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MULTISUMMABILITY FOR SOME CLASSES
OF DIFFERENCE EQUATIONS®

by B.L.J. BRAAKSMA and B.F. FABER

1. Introduction.

This paper concerns linear and nonlinear difference equations whose
linear part involves the difference operator

(1.1) Ty(z) :==y(z + 1) — A(z)y(z)

where z € C, A(z) is an invertible (n X n)-matrix meromorphic near oo and
y : C — C". We are interested in multisummability properties of formal
solutions of Ty(z) = G(z,y) where G(z,y) is holomorphic at (co,0) and
does not contain linear terms in y.

To formulate the results we need a formal fundamental matrix Y (z)
of the linear homogeneous equation Ty(z) =0 :

(1.2) Y (x) = M(z) @7 [(x)™ c“;eqf(‘”)xl‘f.

Here

M(z) € Gl(n, Cllz~"/*]]lz'/?]),p € N,
L; € End(n;,C),n1 + ... + nm = n,

1
(13) QA€ 2 < < Ami6j € c,

gj(z) = 0 or gj(z) is a polynomial in z'/? of degree less than p
with leading term bjz#i,0 < p; < 1,b; #0.

(*) Part of this work has been performed in the University of Southern California.
The authors want to thank the Department of Mathematics of USC and in particular
Professor W.A. Harris, jr, for their hospitality and support.

Key words : Difference equations — Formal power series solutions — Normal forms —
Multisummability — Borel and Laplace transforms — Gevrey series — Stokes phenomenon.
Math. Classification: 39A10 — 40G10 — 44A10.
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(cf. [Tur60], [Pra83], [Duv83], Imm8&4]).

In general M(z) cannot be lifted to a meromorphic matrix but only on
suitable sectors there exist corresponding holomorphic lifts which exhibit
a Stokes phenomenon.

The levels of the difference operator T are said to be ki, ..., kg where
0 < ki <..<ky=1and k, € (0,1) occurs iff there exists j such that
)\j =0,Cj = 1,(]]' iO,kh =/Lj‘

A direction ¢ (interpreted as a real number or as a half line
arg z = ¢) will be called singular for this operator if exp{xz log(c;)+g¢;(z)}
has maximal descent in the direction ¢ as || — oo in case A; =
0,z log(c;) + g;(x) # 0. Here all possible determinations of the logarithm
are taken into account. These directions are said to be of level 1 except
if A\; =0,¢; = 1,gj(z) # 0. In the latter case it is said to be of level u;.
In case A\; = 0,¢; =1, also ¢ = /2 mod 7 are singular directions of level
1. Note that in case A\; = 0,|c;| # 1 there are infinitely many singular
directions which have 7/2 mod 7 as accumulation points.

With these definitions our main result is

THEOREM 1.1. — Let A(z) be as above and let G(z,y) be holomorphic
in =P and y in a neighborhood of (00,0) and such that it does not
contain a linear term in y in its Taylor expansion with respect to y. Let
#(x) € C"[[z~1/?]] be a formal solution of y(z + 1) — A(z)y(z) = G(,y).

Let (I, ..., 1) be a multi-interval such that Iy D ... D Iy, |In| > 7/kn
and I, does not contain a pair of Stokes directions (¢ — w/(2kn),d +
7/(2ky)), where ¢ is any singular direction of level ky,.

Then §(z) is (k1, ..., kq)-summable on (11, ..., I;) in the following cases:

1. Am >\ > 0,7 ¢ I, mod 2.
3. A1 <A <0 and0 ¢ I, mod 27.

Moreover, {(z) is 1-summable in upper and in lower halfplanes if
lcj| # 1 in case A\j = 0.

For the definition of multisummability we refer to section 3. In case
q = 1 we have l-summability and so Borel-summability. In this case the
Borel sums of the formal solutions may be represented by convergent
generalized factorial series. The theorem may be extended to cases where
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A(z) and G(z,y) correspond to multisums of formal series in = as in the
case of differential equations (cf. [Bra92]). Theorem 1.1. remains valid if
G(z,y(x)) is replaced by G(z,y(z+1)) as can be seen by expressing y(z+1)
by means of the difference equation in terms of y(z).

