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Abstract. In this article we survey the fundamental theory of the exact WKB
analysis, that is, the WKB analysis based on the Borel resummation method.
Starting with the exact WKB analysis for second order linear ordinary differ-
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Some recent developments of the theory such as the exact WKB analysis for
completely integrable systems are also briefly discussed.
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1. Introduction

Since the very beginning of the quantum mechanics, the WKB (Wentzel-Kramers-
Brillouin) approximation has been employed to obtain approximate eigenfunctions
and solve the eigenvalue problems for Schrédinger equations. The (full-order) WKB
approximations provide formal solutions (with respect to the Planck constant) of
Schrédinger equations but, as they are divergent in almost all cases, they were
not so often used in rigorous mathematical analysis. Around 1980, using the Borel
resummed WKB solutions, Voros ([36]) successfully studied spectral functions of
quartic oscillators and also Silverstone ([33]) discussed the WKB-type connection
problem more rigorously. After their pioneering works, Pham, Delabaere and oth-
ers (cf., e.g., [30], [9], [11], [12], [13]) have developed this new kind of WKB analysis
(sometimes called “exact WKB analysis” or “complex WKB analysis”) based on
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the Borel resummation technique with the aid of Ecalle’s theory of resurgent func-
tions ([14], [15], [16], see also [32]). At present it turns out that the exact WKB
analysis is very efficient not only for eigenvalue problems of Schrédinger equations
but also for the global study of differential equations in the complex domain.

In this article, mainly using some concrete and illuminating examples, we
explain the fundamental theory of the exact WKB analysis, its application to the
global study of differential equations in the complex domain, and some recent
developments of the theory.

The explanation will be done basically by following our monographs [27]
and [25]. To be more specific, the article is organized as follows: We first discuss
the exact WKB analysis for second order linear ordinary differential equations of
Schrédinger type

(;i ~ Q@) v =0, (1)

where Q(z) is a polynomial or a rational function and 7 denotes the inverse of
the Planck constant (and hence a large parameter). Starting with the definition of
WKB solutions, we introduce the Stokes geometry and explain the fundamental
theorems of the exact WKB analysis, in particular, Voros’ connection formula for
Borel resummed WKB solutions, the most important result in the theory, in Sec-
tion 2. Then, after illustrating an outline of the proof of the fundamental theorems
in Section 3, we discuss its application to the computation of monodromy groups
of Fuchsian equations (Section 4) and wall crossing formulas for WKB solutions
with respect to the change of parameters contained in the equation (Section 5).
In the latter part of the article, we consider generalizations of the exact WKB
analysis to higher order linear ordinary differential equations of the form

am dm—l
(s 1 0) g 1" oml)) 0 =0 (12)
In Section 6 we discuss the problem of new Stokes curves pointed out by Berk-
Nevins-Roberts ([8]), which is peculiar to higher order equations, and introduce the
notion of virtual turning points with the help of the theory of microlocal analysis
to treat new Stokes curves in a more intrinsic manner. Finally, in Section 7, we
explain some recent developments of the theory such as the exact WKB analysis for
completely integrable systems. These recent developments are also closely related
to the problem of new Stokes curves and virtual turning points for higher order
equations.
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2. Exact WKB analysis for second order linear ODEs of
Schrodinger type

2.1. WKB solutions

Let us first discuss the exact WKB analysis for second order linear ordinary dif-
ferential equations of Schréodinger type

(di ~ Q@) v =0, (21)

where Q(z) is a polynomial or a rational function. Throughout this article n de-
notes a large parameter and is often assumed to be real and positive.

Definition 2.1. A WKB solution of (2.1) is a formal solution of the following form:

b(a,n) = exp(nyo(x Z W ()~ ), (2:2)

where yo(z) and 1, (x) are suitable analytic functions of z and « > 0 is a constant.

In the case of (2.1) WKB solutions can be readily constructed in the following
way: Assume that a solution of (2.1) has the form

wlan) =exp [ S(an)d. (23
then S(x,n) should satisfy
o, dS Lo -
S* 4+ ikl Q(x) (“Riccati equation”). (2.4)

We further suppose that S = S(z,7) can be expanded as S = nS_1(z) + So(z) +
n~1S1(z) + - --. It then follows from (2.4) that

(5-1)* = Q(x), (2.5)
- dS,

28 181+ > SkSnk+—— =0 (n=-1,0,1,...). (2.6)
k=0 dx

That is, once S_; = +1/Q(z) is fixed, we obtain two solutions S (z,n) of (2.4)
in a recursive manner.

Remark 2.2. Let us denote S4 as S+ = £S5,4d + Seven, then the following relation
is readily confirmed.

dS, . 1d
dxdd =0, 1ie, Seven=—=—10gSodq- (2.7)

2SoddSeven + 2 dx
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Thus for Eq. (2.1) we obtain the following WKB solutions:

1 x
Ya(z,m) = exp (i/ Sodddx)
Sodd zo

= exp (7 / ) VQ(@)dr) > i ala ), (28)
Zo n=0

where g is an arbitrarily chosen reference point.
Unfortunately WKB solutions are, in general, divergent. In fact, the following
holds.

Proposition 2.3. (i) Each S, (z) and ¥+ n(x) are holomorphic on
U :={z e C|Q(z) is holomorphic near x and Q(x) # 0 }. (2.9)

(ii) For any compact set K in U, there exist positive constants Ax and Ck satis-
fying
[Sn(2)| < AxCgnl, |1 n(z)] < AxCgn! (x € K) (2.10)
for any n.
To give an analytic meaning to WKB solutions, we employ the Borel resum-

mation technique (or the Borel-Laplace method) with respect to a large parameter
7 in the exact WKB analysis.

Definition 2.4. Let 1 > 0 be a large parameter. For an infinite series f = exp(nyo)
> >0 fan~ ™+ (@ > 0, yo, fn : constants), we define

—  fn -
fsy) =Y —"—(y+y0)"T* ' : Borel transform of f, (2.11)
b ;J T(n+a)” %
F) :/°° eV fs(y)dy  : Borel sum of f, (2.12)

—Yo
provided that they are well-defined. Here I'(s) denotes Euler’s I'-function and the
integration path of (2.12) is taken to be parallel to the positive real axis.

See, e.g., [7], [10] for the details of the Borel-Laplace method. Here we only
refer the following very fundamental properties of the Borel transform and the
Borel sum.

Proposition 2.5. (i) If f is convergent, then (y+vo) = f(y) is an entire function
of exponential type. In this case the Borel sum F(n) of f is well-defined for a
sufficiently large n > 0 and coincides with the original f.

(ii) If f is Borel summable, that is,

fn
0 T

(b) fB(y) can be analytically continued along the integration path of the
Borel sum, and

(y + yo)™ is convergent in a neighborhood of y = —ypo,
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(c) / e Y fp(y)dy exists for a sufficiently large n > 0,
—Yo

then the following asymptotic formula holds :

exp(—nyo)n“F(n Z fan™™ (n>0,n— 00). (2.13)

Proposition 2.6. For ¢(z,7) = exp(nyo(z)) X, >0 ¥n(2)n~ "+ (a > 0,a € Z)
the following formulas hold : B

(i) [%w]B = a%“’B'
(i) [Umw}Bz (%)ml/JB (m=1,2,...).
00 (4], =Gt [ o= ente (= () o)

Furthermore, for 1 = S b (x)n~ ) and ¢ = 3 @, ()= "F) (a, B > 0) we
have

Yy
(iv) [W} L =B xUp = /O ep(x,y—y )s(x,y)dy .

2.2. WKB solutions of the Airy equation and their Borel transforms

To investigate properties of the Borel transform of WKB solutions, we consider
WKB solutions of the Airy equation in this subsection.

Ezample. (Airy equation) Let us consider the Airy equation

(£ ) om0 18

and its WKB solutions normalized at £ = 0

1
= ex Sodadx | = exp(=+ _(”+1/2), 2.15
(o NG p( / odd > p(£nyo(z ;}wi (2.15)
where yo(z) = [ Vads = (2/3)z 3/2. We compute the Borel transform of (2.15)
explicitly.

