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Abstract

We study an example of parametric Stokes phenomena of higher order linear ODEs with
a large parameter, taking (1,4)-hypergeometric equation as a concrete example. Parametric
Stokes phenomena occur when degenerate configuration of Stokes curves appears and degener-
ate configuration of Stokes curves of higher order equations is described by bidirectional binary
trees (which we call “Stokes trees” for short) introduced by Honda. In this paper we investi-
gate the situation where a Stokes tree with three edges appears and present an explicit formula
describing the parametric Stokes phenomenon in this situation.

§1. Introduction and result

In this paper, we study parametric Stokes phenomena of higher order linear ODEs
with a large parameter, taking (1,4)-hypergeometric equation as a concrete example.

The equation we consider is a linear ODE with a large parameter n of the following
form

n n—1

(1.1) - +a1<x>nm+---+an<m>nn] b=

This equation has a WKB solution

(1.2) ¥ = exp (/dem),
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1>2

Figure 1. Stokes geometry of the Weber equation with E > 0.

with S = S(z,n) = S_1(x)n + So(x) + Si(x)n~! + -+, where S_; is a characteristic
root &;(x) (j = 1,2,...,n) satisfying the characteristic equation

(1.3) a4 4a,=0.

Once we fix S_q, then Sy, Si,... are determined uniquely. We denote S with S_; =
¢;(x) by SU). An (ordinary) turning point of type (k, ) is a point ¢ at which & (t) = & (t)
holds, and an (ordinary) Stokes curve of type (k,l) is a curve defined by Im [ (&, —
&) dx = 0, where t is a turning point of type (k,1). Further we say that the Stokes curve
is of type k > L if Re [" (& — &) dz > 0 holds on it.

In the case n = 2, if the Stokes geometry is degenerate, i.e., if there is a Stokes curve
connecting a pair of turning points (such a Stokes curve is sometimes called a Stokes
segment), a Stokes phenomenon occurs with WKB solutions according as a parameter

moves.

Example 1.1 (Weber equation).  The Weber equation with a large parameter 7

(1.4) lj—;—ﬁ (E—%Qﬂz/;:o

has a Stokes segment if £ > 0 (Figure 1). This degeneration is resolved by adding
a small imaginary part to the parameter E. If ImE < 0, we have Figure 2, and if
Im FE > 0, Figure 3. Related to this change of geometry, a Stokes phenomenon occurs
with WKB solutions; Let a point xy and a domain D be as in Figure 1. We place branch
cuts (wavy lines) and fix the branch of ¢;’s so that the dominance relations are given
as in Figure 1. Define 9, := exp fjo S dz: and denote by @gi) the Borel sum of ¢; in
D for £Im E > 0 (j = 1,2). Then, after the analytic continuation to a neighborhood
of Im E' = 0, they satisfy the following relation:

\Ilg_) = [1 — exp (f% Sdaz)} \Ingr)

) ¥ = 1o (f, Sar)] " ug?
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Figure 2. Stokes geometry of the We-
ber equation with Re ¥ > 0, Im F <
0.

165

Figure 3. Stokes geometry of the We-
ber equation with Re £ > 0, Im F >
0.

Yo S
8

Figure 4. Path ~y and the branch of S on it.

(cf. [14], [5], [13]), where the path vy and the branch of S on it are given in Figure 4.
The branch of S is S on the upper-half part and S on the lower-half part. One
important point here is that such a parametric Stokes phenomenon occurs with a WKB
solution whose path of integration crosses a Stokes segment in question. As a matter
of fact, in the case of (1.5) a path of integration for v; is a path connecting zy and z
in the region D, which crosses a Stokes segment [—2\/@, 2\/@] On the other hand, if a
path of integration does not cross a Stokes segment, no parametric Stokes phenomenon
occurs. For example, exp f% Sdx, which appears in Formula (1.5), is known to be Borel
summable near the positive real axis {F' € C | InE = 0,Re E > 0} and no Stokes

phenomenon occurs with it.