The result may be reformulated for left-difference equations w(z —
1) — A(z)w(z) = G(z,w) by means of the substitution w(z) = y(—z)
and A(z) := A(-z),G(z,w) := G(—z,w). Moreover, this implies that
Ty(z) = G(z,y) corresponds to w(z+1)— A~ (—z—1)w(z) = ~A~}(~z—
1)G(—z — 1,w(z + 1)) and thus it follows that the statement in case 3 of
the theorem is a consequence of that of case 1.

Different (slightly more general) formulations of the main result are
given in sections 4 and 10. In section 10 we also consider the reduction of a
general nonlinear difference equation to one of the type considered in Theo-
rem 1.1. Section 11 contains an application to normalizing transformations
for the difference operator 7.

The method of proof of the main result is similar to that for the
multisummability for meromorphic differential equations in the style of
Ecalle (cf. [Eca87], [Eca93], [Bra9l] and [Bra92]) with a modification due
to Malgrange (cf. [Mal]).

Multisummability of formal solutions of difference equations does not
always occur and one has to apply the more general notion of accelero-
summability of Ecalle in such cases (cf. [Eca87], [Eca93] and [Imm]).
However, our method shows that formal solutions §j always can be lifted to
holomorphic solutions in upper and lower half planes with § as asymptotic
expansion, the lifts need not be uniquely determined by 3 (cf. Remarks 4.1
and 10.1 and [vdPS]).

The paper is arranged as follows. In section 2 we introduce some
notations and recall properties of Borel and Laplace transforms and in
section 3 we recall two equivalent definitions of multisummability. In section
4 we give an alternative formulation of the multisummability result for the
linear difference equation. In section 5 we derive the convolution equation
which corresponds through Borel transform with this difference equation
and in section 6 we prove the result in the linear case by means of
these convolution equations. This proof depends on two lemmas which
are proved in sections 8 and 9. For this we need to study an auxiliary
operator associated with the difference operator. To this study section 7
is devoted. In section 10 we consider the nonlinear difference equation.
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Section 11 concerns the normalizing transformations mentioned above and
a fundamental matrix of a linear difference equation in a special case.

We want to thank G. K. Immink and M. van der Put for useful
discussions.

2. Preliminaries.

Here we present some concepts and results which we use lateron. For
more details we refer to Balser [Bal94], Ramis [Ram93] and Malgrange
[Mal].

By C. we will denote the Riemann surface of the logarithm. For I
an arbitrary, bounded interval in R, we define

S(I) ={z € Cx; argz € I}.

We call S(I) a closed (open) sector, if I is closed (open). Sometimes we will
write S(a,b) for S(I) with I = (a,b), or just S if no misunderstanding is
possible. Throughout this paper intervals and sectors will be open, unless
stated otherwise. By |I| we will denote the length of interval I.

Let A(0,7) be the open disc around 0 with radius » > 0 and
S(I,r) :=S(I)NA(0,7). A neighborhood of 0 in S(I) is an open subset U
of S(I) such that for every closed subinterval I’ of I there exists an r > 0
such that S(I’,7) C U. A neighborhood of co in S(I) is an open subset
U of S(I) such that for every I’ as above there exists r > 0 such that
{reS{I||z|>r}CU.

If I is an interval then we define O(I) as the set of germs of functions
holomorphic on a neighborhood of 0 in S(I) and the corresponding sheaf
on R is denoted by O. Replacing 0 by co we define in the same way a sheaf
Oco-

The subspace of f € O(I) with the property that f has an asymptotic

o0

expansion f(z) ~ f(x) = Y a,zVP,x — 0,z € S(I), where {a,} is a
n=0

sequence in C, and p is positive, is denoted by A(I). Replacing /P by
z~™/? and 0 by oo we define in the same way Ao (I). The corresponding
sheaves on R are denoted by A and A.

From here on k£ will always be a positive number.
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A function f in O(I) (O (1)) is said to be exponentially small of
order k at 0 (00) if to every closed subinterval I’ of I corresponds a b > 0
such that

f(z) = O(exp(=blz|7%)), & = 0 (f(2) = O(exp(-blz[*)), = — c0),
z € S(I').

The subspaces of such functions are denoted by AS~*(I) and A *(1)
and the corresponding sheaves on R are denoted in the same way with
deletion of the symbol (I).