By the recursion formulas (2.5)-(2.6) we easily find that each coefficient
Sp(x) of the formal power series solution of the Riccati equation associated with
(2.14) has the form S,, = ¢z~ 1~ (3/2" with some constant ¢, (n = —1,0,1,...).
This implies that each coefficient 11 ,(z) of (2.15) also has the form ¢y, =
di,nx’1/4’(3/2)” with another constant dy , (n = 0,1,2,...). Hence the Borel
transform ¢4 g(x,y) can be written as

de y L2\ 1 —3/2
Vi.5(,Y) ZFn+1/2 pyE R = —ox(yz™7)  (2.16)
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with ¢4 (t) being an analytic function of one variable t = yz~3/2. On the other
hand, since ¥4 is a solution of (2.14), it follows from Proposition 2.6, (ii) that
¥+ p(z,y) should satisfy

0? 0?
= =0. 2.1
<8x2 $8y2> Y p(z,y) =0 (2.17)
Consequently we obtain the following ODE for ¢ (¢):
9,\d*> 27 d

or, employing a change of variable s = 3t/4 + 1/2,
d? 3 d 8
1) (f— )7_7 —0. 2.1
<8( S)ds2 * 2 35 ds 9) ¢+ =0 (2.19)
Eq. (2.19) is nothing but Gauss’ hypergeometric equation (with the parameter
(v, B,7v) = (4/3,2/3,3/2)). Thus we have the following expression for 1 g(z,y):
V3 1
Vi.B(,y) = N

V31
21 x
where F(a, 3,7; z) denotes Gauss’ hypergeometric function and s = 3yz—3/2/4 +
1/2.

sTV2F (5/6,1/6,1/2; s), (2.20)

Y- p(z,y) = (1—s)"Y2F (5/6,1/6,1/2; 1 —s), (2.21)

Using this expression (2.20)-(2.21), we can deduce the following important
properties of WKB solutions of the Airy equation.

Property (A). In addition to the reference point (singularity) y = —yo(z) =
—(2/3)23/2, 4, p(x,y) has a singularity also at y = yo(x) = (2/3)2*2. This
singularity is sometimes called a “movable singularity”, since its relative location
with respect to the reference point moves according as x varies.

Property (B). The Borel sum ¥, (z,7n) is well-defined as long as S (—yo(x)) #
Syo(z), that is, provided that z does not belong to the set { 323/ = 0}, whereas
it is not defined on {%x‘a’/ 2 = 0} where the movable singularity is located on the
integration path of the Borel sum.

Property (C). The set {3 23/2 = 0} defined above consists of three half-lines
emanating from the origin in z-plane. If we consider the analytic continuation
of the Borel sum ¥, (z,n) across one of them, say, the positive real axis, then
U, (z,m) becomes the sum of the two Laplace integrals of ¢4 p(z,y) along T';
(j =0,1) described in Figure 1.

Property (D). After the analytic continuation across the positive real axis, the
Borel sum ¥ (z,7n) becomes the following

Uy~ U 40 (2.22)
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Yy ~v+ (path of analytic continuation from above)

~v— (path of analytic continuation from below)

_2.3/2 Iy
3

Figure 1 : Integration paths I'g and 'y (wiggly lines designate cuts
to define a multi-valued analytic function 4 g(z,y)).

that is, a Stokes phenomenon occurs for ¥, (z,n) on the positive real axis. Formula
(2.22) is often called the “connection formula” for ¥, (z,7).

The connection formula (2.22) is a direct consequence of Property (C) and
the following discontinuity formula for the Borel transform v g(z,y):

Dymyo(x) V4,82, y) = i p(z,y), (2.23)

where the discontinuity (or the “alien derivative” in the sense of Ecalle) of ¢ p(z,y)
is defined as follows:

Ay:yo(m) 1/}+,B(x7y) = (7+)*¢+,B(‘777y) - (7*)*w+,3(‘7‘.7 y)7 (224)

where (v4)«¢+ p denotes the analytic continuation of ¢4 p along 4, that is, the
discontinuity is the difference between the analytic continuations of 4 p(x,y)
above the cut and below the cut (cf. Figure 1). Note that in the case of the Airy
equation the discontinuity formula (2.23) immediately follows from the expression
(2.20)-(2.21) and Gauss’ formula for hypergeometric functions:

sTY2F (5/6,1/6,1/2; s) = % (1—s)"Y2F (5/6,1/6,1/2; 1 —s)
1
+ 7 F(4/3,2/3,3/2; 1 —5) (2.25)
(cf. [17, p.105, 2.9(1)-2.9(24) and p.108, 2.10(1)]).

2.3. Stokes geometry and connection formula

Taking into account Properties (A)-(D) for the Airy equation observed in the
preceding subsection, we introduce the notion of turning points and Stokes curves
for (2.1) as follows:
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Definition 2.7. (i) A zero of Q(x) is called a turning point of (2.1). In particular,
a simple zero of Q(z) is called a simple turning point of (2.1).

(ii) A Stokes curve of (2.1) is, by definition, an integral curve of the vector field
(or, more precisely, the direction field) &'y/Q(z)dz = 0 emanating from a turning
point, that is, a curve defined by

R /x VQ(z)dz =0, (2.26)

where @ is a turning point of (2.1).

In the case of the Airy equation (2.14) the origin is the unique turning point (which
is simple) and the Stokes curves are given by { S2%/2 =0}.

=

Q) =2* — 1 Q) =1- 22
z(x —1)

Q) =2 —1 O = G D2 )

Figure 2 : Several examples of the Stokes geometry.

In what follows we usually assume the following non-degenerate condition:

Condition (ND). There is no Stokes curve of (2.1) which connects two turning
points. In other words, every Stokes curve of (2.1) emanating from a turning point
flows into a singular point of Q(x).

Then, in parallel with the case of the Airy equation, the following fundamental
theorems do hold for a second order equation (2.1) under Condition (ND).

Theorem 2.8. Assume Condition (ND). Then WKB solutions ¥4 (x,n) are Borel
summable except on Stokes curves.
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Theorem 2.9. (Voros [36]) Let x = a be a simple turning point of (2.1). Then,
for WKB solutions

Vi (z,m) = J;iddeXp (i/ Sodddx> (2.27)

2.1) normalized at x = a, the following properties hold in a neighborhood of

Ay:yo(m) 'l/}Jr,B(‘T» y) = i?l),’B(iL', y)a Ay:—yg(m) 1/)—,3(% y) = Z.d}Jr,B(xv y) (228)

(iii) On a Stokes curve T' emanating from x = a the following connection formula

y = —yo(x)

Figure 3 : Singularity locus of ¥+ g(x,y) near a simple turning point
T =a.

holds for the Borel sums ¥y of ¥4

Type (+): When %f; VQ(x)dx > 0 holds on T, that is, 1y is dominant over
_ there, then
Uy~ Uy 00, W_ o~ W, (2.29)
Type (—): When ﬂ?faz v/ Q(z)dx < 0 holds on T, that is, 1¥_ is dominant over
1y there, then
\IJ+ ~ \I/+, \I/, ~ \ij + Z\I/+ (230)
Here the sign £ depends on which direction one crosses the Stokes curve I'. To
be more precise, when one crosses I' in an anticlockwise (resp., clockwise) manner
viewed from x = a, we adopt the sign + (resp., —).
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3. Proof of the fundamental theorems
In this section we explain an outline of the proof of Theorems 2.8 and 2.9.

3.1. Proof of Theorem 2.8

First, following the argument of Koike-Schifke [28] and using in part an idea of
Costin [10], we explain the proof of Theorem 2.8.