Remark.  In many cases, the formula (1.5) is represented in terms of Soqq :=
(8 — 5y /2:

vl

[1 + exp <—2 ff;/% Sodd dx)] \I’§+)

(16) [1 + exp <—2 ffﬁﬁ Sodd d:z;)] B \IféH '

wi)
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Here, 2 ff% Sodd dx is interpreted as the integral along vy with the integrand being

(S — 52))/2 on the lower-half part and (S — S(1))/2 on the upper-half part. The
relation between (1.6) and (1.5) is discussed in A.1.

When discussing higher order (n > 3) equations, we need the so-called new Stokes
curves ([4]) which emanate from virtual turning points (2], [10]). Due to this, we

encounter more complicated degeneration.

Example 1.2.

5.2 @2 1
) (d d ,d o

3
BRI e Sy’ B —0
a® T3 T3 g 3 )¢ ’

where ¢ and « are complex constants. This is the restriction of the (1,4)-hypergeometric
system ([12])

2 2 9 1 ,0 .,
E——— — E—— — _— — = O
(69551" + 39527761’% + 3o g ) v

(1.8) 10 Om 3
(73 ~ 7z ) =0

to the first variable z1(=: x). As is discussed in [7], we need several new Stokes curves
emanating from virtual turning points to obtain its complete Stokes geometry. For
example, when ¢ = 3 and o = (100/9) — 6i, the Stokes geometry of (1.7) is given in
Figure 5, where two virtual turning points and new Stokes curves emanating from them
appear. (An inert portion of a new Stokes curve is drawn by a dotted line there.) All
WKB solutions of (1.7) are expected to be Borel summable except on these Stokes
curves including (active portions of) new Stokes curves.

Now, if we change the parameter a, we encounter the following degenerate config-
uration of Stokes curves peculiar to higher order equations: Let ¢ = 0 and a € iR.g.
Then the Stokes geometry of (1.7) become the one given in Figure 6. We see that three
ordinary simple turning points are connected with three virtual turning points by Stokes
curves simultaneously. These three Stokes curves connecting simple turning points and
virtual turning points cross at one point, and the three solid portions of Stokes curves
between simple turning points and the unique crossing point form a tree consisting of
three edges. This is an example of “bidirectional binary trees” introduced by Honda in
his study of linear differential equations associated with Noumi-Yamada systems ([8], cf.
[10, Chapter 2] also). In this paper we call it a “Stokes tree” for short. The appearance
of Stokes trees can be considered as degeneration of Stokes curves peculiar to higher
order equations.

Remark. A Stokes segment can be regarded as a special case of Stokes trees. If
we regard a Stokes segment as the simplest example of Stokes trees, the Stokes tree
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Figure 5. Stokes geometry of (1.7) with ¢ = 3, a = (100/9) — 6i. This is equivalent to
that of [2, Example 2.5] by change of variables 1) = e~ 2%/ 9, 1 = —18z — 14.

3>2
31
D
2>1 d t12
x
o3 0
1>3

Figure 6. Stokes geometry of Equation (1.7) with a € iR.
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3>2 1>2

1>3
Figure 7. Stokes geometry of Equation (1.7) with Rea < 0, Ima < 0.

appearing in Figure 6 is the second simplest one. There are more complicated Stokes

trees involving more than three edges. See [9] and [8] for more details.

The Stokes tree in Figure 6 is resolved by adding a small real part to the parameter
a. The Stokes geometry for Rea < 0 is given in Figure 7, and that for Rea > 0 in
Figure 8. Comparing Figures 7 and 8, we find the configuration of solid portions of new
Stokes curves abruptly changes. In parallel to the case of Stokes segments discussed in
Example 1.1, due to this abrupt change of the Stokes geometry, we can expect that a
parametric Stokes phenomenon should occur with a WKB solution of (1.7) whose path
of integration crosses the Stokes tree in question. The aim of this paper is to analyze
explicitly such a parametric Stokes phenomenon relevant to the Stokes tree. To be more
specific, let a point xg and a domain D be as in Figure 6, and consider WKB solutions
Y = exp f;o SU) dx (j =1,2,3) of (1.7). Letting \Ilgi) denote the Borel sum of v; in
D for + Rea > 0, we then find that the following formula similar to (1.5) holds in this

case:

lllg_) = [1 — exp (f7 Sd:z;)} \If&”
(1.9) \Pé_) = |1 —exp (fde:I;ﬂl \Ing

holds, where the path v and the branch of S on it are as given in Figure 9. Note that
the path of integration for 1; crosses one of the edges of the Stokes tree in question,
that is, the edge of type (1,2). As the path of integration for 1; crosses the edge of
type (1,2), a parametric Stokes phenomenon occurs only with ¢; and 13, not with 3.