If f € Ox(I) and for every closed subinterval I’ of I, there exist
positive constants A, B, R such that

|f(z)| < Aexp(Blz|*), if |z| > R,z € S(I'),

then we say that f is exponentially large of order < k at oo on S(I).
By £(I,k) we denote the set of these functions, which, moreover, are
holomorphic on the complete sector S(I) and belong to A(I).

If I is a bounded interval in R and {I;};cs, where J is an interval
of Z, is a family of open intervals with I, N I; = @, if |j — 1| > 2, and
UjesI; =1, then we call {I,};cs a good covering of I.

Now let {f;}jes be a family of functions, with f; € Ou(I;) and
fiv1— fi € ASH(Ij N Ijta), 4,5+ 1 € J. Then {f;}jecs is called a k-
precise quasi-function at co on I with respect to the (good) covering
{Z;}jes. Two such k-precise quasi-functions {f;};jes and {gi};c; with
respect to good coverings {;};es and {I;};c j are said to be equivalent, if
fi— 9 € ASR(I;N ;). With this equivalence relation ~ the quotient sheaf
(O)ASF) o := O/ ASTF is given by the equivalence classes of k-precise
quasi-functions at oo on 1. '

In an analogous manner we define the quotient sheafs (A/A<%),, and
(ASTFJAST) o, for 0 < k < 1. If {fj};es form a representative for f €
(A/ASF) oo (I), with respect to a covering {I;};c. as above, all f; € A(I;)
have the same asymptotic expansion f , as exponentially small functions
have asymptotic expansion 0. Therefore, we write f ~ f . Similarly we may
give a meaning to f = O(z?) for f as above.

LemMA 2.1 (cf. Malgrange and Ramis, [MalR92]). — Let 0 < k < I,
and I an open interval of length |I| > m/k. Then (AS%/A<™!) o (I) = 0.
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Now we are able to give the definition of the (generalized) Borel
transform of order k, denoted By. Let I = (a, b) be an interval in R, with
|I| =b—a > n/k, and let f € (O/AS7F)o(I) with f(z) = O(z?), T — oo,
for some real q. Let I' := [a/,}] be a compact subinterval of I with
[I'| > n/k. Let {f;}]L; be a representative of the restriction of f to
a neighborhood of I’ with respect to a good covering {I;}72; of that
neighborhood.

Suppose that f; is holomorphic on the neighborhood Uj of co in S(Zj).
Choose z; € U; NUj41, if j =1,....,m—1, zg = Re'™ € Uy, T,y = Re®™ €
U, where by —a; > n/k and R > 0. Let fo = fine1 = 0. Then we define

8(t) = Bef (1) ,mz L e s

oo(arg x;) N
2.1) 2mz / @ (f1 — £)(@) dla®).

Here oo(a) means that the path of integration ends at oo in the
direction argz = a. Thus ¢ is holomorphic on a neighborhood U of 0 in
S(I), with I = ( b+ 27;: 2k) and independent of the choices for

the z;. However, variation of a; and b; gives analytic contmuatlons of ¢.
By variation of I’ we obtain ¢ € O([*), with I* = ( b+ — 2k —a— 2k) If
f can be represented by a single holomorphic function on a neighborhood

V of 0in I (i.e. if all the f; are analytic continuations of each other), then
this generalized Borel transform equals the classical one :

—a1 —

Buf(t) = [ =" f(o) d(a¥),
r
where T is a contour in V' from oo(a1) to co(by). In particular,
(2.2) Brz = (t) = t* % /T (\/k).
On the other hand, if ¢ is holomorphic on a neighborhood U of 0 in S(I*)
where I* := (—b*,—a*) and ¢(¢t) = O(t"),t — 0 in U, for some r > —k,

and for j = 1,.. ,m t; € U with —b] = argt,, . < argt; = —aj,
argt;_; —argt; < — 1f j > 1, then the family { fJ} , defined by

t; X
(2.3) f(z) = /0 e~ g(r) d(r*), t; € U,
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%) Varia-
tion of a] and b gives continuation of {f;} in the sense of k-precise

quasi-functions. Hence we obtain an element in ((’)/As—k)oo(l ) where

I= (a* - %,b* + 57%), which we denote by Lx¢, the finite Laplace
transform of order k of ¢. If ¢ is holomorphic on the full sector S(I*),
and has exponential growth of order < k at co on this sector, then the

classical Laplace transform of order k of ¢ :

. . . . = ™
is a k-precise quasi-function at co on I = (a*l‘ - —,bl +

o0
Leb(z) = [ e g(r) d(r)
0
is equivalent (in the sense of k-precise quasi-functions) to the finite Laplace
transform of order k of ¢.
As in the classical case we have, under certain conditions, that

Ly =B,:1 :

THEOREM 2.1 (Malgrange [Mal91]). — Let m > 0,1l > k > 0,k =
(1/k — 1/1)7Y,I = (a,b) an interval in R, with b —a > ©/k and I* =
(=b+m/(2k), —a — 7/ (2k)).