The central step is to verify the Borel summability of formal power series
solutions of the Riccati equation

L] (31)

For the sake of simplicity we assume @Q(z) is a polynomial and consider the Borel
summability of S(x,n) = Si(x,n) only. We now write S(z,n) as

S? +

S(xz,n) =nS_1(x) + So(x) + T(z,n), T(z,m) = Z Sy (x)n™™. (3.2)

Then T'(x,n) satisfies
T

—- +25(nT = 1) + 20T + T2 =0. (3.3)
In view of Proposition 2.6, the Borel transform Tz of T satisfies
oT; oT;
= Q(x) a—j +280(2)Tg + Tg *Tp =0, Tg(z,0)=Si(z). (3.4)

Since holomorphic solutions of (3.4) are unique near y = 0, it suffices to show
the existence of a global holomorphic solution of (3.4) near the positive real axis

Ry={y=0}
Definition 3.1. Let K be a compact subset of U = {z € C|Q(z) # 0}. For a point
ro € K we define

Iy, = {xe@\%/£ VQ(z)dx =0},

ri ::{azeFmo\ﬂ?/w\/Q(x)daezo} U {zo},

Re= o, E® = )1,
zeK zeK

Theorem 3.2. Let Q(x) be a polynomial of degree d and K be a compact subset of
U={2eC|Q(z)#0}. If K does not contain a turning point in its closure,
the following hold :
(i) Ts(z,y) is holomorphic in Q = K() x {y|dist(y,Ry) < 8} for a sufficiently
small number § > 0.
(ii) There exist positive constants Cy and Co that satisfy

Ch .
|TB(xay)| S W 602@‘ in Q. (35)
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The proof of Theorem 3.2 consists of four steps.

Step 1. We employ the so-called Liouville transformation defined by

z2(x) = /$ VQ(z)d. (3.6)

Writing Ts(z,y) = u(z,y), we find that u(z,y) satisfies
ou ou

5 +2a—y +241(2)u+ Az (2)uxu =0, u(z,0) = Ao(z2), (3.7)
where
So(x) 1
Ap(z(x)) = S1(x), Ai(z(x)) = , Ax(z(x)) = . .
o(2(2)) (2) (2(x)) 00 (2(x)) o0 (3.8)

Step 2. By using a linear change of variables s = 2z — y,t = y and integrating
(3.7) once with respect to the variable ¢, we can convert (3.7) into the following
integral equation:

o = e )= [ (e 52l 55 )
/

_;/OyAQ(z—y;yl)(u*u)(z—ygy,y/)dy/« (3.9)

Step 3. To discuss the existence of solutions of (3.9), we introduce the following
domains:

O (K,8) == {z e C|dist(2,2(K)) <8}, (3.10)

R := {(z,y) € C?|dist(y,Ry) < § and the segment [z, z — y/2]
is contained in Q7 (K, ¢) }. (3.11)

Note that R is star-shaped with respect to the variable y (i.e., (z,y) € R implies
(2,0y) € R for any 6 € [0,1]) and that

(KO x {yeC|dist(y,Ry) <} C R

holds. Furthermore, if § > 0 is sufficiently small, we may assume that A;(z) (j =
0,1,2) are holomorphic and bounded in the closure of Q™ (K, ).
In what follows we solve the integral equation (3.9) in R.

Step 4. Let

O, = {u(z,y) ‘ w is holomorphic in R and

y !’
lullx := sup / lu(z,y")|e ¥ dly'| < oo }, (3.12)
(z,y)€ER JO

where A > 0 is a parameter. Then we can prove
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Proposition 3.3. O, is a Banach algebra with respect to the convolution x, that is,
O, is a Banach space and the following holds :

Ifu,v € Oy, thenuxv € Oy and ||u=*v||x < |lul|r]v]|x- (3.13)
Proposition 3.4. Let F(u) denote the right-hand side of (3.9), that is,

R R = =y o

3l e (e ) s

Then F(u) defines a contractive mapping from {u € Oy |||ul|x < 1} to itself when
A > 0 is sufficiently large.

Therefore the contractive mapping principle provides us with a (unique) holo-
morphic solution of (3.9) in R D z(I/(\’(*)) x {y € C|dist(y,Ry) < d}. The ex-
ponential estimate (3.5) for its solution can be obtained by repeating the above
argument after replacing T by T = (x — x1)¥?H2T (2, € I?(_)) and further by
using the boundedness of the norm |lul| of the solution.

Theorem 3.2 assures the Borel summability of formal power series solutions
Sy (z,m) of the Riccati equation. Once the Borel summability of Sy (x,7) is estab-
lished, then the Borel summability of WKB solutions

1 T
¢i (1'7 77) = eXp (i / Sodddx>
Sodd To

of (2.1) can be confirmed by the following argument:

(I) When the integration path from xo to = does not cross any Stokes curve, then
the Borel summability of ¥+ immediately follows from Theorem 3.2.

(IT) Even when the integration path crosses several Stokes curves, if we deform
the integration path in such a way that

at every crossing point & of the integration path with a Stokes curve

I', we avoid the crossing with I and go to x = oo along one side of T’

and then return to x = & along the other side of T,

then the Borel summability of ¥4 is ensured by Theorem 3.2 also in this case.
Note that Condition (ND) guarantees that such a deformation of the integration
path is always possible.

This is an outline of the proof of Theorem 2.8. See [28] for more details of
the discussion.

3.2. Proof of Theorem 2.9

To prove Theorem 2.9, we make use of the transformation theory to the Airy
equation developed in [4], [27, Chapter 2].
Let us consider

(s - #0@) d =0 5T5)
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and apply a change of variable x = x(Z) to (?:\1/5) If we further employ a change
of unknown function ¢(z) = (dz/dz)~"/?y(x(z)), then (3.15) is transformed to

2
(o~ Q@ ) v =0 (3.15)
with don 2 )
Q@) = (%) Q@) - 5w ). (3.16)

Here {x; #} stands for the Schwarzian derivative:
. dz/di® 3 d%x/di*\?2
{z;2} = — — - ( - ) .
dx/dZ 2\ dz/dZ

Taking this relation into account, we introduce the following terminology.

Definition 3.5. We say that (3.15) is transformed (in the sense of exact WKB anal-
ysis) to (3.15) at T = & if there exists an infinite series z(Z,1) = >, <o zn(T)n™"
that satisfies the following conditions: a

(i) 2,(Z) is holomorphic in a fixed neighborhood U of & = & (i.e., U is indepen-

dent of n).
(ii) The following relation holds (as formal power series of n~1):
~ ox , 2 ~ 1 50 . _
Q@) = (5@ ) Q@ m) - 30 w(@n): 7). (3.17)

Under this terminology we can prove the following

Theorem 3.6. Let T = a be a simple turning point of

(s - 0@ ) d=o. (315)

dz?

that is, @ is a simple zero of Q(&). Then at & = a (3.15) can be transformed (in
the sense of exact WKB analysis) to the Airy equation

ﬁ —n?z |y =0 (3.18)
7z =0. .
Theorem 3.6 is proved by constructing x(%,7n) = xo(%) + 21(Z)n~! +--- that

satisfies
ox

Q@) = (o) w@m) — g (a0 2} (319)

in a recursive manner. For example, the top order part zo(Z) is given by

i 2/3
x0(%) = (;/ \/ Q%) d§:> (3.20)

and the higher order part z,,(Z) is determined by solving a first order ODE of the
form

<2x0d + 1) x, = (given), i.e., (22’52 + 1) x, = (given)
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degree by degree. Here z denotes a new independent variable z = x(Z). Note that
2, (Z) identically vanishes for an odd integer n and also that x,(Z) satisfies the
estimate

|z, (T)] < AC™n! (3.21)

for some positive constants A,C’' > 0 in a fixed neighborhood U of & = a.