In the subsequent section, assuming the Borel summability of WKB solutions whose
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3>2

1>3 1>2
Figure 8. Stokes geometry of Equation (1.7) with Rea > 0, Ima < 0.

S

S@3)

q(2)

Figure 9. Path ~ and the branch of S on it.
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path of integration does not cross the Stokes tree in question, we explain the derivation
of Formula (1.9). A key point of discussion is the abrupt change of the Stokes geometry
between Figures 7 and 8. In particular, the computation of Stokes coefficients on new
Stokes curves plays an important role in the derivation.

Remark.  Although in this paper we deal with Equation (1.7) only for the sake of
definiteness, the derivation explained in the subsequent section is valid for more general

equations where a Stokes tree of the same type appears.

Remark. 1t is reasonable to assume the Borel summability of WKB solutions
whose path of integration does not cross the Stokes tree, since it is verified for second
order equations (with replacing “Stokes tree” by “Stokes segment”; cf. [11]) and further
Figures 6-8 are considered to give a complete Stokes geometry of Equation (1.7). How-
ever, to verify the validity of this assumption for general equations is one of the most

important open problems in the exact WKB analysis of higher order equations.

§2. Derivation of Formula (1.9)

Here we verify the derivation of the formula (1.9) for ¢); only. To this aim, we start
with the Borel sums \ifgi) of a WKB solution 9 near x = z¢p and o = £e — 7 with €
being a small positive number, and calculate their analytic continuations to the domain
D.

In Figures 7 and 8 Stokes coefficients attached to each Stokes curve are denoted
by ¢&) and d&). For example, when x moves across the Stokes curve to which d(~)
is attached in Figure 7, 1), changes as 11 — 11 + d{)1)s. Using such a connection
formula repeatedly, we obtain the analytic continuations of \ilgi) to D. For example,
taking Figure 7 into account, we obtain

A

(2.1) b =0 4 dO el
and similarly, in view of Figure 8, we obtain
(2.2) I = (14 D)o 4 g wh.

Now we try to make (2.1) and (2.2) more concrete by using the explicit form of
the connection formula for WKB solutions of a higher order equation (1.1) when one
crosses an ordinary Stokes curve emanating from a simple turning point. Let ¢ be a
simple turning point of type (k,l) and C be an ordinary Stokes curve of type k > [
emanating from ¢ (Figure 10). For WKB solutions ¢; = exp fpm SO dz (j = 1,2,3)
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kE>1

S e

Figure 10. A simple turning point ¢ and an ordinary Stokes curve C' of type k > [.

Yt

k> 1
S(k)

S

Figure 11. Path ~; for the connection formula and the branch of S on it.

which are normalized at a point p, the following connection formula holds as x crosses
C (Figure 10):

dp > o — e ST

(2.3)
¢j > ¢; (1#Fk)

where v, is a path which starts and ends at p with rounding ¢ counterclockwise once.
Here the branch of S on 7, is taken so that S = S®*) at the beginning and S = SO
at the end (Figure 10). For the reader’s convenience, we outline how this formula is
deduced in A.2. By using this formula, we have

(2.4) ) = exp ( / de) :

(&

where 7. is a path rounding ¢;2 and the branch of S on it begins with S? and ends
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3,1)

Ve

Sme (1,2)

( E
ﬁ;jﬁ xo
(2,3)
Figure 12. Path ~, for the Stokes coefficients ¢().
with S, (Cf. Figure 12. Here, as is shown in Figure 6, t15 denotes the turning point
where the branch cut of type (1,2) emanates.)
To determine d*), we recall the determination of the Stokes coefficients on new
Stokes curves. The new Stokes curve to which d*) is attached appears from a crossing

point of two ordinary Stokes curves specified in Figure 13. Therefore, if we write the
Stokes coefficients for the ordinary Stokes curves by a(*) and b, we have

(2.5) d® = _E)p),

This formula (2.5) is derived by the single-valuedness argument around the crossing
point in question ([2],[10]). Due to the connection formula (2.3), a*) and b*) are
described as

(2.6) o) — exp ( / Sda;) ,

a

(2.7) bE) = exp </ Sdm) )
T

where v, and ~;, are as given in Figure 14. (The branch of S on 7, and ~, are also
specified there.) Therefore we obtain

(2.8) 4% — _exp ( / d de) |

Here 74 is a path rounding t3; and ta3 where the branch cuts of type (3,1) and (2,3)
respectively emanate (cf. Figure 15 and Figure 6).
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3> 2

1>3

Figure 13. A new Stokes curve appearing from a crossing point of two ordinary Stokes

curves.