Then By, is an isomorphism
from 2™ (A/AS%)(I) onto t™ % A(I*) and
from 2™ ™(A/AS) oo (I) onto t™kE(I*, k),

with inverse Ly and L. respectively. Here L} can be represented by finite
Laplace integrals of the form (2.3) with t; replaced by expressions involving
the independent variable x (cf. [BIS]).

A o0 :
Let f(z) =2™™ Y an,z~*». We define the formal Borel operator

n=0

By, of order k by applying the Borel operator termwise using (2.2) :
= a
2.4 Bif(t) :=t™ Sy — ¢t

If now f(z) € z7™(A/ASF)o(I) and f(z) ~ f(z),z — oo, then we have
(2.5) Bif(t) ~ B f ().

The formal Laplace operator Ly, of order k is defined as the inverse
operator of By.
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We define the k-convolution of two functions. Let f,g € O(I) and
f@t) = O(t*=F), g(t) = O(tP~%), t — 0,t € S(I), for some a,3 > 0. Then
(cf. Martinet and Ramis [MarR91])

Un@@:AfWMJW“Mﬂd”)

defines an element f %5 g € O(I) with (f %, g)(t) = O(t**tA=¥%),t — 0,t €
S(I). The convolution property of the classical Borel transform (of order
k) extends to the generalized transform :

Ifl > k,m>0,|I| >n/k and f,g € 27™(A/AS) oo (I) then
(2.6) Bi(fg) = (B f) *x (Brg) € t™ FA(I*), I* as before.
Finally, we define the ramification operator of order k :

(2.7) pif(x) = f('/%).
Note that, in fact, By = pi, *Bpx , Lk = py ' Lok, and f*xg = py ok f*prg)-

3. Definition of multisummability.

The following definition of multisummability is due to Malgrange and
Ramis [MalR92] (for a slightly different formulation see Balser and Tovbis
[BT93]).

DEeFINITION 3.1. — Let r e N, 0 < k1 < ... < ky < kpy1 :=00,p > 0.

R 0o

A formal power series f(z) = Y. c,z™™P is said to be (ki,..., kr)-
n=0

summable at co on a multi-interval (Iy,...,I.), Iy D I D ... D I,

\I;| > =/k;, if there exist f; € (A/JAS®*) (L), 5 = 0,...,r with
I := R satisfying the following conditions:

e folz) ~ f(z),z — oo on S(Iy), fo(z) has period 2pr in argz.
e fi_1l1, = fj mod A j=1,...,m
Then by definition the multisum of f on (I,...,I.) is (fi,..., fr)-

This multisum is uniquely determined by f and (I1,...,I.). Note that
fr € Ax(I) is an ordinary function on a neighborhood of oo in S(Z,.), and
that

fi(@) ~ f(z), = 00 on 8(I;), Vj € {1,...,7}.
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Moreover, the existence of fj is equivalent with the condition that f (zP) is
Gevrey of order pk;.

There exists an equivalent definition which is closer to the original
definition of Ecalle’s (cf. [Eca87], [Eca93], [Eca94], [Mal]) :

DeriniTION 3.2. — Let I1,...,I,. denote open intervals satisfying
the conditions in Definition 3.1, and let I]’.*, j =1,...,r be the following
interval : if d; is the center of I; then —d; is the center of I, and |I;| =
|I;| —7/k;. Let 0 < ky < ... < kp < kpy1 := 00, Kj := (ch_1 - kj__:l)‘l,

~ (o)
j=1,...,m and f(z) = 3 cpz~ /P € C[[z~/7]).
n=1

We say that f is (ki,...,k.)-summable at oo on multi-interval
(I,..., L), if:

o H(t) := By, f(t) =t™™ il cnt™? /T (n/(pk1)) is convergent for small

positive |t|, and its sum can be continued analytically to a function
¢1 € t1/PRE(IY, k).

o fi(z) := L:;+1¢j(x) € zY/P(AJASTR+) (I;) has the property
that By,,,f; can be analytically continued to a function ¢ji1 €
tl/”_kf“é'(IJ*fH, Kj+1), for j running from 1 to r — 1, respectively.