Thus Eq. (3.15) is transformed to the Airy equation (3.18) near a simple
turning point a by the formal coordinate transformation x = (&, n). Furthermore,
in the current situation we can verify the following relation between WKB solutions
of (3.15) and those of (3.18) in all orders of 5~

_ Oz —1/2 }
be@m) = (55)  vx@n).m). (3.22)
where 91 and ¢ are WKB solutions of (3.15) and (3.18) normalized at the
turning points in question, respectively:

Vi(E,n) = \/Sliexp (i / Sodddgz>, (3.23)
odd a

1 x
Yir(z,m) = exp <:|:/ S, ddda:) . (3.24)
VSodd o
Theorem 2.9 is proved by considering the Borel transform of both sides of (3.22).
As a matter of fact, the multiplication operator n~! turns out to be an integral
operator (9/0y)~! via the Borel transformation in view of Proposition 2.6. Thus,
using the Taylor expansion, we find that the Borel transform of (3.22) is expressed
as

Vi p(7,y) =
(552 () ) S LS (L) ) (o ) sl
=0 Y n=0 i>1 y

(3.25)

As [6, Appendix C] shows, if we use (x,y) = (zo(Z),y) as new independent vari-
ables instead of (Z,y), the right-hand side of (3.25) can be expressed also as

/y Koy — o D)o ne ) dy = L, L (D) s plary)  (3.26)
" Y yaax +,B\L,Y Y . 78%‘, 8:1/ +,B\L,Y .

with some integro-differential operator L = L(z,d/dz,(9/dy)~1). The operator L
is what is called a “microdifferential operator” in the theory of microlocal analysis
(cf. [31]). As its consequence, it turns out that L does not change the location of
singularities of the operand. Hence, since the singular points of ¥4 p(x,y) are

xr 2 .
y::l:/ ﬁdm:i§x3/2
0
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(cf. Property (A) in Section 2.2), the singular points of izin((f, y) are also confined

to
):i/; V@) i = +40(3).

Furthermore, the discontinuity formula (2.28) of ¥4 p(Z,y) is also confirmed as

2
y = i§$3/2

z=x0(Z

Doymyo(e) V4.8(8,Y) = Dymyo@) (L4,B)

r=x0(Z)

= LOygpnten|
r=z0(Z)

=i p(Z,y). (3:27)

r=z0(Z)

= L(iy- B)

Thus we have verified Theorem 2.9, (i),(ii). For more details we refer the reader
to [27, Chapter 2]. More recently Kamimoto and Koike [26] have proved the Borel
summability of the transformation series = x(Z, n), which guarantees that the
connection formula (2.29)-(2.30) for the WKB solutions (2.27) of (2.1) is derived
from that of the Airy equation. This completes the proof of Theorem 2.9.

4. Application — Computation of monodromy representations of
Fuchsian equations

In this section, as an application of the exact WKB analysis, let us compute the
monodromy representations of second order equations of the form

d? 9
(s~ a)) v =0 (4.1)
with
Qz) = Cf;((;))Q (F(z),G(z) : polynomials). (4.2)
In what follows we assume that
deg F' = 2g + 2, F(z)=(x—ao)-- (z — azg+1),
degG =g+ 2, G(z)=(x—bo) - (& —bgy1)

for some non-negative integer g > 0 and that all a; and b, are mutually distinct.
Then the set of singular points of (4.1) is given by

S={bo,---,bgs1,bg42 = 00 }

and all singular points become regular singular. Thus Eq. (4.1) is the so-called
Fuchsian equation.

Remark 4.1. When g = 0, (4.1) is equivalent to Gauss’ hypergeometric equation.
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For such a Fuchsian equation the monodromy representation is naturally
defined: Take a base point 7o € P!(C) \ S and a fundamental system of solutions
(o, 101) around xq. For any closed path v in P}(C) \ & emanating from zy we
consider analytic continuation of (g, 1) along ~:

(Yo, 1b1) near g ~ (Yo, V1) = (Yo, 1) "A, (4.3)

analytic continuation
along ~

where A, is an invertible 2 x 2 constant matrix. Then the monodromy represen-
tation of (4.1) is, by definition, the algebraic homomorphism

m(PHC)\S,70) 3 [7] — A, € GLy(C), (4.4)

where 71 designates the fundamental group.

From now on we compute the monodromy representation of (4.1) by making
use of WKB solutions. Before doing the computation, we prepare one proposition
which is concerned with the behavior of WKB solutions at a regular singular point.

Proposition 4.2. At each regular singular point © = by, Seaqa(x,n) has a pole of
order 1 and its residue there is explicitly given by

1
Res Soad(z,n) = cany |1+ —5n72, (4.5)
z=by, 4c;,

where ¢, = Resy—p, \/Q(x). (For k = g+2 we define cg12 = Resc—o(—+/Q(1/¢)/().)

We explain the computation by using the following example discussed in [27,
Chapter 3].

Ezxample. Let us consider

< &P @ -9 - 1/9)) oo,

dzz " (23 — exp(im/8))?

In this case ¢ = 1 and we number turning points and regular singular points as
follows:

(4.6)

(10:73, 0,1:71/3, a2:1/3, a3:3,
by = exp(33im/24), by = exp(im/24), by = exp(17imw/24), b3 = .

The Stokes geometry of (4.6) is described in Figure 4. As is shown in Figure 4,
we take a base point xg between ag and a; and use (the Borel sums of) WKB

solutions
1 €T
= — :t SO d 4.7
{1 T)dd exp( LO dd 96) ( )

as a fundamental system of solutions around z(. In Figure 4, for the later use, we
draw (in blue) a path C} (0 < k < g + 2) of analytic continuation which starts
from zy and returns to xy after encircling a regular singular point b, once in an
anticlockwise manner, and also (in red) a path v; (0 < j < 2g + 1) which starts
from x¢ and ends at a turning point a;. Note that the branch of \/Q(x) is chosen
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Figure 4 : Stokes geometry of Eq. (4.6)
(wiggly lines designate cuts to define 1/Q(x)).

here so that y/@Q(x) ~ 1/x holds near x = co. This choice of the branch of \/Q(x)

assures
§R61,§R62>0, §RCQ,§R03<0

and hence it follows from Proposition 4.2 that on a Stokes curve flowing into b; or
by (resp., by or bs) the connection formula (2.30) of type (—) (resp., (2.29) of type
(4)) holds. In what follows we also use the following notations:

1/;6IE ‘= exp <iﬂ(1i\/4cin2+1)) (k=0,...,9+2), (4.8)

Uj = exp (2/ Soddd:c> . Uk = uj_luk (j,k=0,...,2g+1). (4.9)
Vi

Computation of monodromy matrices A along CY

Since 71 (PY(C) \ S,z0) is generated by Cj, it suffices to compute a mon-
odromy matrix Ay = Ag, along Cy (k = 0,1,2,3). Let us first consider the
computation of Ay along Cs.

As is shown in Figure 4, Cy crosses three Stokes curves and at each crossing
point a Stokes phenomenon described by Theorem 2.9 occurs. For example, at the
first crossing point Cy crosses a Stokes curve emanating from a turning point a;.
Note that on this Stokes curve the connection formula (2.30) of type (—) holds, as
was noted before. Since (2.30) is described in terms of the WKB solutions

o _ 1 / ’
= + Sodad 4.10
o V' Sodd P ( ar 4 x> (410
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normalized at the turning point a; where the Stokes curve in question emanates,
we factorize the WKB solutions (4.7) as

e = o exp (i/ Sodddﬂﬁ) : (4.11)
71

For the WKB solutions cpgtl) normalized at a; we have the connection formula
(2.30). Hence for ¢4 the following holds:

U, U, U T —jexp (-2/ Sodddx) U, =0 —juy 0, (4.12)
71
that is,

(Uy, U ) ~ (T, 0) ((1) "'”1‘11). (4.13)

The Stokes phenomenon at the second crossing point can be similarly computed
by using the WKB solutions

@ _ 1 / ’
= — + Sodqad 4.14
= V Sodd P ( as 4 x> ( )

normalized at as and the factorization

vi = o exp (d:/ Soddd90> . (4.15)