(2,3)
Figure 14. Path 7, and -, for the Stokes coefficients a(*) and ).
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(3,1)

(2,3)
Figure 15. Path ~4 for the Stokes coefficients d(*) and the branch of S on it.

Thus the results of analytic continuation become
2.9) B0 —p() b Sty (),
(2.10) §(H) = (1 — ey Sd"”) o) e St g(h),

Now we compare these two equalities. Since ; is normalized at * = x¢ and its
path of integration does not cross the Stokes tree in question (or any Stokes curve) near

T = xg, we may assume that iy is Borel summable near z = x¢y and a = —1, i.e.,
(2.11) g =g,

Therefore the left-hand sides of (2.9) and (2.10) are equal to each other. Next we
consider erd Sdmwg. We note that

(2.12) el Sdacz/)g = exp (/ de)
Yd,2,x

holds, where 742, is a path given in Figure 16.

Then we use the fact that the integral of S along a path rounding a simple turn-
ing point counterclockwise twice is [ Sdz = —mi (cf. Lemma A.1.2), and consider
—eha dewg instead (minus sign is added). This is given by integral of S along a path

given in Figure 17(a). Deforming the path rounding ¢12 (Figure 17(b)), we have five

segments connecting xg and = (I1,ls,. .., 5, in order from the left). After several cancel-
lations such as fll S dx + fl2 S®2) dx = 0, we obtain Figure 17(c). Now the path does
not cross the Stokes tree, and so we may assume that el Sdmwg is Borel summable on

D and near a = —i, i.e.,

(2.13) dwS) = g wlh,
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(3,1)

(1,2)

(2,3)
Figure 16. Path 742, and the branch of S on it.

Therefore the second term in right-hand side of (2.9) is equal to that of (2.10). Combin-
ing this with (2.11), we find that the first term of the right-hand side of (2.9) coincides
with that of (2.10);

(2.14) i) = (1 — ey Sdz) el

Thus we have obtained the formula (1.9) for ;.

8§ A.1. Some integral formulas around a simple turning point

We consider a second order equation

(A.1.1) <— — n2Q(x)> Y =0.

dz?

Let t be a simple turning point of (A.1.1) and consider the contour integral f Seven dx
around ¢, where Seyen 1= (S(l) + 52 /2.

Lemma A.1.1.

(A.1.2) j[Seven dx = —7i/2.
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()

Figure 17. Deformation of path 742 ..
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Proof. First we note that Seven = —%% log Soqq holds. Therefore

1d
(A.l.g) Seven == _Ed_ ]-Og SOdd

(A.1.4) = —l—log [ ( Sodd — Q)]
1
2

(A.L5) ____1ng_ di (1+ odc;\/%\/_>

Here (Soaa — 1v/Q)/n+/Q is single-valued around ¢, and hence the second term vanishes
after the integration. Since t is a simple zero of (), we obtain the result. ]

Lemma A.1.1 leads to

(A.1.6) exp (/ Seven da:) =-1
Yo

for the Weber equation, and hence we find the relations (1.5) and (1.6) are equivalent.

Lemma A.1.1 is applicable also to the Voros connection formula ([14]): as x crosses
counterclockwise a Stokes curve of type k > [ emanating from ¢, the following connection
formula holds.

(A.1.7) Y > Y +1exp (/ odd) i,
Yt

where 1);’s are WKB solutions normalized at a point p and ~; is a path given in Figure
11. In view of Lemma A.1.1, this formula can be described also as

(A.1.8) Yr > Y — exp (/ S) (o
vt

where the branch of S is S**) at the beginning of v, and S at the end.
Next we consider an integral of S around a simple turning point.

