7“'+), ¢(f)(l+) =
(—1)"“'i¢(_n)(f+) and then, by Proposition 3.3,

W,y Wi E0):z(re)) y, o wE(E(F)i200) ) 5
e T O AR O R
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(n) = M () n+l; w (2 (i1); 2(5)) (n) %
P = @) O T ey & O

_ wi(z(g_)sz(l+))ez(T1;T,,)/h (1) n+ly w+( (lf) (5)) =(TniTy)/h (1) (3
Wt (:0):2(0)) o)+ Ay e PO ®),

From these relations, we have Proposition 5.3.

Applying Proposition 5.3, we have

WD), 60 i, 1
WieD 0,600y O 5 (R0 + =0 GG

) ((—1)"+1wi(2(5);Z(r+))wi(Z(f+);z(6))

w? (2(8); 2(5)) exp [%An(s)]

W (O) )t (P 2(6) [,
S U F O e [ LS )

Note that there exists a canonical curve for each Wronskian calculation (see §5.2).

5.2 Asymptotics of the Wronskians as h — 0

About the calculations of the asymptotic expansions of the Wronskian (19), (20), (21) as
h — 0, we must pay attention to the distance between the canonical curve and the turning
points on the complex z-plane because z = z(Tj) are simple poles of H'(2)/H(z). We give
the figures of the canonical curve on the complex z-plane, where the phase base point is
equal to 0.

For the Wronskian in (19), the canonical curve from 2(r.) to z(l_) passes between
z(T1) and 2(T}) as in Figure 7. Therefore we get

e . . —_— h
w+(z(l_)’z(r+))_l+O(Rez(T1)—Rez(T1)) as h — 0.

By Lemma 2.1, we have
Rez(ﬁ)—Rez(Tl):O(s%l) as € — 0.

In case n = 1, for the Wronskian in (20), the canonical curve from z(ry) to z(i})
through the branch cut passes over z(T}) as in Figure 8.

wé (2(l4);2(r1)) =14+0(h) ash—0.

Therefore we obtain, in case n = 1,

P(e,h) = exp [—%ImAl(s)] (1+O0(h) s h—o.
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Figure 7: n > 2, Rez(T,) = Re 2(T}) - Figure 8: n=1

In case n > 2 and Re 2(T,.) = Re 2(T}), for the Wronskians in (21), the canonical curve
from z(8) to z(6) passes between z(T) and z(Ty,), the canonical curve from z(r,) to 2(8)
passes between 2(T}) and z(T1) and the canonical curve from z(6) to z(r4) through the
branch cut passes between z(T}) and z(73) as in Figure 7. Therefore we get

e (. (5\. _ h ’
W (05 20) = 1+0 (gt ) as h—0,
h
we (2(8); z =140 — h—0,
L)t = 140 () wh—0,
€ (z(r.); = h -
wi(2(74);2(6)) = 1 +O(Rez(T1)-—Rez(_T2) as h — 0.
By Lemma 2.1, we have
Imz(Tl)—Imz(Tn)=o(s'-‘i~‘) ase — 0,
Rez(TT)——Rez(Tl):O(slx‘l) as e — 0,
Rez(T}) — Rez(Tp) = O (E%I) ase — 0.
Hence we obtain Theorem 2.1 in case n > 2
, , 2
: h h
P(e,h) = |exp [%Al(g)] + (-1)** exp [%An(s)} (1 +0 (——,;j)) as —7 — 0.
. g n En

We remark that there exists the canonical curve from I, to 7, in the case Re z(T},) <
Rez(T:) as in Figure 9. The Wronskian can be calculated without intermediate exact
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WKB solutions as follows:

Wi (1), 607 (1)] = exp [5-,; (Ai(e) ~ A,,(a»] WL (r), 61 (10))
= —iexp [ (A1(e) = An(e) | w57 )i (1)
wi(2(F1);2(l4)) =140 (Rez(Tl)fRez(Tn)> as h — 0.

By Lemma 2.1, we have

Rez(T) — Re 2(T,) = O(e"*2™/™y  ase 0.

The asymptotic expansions (6), (5) in Proposition 2.1 imply that P(¢,h) in case n > 2
can be calculated as in case n = 1 when h goes to 0 faster than £("*+2™)/" tends to 0 (see

Figure 4).
L g
+ .‘\

..,
.,

Vv Re?

Figure 9: n > 2, Re 2(T},) < Re z(T})
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