Zo

However, in this case the integration path v, 4, from zy to a3 is not homotopic
to 73; the closed path 7y, a4 (73) ™! encircles two turning points by, by and the cut
connecting a; and agp. Thus the factorization formula (4.15) reads as

e = ¢ exp <i/ Sodddx) ) () (u) ™ (4.16)
3

and the Stokes phenomenon at the second crossing point is described by

+ o+
1 —jus 2o
WUz Ugy

(U, U_) ~ (T, U_) (4.17)

Vo V1
0 1
It is now clear how to compute the Stokes phenomenon at the third crossing point

and consequently we obtain

1/+ 0 1 . 71”27 1 =12 VJVY 1 - —1
—U, — —lUq U —1u
As = (5 V) 0 uF 3 Uiz Vo v (O 11 ) . (4.18)
2
0 1 0 1

Note that after the analytic continuation along Co S,qq changes its branch in view
of Proposition 4.2; this is the reason why the first matrix in the right-hand side of
(4.18) appears.
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The computation of the other matrices Ay is the same as that of As. The
result is as follows:

) 1 0 1 0 1 0
(v + + + -+
AO_(O 1/0_> fiuly—o_ 1 fiUQV—O 1 *iuzyo_l/l_ 1
v, Yon
1 1 0
+ 4
X —iulufgyo,yl, —ws (—iuo 1), (4.19)
Vo
1 0 1 0
0 v —lul—l_ —lug—l_ 1
V1 V1
-
1 —iuy 'L ( 1 o) < 1 0
« vl ) . ) L (4.20)
0 1 U2 U
UL 1 0
A3=(V§_ 0) 1 — Olﬁ V3+
_ 3 T
0 v 0 1 Wol}?’_
1 0 1 ius!
i
. i 1 (o 1>- (4.21)
vy Vy

Finally, if we change a fundamental system of solutions as

V;iddexp< /Sodddx) — Q/Ji—exp< /Sodddx) vy, (4.22)

then we find that every Ay can be described solely by {vi} and {uj} (or {1}
and {ug1,u12} thanks to Remark 4.3 below).

Yy =

Remark 4.3. Among {vif} and {u;} we have the following relations:

vivy =1 (k=0,1,2,3),
Z/S'Z/f'u;'y;'ulgugo 1.

In conclusion we have

Theorem 4.4. Fvery monodromy matriz can be described in terms of the following
two kinds of quantities :

(i) Characteristic exponents {vif} at reqular singular points {by}.

(i) Contour integrals {uji} of Soaa on the Riemann surface of \/Q(x).
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5. Voros coefficients and wall-crossing formulas

As we have seen so far, the connection formula (or Theorems 2.8 and 2.9) is
very powerful to study the global behavior of solutions of second order ODEs.
The most important analytic ingredient of the connection formula is the movable
singular points y = +yo(z) = + [ \/Q(z)dx of the Borel transform of WKB
solutions. Here we should recall that, in applying the connection formula, we have
assumed Condition (ND), that is, non-existence of Stokes curves connecting two
turning points. In this section we consider the situation where this non-degeneracy
condition (Condition (ND)) is violated. In such a degenerate situation another kind
of singularities of the Borel transform of WKB solutions may play an important
role. The study of this degenerate situation is also related to the so-called “wall-
crossing formula” discussed by Gaiotto-Moore-Neitzke ([18]).

Let us consider the problem by using a simple example.

Ezample. (Weber equation) We consider the Weber equation

(CZ;_n?(c_f))w:o (¢ >0) (5.1)

and its WKB solutions

Yt =

1 xr
exp (:t/ Soddda:> . (5.2)
Sodd 2/

Eq. (5.1) has two simple turning points z = +2,/c and they are connected by
a Stokes curve (“Stokes segment”), as is shown in Figure 2. In what follows we
study the effect of this Stokes segment.

As x = 24/c is a simple turning point, we can apply Theorem 2.9 to find that
the singularity locus of 14 p(x,y) form a cusp and have two branches y = yo(x)

near x = 2./c, where
T 2
yo(z) = / ¢c— —dx
2y 4

(cf. Figure 3). These two branches of the singularity locus can be prolonged to
x = —24/c and they form again a cusp near x = —2+/c. Repeating this process,
we thus obtain Figure 5 for the singularity locus of 14 p(x,y). They become a

“ladder-like” set and, as
2v/c 22
2 / c— —dx = 2mc
_2ye 4

holds, the singularities of 14 p(z,y) for fixed x have the periodic structure with
period 2wc. Among them the singularities —yo(x) + 27nc (n € Z) are often called
“fixed singularities”, as their relative location with respect to the reference singu-
larity —yo(z) does not depend on z.

The existence of fixed singularities can be rigorously confirmed by the fol-
lowing arguments.
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y =yo(z) + 27c

y = —yo(z) —|— 27c

Figure 5 : Singularity locus of ¥4 p(z,y) for Eq. (5.1).

1st approach. We can verify the existence of fixed singularities by using the dif-
ferential equation that ¢4 g(z,y) satisfy:

62 2 82
(5~ (= %) gz ) vl =0, (53

According to the general result for the propagation of singularities of solutions for
linear partial differential equations established by the theory of microlocal analysis
(cf. [31]), the singularities of solutions of (5.3) propagate along a bicharacteristic
flow, that is, a Hamiltonian flow of the principal symbol of (5.3):

. Opp
;= 9PB

= 2¢,
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where @ = dx/dt etc. and pp(z,y,&,n) = €2 — (¢ — 22 /4)n? denotes the principal
symbol of (5.3). A solution of (5.4) with the initial condition (2:(0), y(0),£(0),n(0)) =
(24/¢,0,0,1) is explicitly given by

x = 2y/ccost, y= —c(t—sintcost), £ =—y/csint, n=1 (5.5)
and its projection to the base space C%z ) ie.,
xr = 2y/ccost, y=—c(t—sintcost) (5.6)

precisely describes the singularity locus of ¥4 g(x,y).
In this way the singularities of 11 p(x,y) can be analyzed by tracing the
bicharacteristic flow of the Borel transformed equation (5.3).

2nd approach. The second approach is more WKB-theoretic and provides us with
more detailed information about the fixed singularities.

We start with the following factorization of 14 (x,n).
oo

Yia () = ¥ (2, m) exp (i | (Suaa =520 dx) , (5.7)

Ve

where

oo 1 x x
(i )(z,n) = exp + (77/ S_q1dzx —|—/ (Sodd — nS_l)dx) (5.8)
Sodd 2\/c oo

is a WKB solution normalized at * = co. Thanks to Theorem 3.2, we find that
wioo)(:m 7) is Borel summable near {z € R|z > 24/c} and hence its Borel trans-

form 1/)103%(% y) has no singularities near
{yeC|y=Fyol(x) +p, p>0}
for a fixed & > 2y/c. On the other hand, the second factor or its exponent

V= / (Sodd — 77571) dx, (5.9)
2v/c

which is often called the “Voros coefficient”, has fixed singularities on the positive
real axis. As a matter of fact, V' has the following expression in terms of the
Bernoulli numbers.

Proposition 5.1.

> 9l—2n _ 1

2V = — By, (ien)t™" 1
V= g Bl (5.10)

where Bo, stands for the Bernoulli numbers defined by

w w = B2n 2
-1-2 ", 5.11
e —1 2 +n§(2n)!w (5.11)
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Proposition 5.1 is related to the shift operator with respect to the parameter
¢ and the explicit form (5.10) of V is derived from the following difference equation
for the solution S} = S (z, ¢, n) of the Riccati equation associated with (5.1). (To
clarify the dependence on the parameter ¢ we here use the notation S; (z,¢,7).)

1. d _ T
S (z,c—nYim) — Sy (z,¢,m) = e log (77 LSy (z,eom) —i 5) . (5.12)

Eq. (5.12) is an immediate consequence of the following commutation relation.

d .z d? 9 x? d? 9 . 2 d .z
(deQn) (den <C4)> = (dxa” (c=n Zﬂ) (mlﬂ)'
(

Using (5.12), we can verify that 2V satisfies a difference equation

1 1
p(oc+1)—¢(o) =1+ log (1 + 20) —(oc+1)log (1 + J) ) (5.14)
where o = icn. Since the right-hand side of (5.10) is the unique formal solution of
the difference equation (5.14), we obtain Proposition 5.1.