Lemma A.1.2.
(A.1.9) /de = —Ti

where the integral is done along a path rounding t counterclockwise twice (Figure 18).

Proof. Since Spqq := (S — 8))/2 is of the form
(AllO) Sodd = (I‘ - t)l/Qf(aja 77)

with a function f single-valued around ¢, S,qq vanishes after the integration. Therefore

only Seven contributes the integral. In view of Lemma A.1.1, we obtain f Sdr =
—T1. ]
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Figure 18. A path rounding a simple turning point counterclockwise twice.

§ A.2. Outline for derivation of the connection formula (2.3)

The connection formula (2.3) is explicitly calculated for a third order equation
(actually a holonomic system) in [6]. Here, for the reader’s convenience, we outline how
this is deduced from the results of [2], [1] and [3].

We consider a third order equation

3

d d
(A.2.1) Hy = pri a(a:)'r)Z% +b(x)n*| ¥ = 0.

Let &1(x),&2(x),&3(x) be characteristic roots of (A.2.1) and assume that (A.2.1) has a
simple turning point at x = ¢ of type (k,l). For this equation, the following holds:

Theorem A.2.1 ([2, Theorem 1.4]).  Near the turning point t, there exist Borel
transformable series L(x,n) = Y o g Lp(x)n™", M(z,n) = > 0" My (x)n™"™ and N (z,n) =
>0 o Nu(z)n~™ with holomorphic coefficients Ly, (x), My (x) and Ny (z) (n =0,1,2,...)
such that the following decomposition holds:

(A.2.2) H= (% L, n)n) (dd—; + M(x,n)n% + N(m,n)n2> |

Here the second order operator Hy := (d?/dx?) + M (z,n)n(d/dz) + N(z,n)n* has &
and & as its characteristic roots.

We first note that a WKB solution ¢; = exp(fpw TU) dz) to Ha¢p = 0 in which
T (x,n) = T_1(z)n + To + Ti(z)n~! + -+ starts with & (i.e. T = &;) is a WKB
solution to the third order equation Hy = 0 (j = k,[). For the equation Hy¢ = 0, we
can apply the transformation theory to the Airy equation (cf. [1],[3]): Let Toga(x,n) be
the odd part of the solution for the Riccati equation associated with Ho¢ = 0. Then

1 v 1 _
(A.2.3) ;= \/T_ddexp [/t (j:Todd — §M77> d:z;] (j =k,1)

are WKB solutions to Ho¢p = 0. (cf. [2, (1.24)]) Here plus sign is for j = k and minus
for j = [. For the Borel transform ¢; g(z,y) of ¢;, the following holds.
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Theorem A.2.2 (]2, Theorem 1.8]).  On a small neighborhood of (t,0) € C, x
Cy, ;. B(z,y) ( = k,l) have singularities only along Ry, U Ry, where R; = {(x,y) |y =
— [ & dx} (j = k,1). Furthermore the singular part of oy p(z,y) (resp., vi,5(z,y))
along R; (resp., Ry) coincides with ip; g(x,y) (resp., —ivr B(x,y)).

If we assume Borel summability of the transformation, this leads to the connection
formula for ¢; (j = k,l): When we go across counterclockwise a Stokes curve of type
k > | emanating from ¢,

— +1
(A.2.4) Pk Pk Z.SOZ
;=i (J#k)

Then we compare ¢ and ¢ at x = p to obtain connection formula for ¢. By substituting

T = p, we have

1 P 1
(A.2.5) BN —— { / (ﬂodd - —Mn) dx] ,
Toaa(psm) t 2

(A.2.6) ¢j(p,n) = 1.

Therefore we have

Gk — Ok +iexp (f% Toad dl’) o)
¢j— o5 (J#K)

where v; is a path starting from p, rounding ¢ counterclockwise and ending at p (Figure

(A.2.7)

Y

11). Finally we take into account the integral of Toyen along ;¢ (cf. Lemma A.1.1) to
obtain

Pr > P — exp <f% Tdif) l
¢j— b (GF#K)

(A.2.8)

Since ¢\9)’s are solutions to the third order equation Hi) = 0 and T'V)’s are solutions to
the nonlinear equation associated with Hvy = 0, (A.2.8) means the connection formula
(2.3).
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