It follows from Proposition 5.1 that

1 1 1 2ic
Vs(y) = 4y (ey/mc) 1t weo 11 y> ' (5.15)

which tells us that Vi (y) has simple poles at y = 2mme (m € Z\{0}) with residues
(—1)™=1/(4mwim). This verifies Vp, and hence ¢ 1 g as well, has fixed singularities.
Furthermore, as the Borel sum of the Voros coefficient can be computed explicitly
by using (5.15) (in fact, Binet’s formula implies the Borel sum of 2V is given by

T'(icn +1/2)

lo —icn (log(icn) — 1 5.16
& om 1 (log(icn) — 1)) (5.16)
for arge < 0 (cf. [17, Section 1.9]) and
I'(—2 1/2
—log M —icn (log(icn) — 1)) — men (5.17)

V2r

for argc > 0, respectively), we obtain

Theorem 5.2. Let U, (x,n) (resp., Uy (2,n)) denote the Borel sum of 14 (z,n) for
x > 2+/c when argc < 0 (resp., argc > 0). Then the following relation holds.

Wy = (1+exp(—2ren) 2 U (a,7). (5.18)

Thus a kind of Stokes phenomena occurs with WKB solutions of the Weber
equation (5.1) even when the parameter ¢ varies (“parametric Stokes phenom-
ena”). Formula (5.18) exactly coincides with the wall-crossing formula discussed
by Gaiotto-Moore-Neitzke ([18]). It has been analyzed from the viewpoint of the
resurgent analysis by Pham and his collaborators (cf. [11], [13]). Note that, from
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the viewpoint of the resurgent analysis, (5.18) is equivalent to the following formula
for the alien derivative (in the sense of Ecalle) of ¢4 p at the fixed singularities:

—1)m™
Ay:—yo(3r:)—i—2mTrc ’l/)_;,_,B(.T, y) = ( 2773‘ 7/)+,B(:E, Yy — 2m7rc). (519)

For more details we refer the reader to [35].

6. Exact WKB analysis for higher order ODEs

In this section we discuss generalization of the exact WKB analysis to higher order
linear ordinary differential equations

dm dm—l
Py = (dx,n+np1(x)(m1+"~+nmpm(x)) ¢ =0. (6.1)

Here m > 3 is an integer and n denotes a large parameter.

6.1. WKB solutions, Stokes geometry

Similarly to the case of second order equations, we can construct a WKB solution
of (6.1) of the form

Yi(x,n) = exp (77/ Cj(ac)d:v) Zwﬂ',n(m)ﬁ_(nﬂm), (6.2)
To n=0

where (;(z) is a root of the characteristic equation of (6.1):
"+ (@) A p(2) = 0. (6-3)
For details of the construction of WKB solutions we refer the reader to [1], [2].

Definition 6.1. (i) A point = a is said to be a turning point of (6.1) if (6.3)
has a multiple root at z = a. In other words, a turning point is a zero of the
discriminant of (6.3) in ¢. In particular, a simple zero of the discriminant is called
a simple turning point of (6.1). When (;(a) = (x(a) (j # k) holds at = a, the
turning point x = a is said to be of type (j, k).

(ii) A Stokes curve of type (j,k) of (6.1) is, by definition, a curve defined by

s [ "(G(@) = Cula))da = 0, (6.4)

where © = a is a turning point of type (j, k). Furthermore, if R f;(CJ(x) —
Ck(x))dz > 0 holds in addition to (6.4), the Stokes curve is said to be of type
j>k.

In parallel with Theorem 2.9 the following theorem holds also for WKB so-
lutions of higher order equations.
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Theorem 6.2. Let x = a be a simple turning point of (6.1) of type (j, k). Then,
for suitably normalized WKB solutions 1; and ¢y, of (6.1), the following properties
hold in a neighborhood of (z,y) = (a,0) :

(i) ¥;.5(x,y) and Yi.p(z,y) are singular only along T; U T, where

L= {enli=- [ G@ds), = {@nly=- [ a@ds). ©3)
(i)
Dye 2 o ()de Vi, B, Y) = Wk B(2,Y), Dy 12 ¢ (0)de Yr,B(2,Y) = 1W),5(T,Y).

(6.6)

Theorem 6.2 is proved in the following manner: We first consider the fac-
torization of the differential operator P to reduce the problem to that for second
order equations, and then use transformation theory similar to Theorem 3.6. To
be more specific, we prove the following two assertions.

Proposition 6.3. In a neighborhood of a simple turning point x = a, we can find
differential operators Q and R of order (m — 2) and 2, respectively, that satisfy

P =QR. (6.7)
Here QQ and R have the form
Q = dmi—Q + ( )ﬁ + 4 opm2 ( ) (6 8)
- drm—2 ngi(x,mn dpm—3 n qm—2\T, 1), .
d? d 9
R = - +arile,n)— + (e, n), (6.9)

n n

where q;(z,n) = ano gjn(x)n™" and rij(z,n) = ano rin(x)n™" are formal

power series in ' with holomorphic coefficients. Furthermore, the following con-
ditions are also satisfied.

m—2 m—3
taro(s g a0l ‘ 0, (6.10
(¢ q1,0(z)¢ 4m-2,0(7)) ¢=¢;(z) or ¢i(x) 7 (6:10)

¢ +r10(@)¢ +ro0(@) = (C— ¢(@) (¢ — (). (6.11)

Proposition 6.4. In a neighborhood of x = a, after the employment of the gauge

transformation
1 x
7/} — <exp(277/a 7"1(17777) dl‘)) wa

the second order differential equation Ry = 0 in Proposition 6.3 can be transformed
(in the sense of exact WKB analysis) to the Airy equation.

For more detailed explanation see [25], [1], [2].
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6.2. BNR equation — Appearance of new Stokes curves

Theorem 6.2 asserts that, as far as the local theory near a simple turning point is
concerned, the behavior of Borel resummed WKB solutions of higher order equa-
tions is the same as that of second order equations. However, the global behavior is
completely different, as Berk et al [8] pointed out by using the following example.

Ezample. (BNR equation)
L 3L o) g =0 (6.12)
dz® " dx K - '

The characteristic equation of (6.12) is ¢34 3¢ + 2ixz = 0. Considering its discrim-
inant, we find that (6.12) has two turning points = £1. Figure 6 indicates the
configuration of Stokes curves of (6.12).

x type 2 < 3 type 1 < 2

Figure 6 : Stokes curves of the BNR, equation (6.12).

As Figure 6 shows, there exist crossing points of Stokes curves for (6.12).
Such crossing points cause the following serious difficulty: We consider the analytic
continuation of the Borel sum of a WKB solution ¥3(x,7n) near a crossing point
x4 of Stokes curves. Assuming the Borel summability, we can expect that a Stokes
phenomenon of the form

W3~ U3 +aVy  (resp., Uy~ Wy + BV)

with some suitable constant « (resp., §) occurs on a Stokes curve of type 2 < 3
(resp., of type 1 < 2), in view of Theorem 6.2. Hence, by the analytic continuation
along vy (cf. Figure 7) W3 should be changed to W5+ a(¥s+ S¥;), whereas by the
analytic continuation along v_ W3 should become W3+ aWs. This is a contradiction
if B # 0, since Eq. (6.12) does not have any singularity near z.,!
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type 2 <3 type 1 < 2

Y+

Figure 7 : Paths of analytic continuation near x,.

To resolve this paradoxical problem Berk et al ([8]) proposed to introduce
a “new Stokes curve” of type 1 < 3 that emanates from z, and tends to co (cf.
Figure 8). As a matter of fact, if a Stokes phenomenon of the form

\113 ~ \113 - 016\111

occurs on it, the contradiction disappears. Berk et al confirmed the existence of a
new Stokes curve by investigating an integral representation of solutions of (6.12)
through the steepest descent method ([8], see also [34]).

If we consider the structure of singularities of ¢35 g(x,y) in y-plane (the so-
called Borel plane) near xz,, we find that at z, three relevant singular points
—yj(x) == — f Gi(z)dz (j = 1,2,3) of Y3 p(x,y) have the same imaginary part.
From the smgularlty structure the new Stokes curve is characterized as a curve
where the two distant singular points —ys(x) and —y; () have the same imaginary
part. Note that on the upper portion of the new Stokes curve —y; () is visible from
—ys(x), whereas it is not visible on the lower portion, as is indicated in Figure 8.
In this way a new Stokes curve is also related to the singularities of the Borel
transform ; g(x,y) of WKB solutions. Since the sheet structure of the Riemann
surface of ¢; p(z,y) is complicated, a new Stokes curve may become inert on some
portion of it.

6.3. Virtual turning points

The Borel transform ¢, p(z,y) of WKB solutions of the BNR equation (6.12)
satisfies
o3 o3 o3
(({91'3 +3 D20y YY) —1—2133 ) Y p(z,y) =0. (6.13)
Since the new Stokes curve of the BNR equation is related to the singularities of
;. 8(x,y), let us investigate the bicharacteristic flow of (6.13) to understand the
singularity structure of ¢; g(z,y) and a new Stokes curve more thoroughly.
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]

visible
x “new Stokes curve” ( )

ffffff - -------@--—-—--—-—-@ -—----
— ngl} — Cle} — Cldfﬂ

o (invisible)

Figure 8 : New Stokes curve passing through z, and singularities of
13, g(x,y) in the Borel plane near ..

The bicharacteristic flow of (6.13) is defined by

. _ Ops 2 2
= =3 3
T= ¢ &+ 307,
j= i;ﬁ = 66n + Gizn?,
' (6.14)
£ = _% = —2in?
Ox ’
. Opp
= — O
n By ,

where pg(x,y,&,n) = £3+3£&n?+2izn? is the principal symbol of (6.13). A solution
of (6.14) with the initial condition (x(0),y(0),£(0),7(0)) = (1,0, —i,1) (note that
£(0) = —i is a double root of (3 + 3¢ + 2iz = 0 at x = 1) is given by

r=—43 -6t +1=—(2t +1)(2t> + 2t — 1),

y = —6it* — 12it> — 6it? = —6it>(t + 1)2, (6.15)

E==-2it—i, n=1
Hence its projection to the base space C%x,y)v which describes the singularities of
¥;.8(x,y), becomes as is visualized in Figure 9. Near the simple turning points
x = %1 two branches of singularities coalesce and form a cuspidal singularity. We
also observe that, in addition to these turning points, the singularities make a
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=32 (t=(~1%V3)/2)

Figure 9 : Bicharacteristic curve of (6.13).

self-intersection point at (z,y) = (0,—3:/2) and two branches intersect there. In
fact, if we regard this self-intersection point (to be more precise, its z-component
x = 0) as a new kind of turning points and add a Stokes curve

s/j(cl(w — Gs(a)) dz =0

emanating from this point to Figure 6 (i.e., the original configuration of Stokes
curves of (6.12)), we obtain Figure 10. Thus we can re-obtain a new Stokes curve
of the BNR equation.

This consideration naturally leads to the following

Definition 6.5. Let
om om o™
Prtrr — e ()2 -0 6.16
be the Borel transformed equation of (6.1) and

pe(2,y,6m) =" + (@)™ I+ 4 p ()™ (6.17)

its principal symbol. Then we call the z-component of a self-intersection point of
a bicharacteristic curve of (6.16) a virtual turning point of (6.1). Here a bichar-
acteristic curve of (6.16) means the projection of a bicharacteristic flow of (6.16)
onto the base space C?z,y)'

We can verify that each singularity of ¢; g(z,y) (or, equivalently, a bichar-
acteristic curve) is locally described by y = — [* (i (x)dx and at a virtual turning
point two branches of singularities of v, 5(z,y) (for example, y = — [ ¢ (z)dzx
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- 2<3  1<3 1<2

“virtual turning point”

3<2 3<1 2<1

Figure 10 : Complete Stokes geometry of the BNR equation (6.12).
(A dotted line indicates the inert portion of a new Stokes curve.)

and y = — [“((z)dz with k # [) cross by its definition. Thus we can natu-
rally define a Stokes curve emanating from a virtual turning point (concretely by
S [*(C(z) — ¢(x))dz = 0 in the above situation).

Remark 6.6. A virtual turning point was first introduced in [5] under the name of
“new turning point”.

Remark 6.7. A crossing point of Stokes curves is highly dependent on the way how
the Borel resummation is performed (for example, it heavily depends on argmn),
whereas the definition of a virtual turning point is independent of the way of
resummation. In this sense a virtual turning point is related to the operator P in
(6.1) more intrinsically than a new Stokes curve.

Once the definition of virtual turning points is provided, we obtain the fol-
lowing recipe for finding the proper Stokes geometry of a higher order equation
(6.1).

Recipe 6.8.

(a) Draw all Stokes curves that emanate from turning points defined in Defini-
tion 6.1.

(b) Draw the new Stokes curve that emanates from a virtual turning point.

(c) As the portion of a new Stokes curve near a virtual turning point is inert, we
draw the new Stokes curve in (b) by a dotted line until it hits a crossing point of
(new) Stokes curves.
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(d) When the new Stokes curve in (b) is of type j > [ and it hits a crossing point
of a (new) Stokes curve of type j > k and that of type k > [, we use a solid line
to draw the portion of the new Stokes curve in (b) after passing over the crossing
point.

Practically speaking, Recipe 6.8 is powerful enough to discuss the Stokes
geometry (including new Stokes curves) of a higher order equation (6.1). However,
it is not complete: As there exist in general infinitely many virtual turning points
due to the existence of fixed singularities, it is necessary to exclude redundant
virtual turning points.

Ezample.

3
(ddxg —6(z + 1)772% + (4 + 22')773) Y =0. (6.18)
As discussed in [5, Example 2.5], (6.18) has infinitely many virtual turning points.
Among them at most three are non-redundant and Figure 11 describes the com-
plete Stokes geometry of (6.18). (In Figure 11 wiggly lines designate cuts to define
a root (;(x) of the characteristic equation associated with (6.18) as a single-valued
function.)

Figure 11 : Complete Stokes geometry of Eq. (6.18).

At present no complete criterion is available for the determination of redun-
dant virtual turning points. This problem is also related to the Borel summability
of WKB solutions of a higher order equation (6.1). To establish the Borel summa-
bility of WKB solutions of a higher order equation is still an open problem.

For more detailed explanation of virtual turning points and new Stokes curves
including the connection formula on it, we refer the reader to [25].
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Remark 6.9. Honda made a detailed study on the efficiency of Recipe 6.8 and gave
a satisfactory answer to the finiteness of non-redundant virtual turning points. See
[23] and [24] for his study.

Remark 6.10. Recently the Stokes geometry of higher order equations including
new Stokes curves (but no virtual turning points) is investigated under the name
of “spectral networks” also by Gaiotto-Moore-Neitzke ([19], [20]).

7. Some recent developments

In the final section we briefly discuss two recent developments of the exact WKB
analysis, both of which are related to the problem of new Stokes curves and virtual
turning points for higher order ODEs.

7.1. Borel summability of formal solutions of inhomogeneous second order equa-
tions

Let us first discuss the Borel summability of formal solutions of the following
inhomogeneous second order equations:

Po = ( oz + mla) -+ a(e) ) 6 = Fla), ()

where p(z), ¢(z), F(z) are assumed to be polynomials for the sake of simplicity.
As one can easily confirm, Eq. (7.1) has a unique formal power series solution of
the form

b =072 (x) + 0 3P (2) 4+ (7.2)

whose coefficients ¢, (z) (n = 2,3,...) are determined by the recursive relation
@2 =F, qs+ply =0, qn+pd 1+, =0 (n>4)

In [29] we showed the following result for the Borel summability of U

Theorem 7.1. Let (+(z) be the roots of (* + p(z)¢ + q(x) = 0, ie., (4(x) =
(—p£/p* —4q)/2.

Case I (The case where p(x) =0). Assume p(x) =0. Then, if a curve

R fzo v/ —q(x)dx = 0 passing through xo does not flow intAo a turning point (i.e.,
Zo is not located on any Stokes curve of Py = 0), then 1 is Borel summable at
Tr = Xg.

Case II (The case where p(z) # 0). Suppose that the following three conditions

are satisfied:

(i) o is not located on any Stokes curve of Py = 0, that is, a curve f;[) (Cy—
(_)dx =S f;o v/ p? — 4q(z) de = 0 passing through xy does not flow into a turning
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point.
(ii) A curve T'Y defined by

%/w(fg)dx:%/gcpii “232_4‘1@:0, (7.3)

0 o

that is, a steepest descent path of R fé(—{;) dx passing through xg, can be ex-
tended to r = oc.

(ili) When T crosses a Stokes curve of P =0 of type + > F at x = 1, then
a bifurcated path I‘1¢ emanating from x = x1 defined by

) /Z(fgi) dz =0 (7.4)

1

18 also extensible to x = oco.

If these three conditions (1)-(iil) are satisfied, then ¥ is Borel summable at x = .

Remark 7.2. In Case 11, if TY and/or F1¢ cross other Stokes curves of Py = 0,
we further consider additional bifurcated paths emanating from crossing points
similarly defined as in (iii) and impose their extensibility to = co.

An inhomogeneous second order equation can be thought of as a special
case of a third order homogeneous equation. (As a matter of fact, (7.1) can be
written as (d/dz)(F(z)~1Py) = 0.) Hence, Theorem 7.1 suggests the difficulty for
characterizing the Borel summability of formal solutions of higher order equations.

7.2. WKB analysis for completely integrable systems

The following equation is a variant of the BNR equation.

2 ¢ ,d x4
(d$3+2n dx+477)'1/10, (75)

where a parameter ¢ is introduced into the coefficient of the first order term. If,
in addition, we consider a differential equation in the variable ¢, we obtain the
following holonomic system of differential equations in two variables (z1,z2) =

(2, c):
83 T2 9 0 I 3 o
(aaﬁ)+2" T >1/’0’
(7.6)
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Eq. (7.6) can be written also in the form of completely integrable systems of first
order equations as follows:

5 0 1 0
oW =P@v,  P=| 0 0o 1],
1 71‘1/4 71‘2/2 0
(7.7)
P " 1 /0 0 O
v =Q@w, Q=pP2+2-T_(0 0 0],
a.%'z 3 4 1 0 0

where ¥ is an unknown 3-vector. Eq. (7.6) (or, equivalently, (7.7)) is called the
“Pearcey system” as a particular solution of (7.6) is given by the Pearcey integral.
In what follows we discuss the exact WKB analysis of the Pearcey system or, more
generally, of holonomic systems (or completely integrable systems).

For such a holonomic system with a large parameter 7, making use of the
complete integrability condition, we can construct a WKB solution of the form

D — exp / ) (7.8)

(j = 1,2,3 in the case of the Pearcey system), where w9) = SWdx; + TUWdz, is
an infinite series of the closed 1-form:

S0 = psY) 4 g9 gV Lo ) =) 4 7D i) 4 (7.9)

As a matter of fact, the top order part w(_ji = S(_jl) dry + TEji)dl'g is determined
by some algebraic equations (for example, in the case of the Pearcey system,

(8Y), 79y satisfies
1

o, 79 = (s

(SY)3 4 % syl 4

) and, once w(_q is fixed, the higher order parts w§) = Sy(Lj)dxl + Téj)dxg (n>0)
are uniquely determined in a recursive manner.
Turning points and Stokes surfaces are defined in parallel with Definition 6.1.

Definition 7.3. (i) A point a = (a1,az2) € C? is said to be a turning point of type
(4, k) if
(w9 —w™) =0, e, S (a) = S%(a) and T (a) = T® (a) (7.10)

hold for some (j, k) with j # k.
(ii) A Stokes surface of type (j, k) is, by definition, a real hypersurface defined by

%/ (W) — Wy =, (7.11)

where a = (a1, a2) is a turning point of type (7, k).
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For example, by straightforward computations we find that the set of turning
points of the Pearcey system is explicitly given by

A= {(1,29) € C*| 2723 + 825 =0}. (7.12)

Note also that, by the definition, the section of the Stokes surfaces of the Pearcey
system (7.6) with z3 = ¢ contains the Stokes curves of the BNR equation (7.5).

The following result of Hirose impressively shows an advantage of considering
the Pearcey system instead of considering the BNR equation.

Theorem 7.4. (Hirose [21]) The Stokes surface of the Pearcey system (7.6) con-
tains not only the Stokes curves of the BNR equation (7.5) but also its new Stokes
curves in their section with ro = c.

The reason why the Stokes surface of (7.6) contains the new Stokes curves of
(7.5) is the following: If we change the parameter ¢ (or x2) in (7.5), we encounter
the degenerate configuration where a Stokes curve emanating from a turning point
hits another turning point with different type at some value of ¢. As was discussed
in [3], the role of a new Stokes curve and that of an ordinary Stokes curve are
interchanged through such a degenerate configuration. Otherwise stated, by the
change of the parameter ¢ a new Stokes curve of (7.5) is continuously deformed to
an ordinary Stokes curve. Thus, in (C%zhm) new Stokes curves and ordinary Stokes
curves are connected and hence the Stokes surface of (7.6) inevitably contains the
new Stokes curves of (7.5).

Theorem 7.4 strongly suggests that the exact WKB analysis for holonomic
systems or completely integrable systems may play an important role also in the
analysis of new Stokes curves for higher order ODEs.

Another peculiar feature of the Pearcey system is that the set A of its turning
points has a unique cuspidal singularity at the origin (x1,22) = (0,0). At this
cuspidal singularity two turning points with different types coalesce. Furthermore,
the virtual turning point of the BNR equation (7.5) also coalesces there.

For this cuspidal singular point of the Pearcey system Hirose proves the
following intriguing result.

Theorem 7.5. (Hirose [22]) Under some genericity condition every completely
integrable system of two independent variables can be transformed (in the sense of
exact WKB analysis) to the Pearcey system at a cuspidal singularity of the set of
turning points.

For the proof of Theorem 7.5 see [22].

To clarify the implication of Theorem 7.5, let us consider, for example, the
following holonomic system:
( 2 2 2 1 5,0 «

—_ _4 = —_ _4 = — 3 =0
ax§+3x2”ax$+3x1" 0z, 377>¢ ’

5 o (7.13)
(7307~ 27) v =0
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Eq. (7.13) is the so-called “(1,4)-hypergeometric system”, an example of (conflu-
ent) hypergeometric systems of two variables. Note that, when x5 is fixed, (7.13)
is equivalent to (6.18) discussed in Section 6.3.

By a straightforward computation we confirm that the set of turning points
of (7.13) has three cuspidal singular points. Then Theorem 7.5 tells us that at each
cuspidal singular point the (1, 4)-hypergeometric system (7.13) can be transformed
to the Pearcey system. In particular, there exists a virtual turning point that
coalesces with two ordinary turning points with different types at each cuspidal
singularity. These three virtual turning points are all non-redundant and play an
important role in describing the complete Stokes geometry of the higher order
ODE (6.18) discussed in Section 6.3. In this way the cuspidal singularity of the
set of turning points of a completely integrable system is closely related to the
problem of (non-)redundant virtual turning points of a higher order ODE.

These two results of Hirose brings a new insight to the problem of new Stokes
curves and virtual turning points for higher order ODEs. It is the future problem to
develop the exact WKB analysis for completely integrable systems in a systematic
manner.
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