Define f, := Lk, ¢r € Ax(I;). Then the multisum off on (I,...,I.) is
defined to be (fi,..., fr)-

A formal series with a constant term, §(z) = co + f(z), is said to
be (ki,...,k,)-summable at co on multi-interval (Iy,...,I,) if f(z) has
multisum (f1,..., fr) on this multi-interval, and then the multisum of § is
(co+ f1y---yco0+ fr)-

The equivalence of the two definitions follows from the isomorphism
Theorem 2.1 of Malgrange.

4. Reformulation in the linear case.

First we consider normal forms T for the difference operator T.
From the formal fundamental matrix (1.2) of Ty = 0 it follows that the
substitution y(z) := M(z)y(z) transforms T to the normal form 7°:

(41) T°y(z):= y(z+1) — A%(z)
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L.
where A°(x @x)‘fc 93 (2+1) =5 () (1 + 1) ’ .
j=1

From this one may derive a related normal form 7T°¢ (cf. [Tur60], [Pra83],
[Duv83], [Imm8&4]):

(4.2) Tey(z) =y(z+1) - F(z)y @x iF;(z),

F;(z) = fj(@)L; + 27 'Ly,
where f;(z) = ¢; if ¢;(x) = 0 and otherwise f;(z) is a polynomial in 2~1/P
of degree less than p, f;(z) ~ ¢;(1 + p;b; izti~1) (¢; # 0) as ¢ — oo, and
where L is a constant (n; x n;)-matrix and Aj, uj,b;,c; are the same as
in (4.1). The formal normalizing matrix M(z) now is modified to M(z).

Using a truncation My of this matrix we see that T can be mero-
morphically transformed by y(z) := My (x)z(x) to T where

(4.3) Tz(z) = T2(x) + 2 F(z)z(x),
with p < min;{)\;} — 1, F(z) € End(n, C{z~1/?}).

In order to prove the linear case of Theorem 1.1. it is sufficient to
consider the linear difference equation

(4.4) Tz(x) = &),

where ¢&(z) is meromorphic in /P at co. We may rewrite this equation
in the following form:

(4.5) Az(x) = (@ z'- khlh) (z(x+ 1) — 2(z))

h=0

- (é Ay + x'l/pB(m)> 2(z) = c(z),

h=0

where
(4.6)
reN; 0=ky<k1 <..<kg=1<...<k,,1<qg<m
khn€p IN,h=1,..r; peN;
A, h=0,...,7, is an (np X np)-matrix;
np, is a nonnegative integer , np > 0if kp #0,1; no + ... + n, = n;
A, is invertible if 1 < h <7 and np > 0;
B(z) € End(n, C{z~'/?}), c(z) € C*{z~/P}[z!/P].
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The translation of (4.4) into (4.5) runs as follows: If A\; > 0 then
there exists k, = A; + 1 and A, consists of blocks ¢;I; corresponding to
all j with k, = A; + 1. If A\; = 0,¢; # 1 then ny; > 0 and A, contains
corresponding blocks (¢; —1)I;. If A; < 0 then also n, > 0 and A, contains
corresponding blocks —I; whereas if none of these cases occurs we have
ng = 0. In case \; = 0,¢; = 1,g;(xz) # O there exists k, = p; and
A}, consists of blocks p;b;I; corresponding to all j with k;, = p;. The
case \; = 0,c; = 1,gj(z) = 0 corresponds to ko = 0, and A, contains
corresponding blocks I:j. In general the ny’s of (4.6) will not be the same
as the n;’s of (1.3).

The assumptions (4.6) include also cases where in the original differ-
ence operator T the matrix A € End(n, C{z~1/P}[z!/?]) is not invertible
(corresponding to a block F; which is z~! times a nilpotent matrix).

In agreement with the definitions of singular and Stokes directions in
section 1 we now define:

DEFINITION 4.1. — A direction 6 will be called a singular direction
of level k; of the difference operator A (cf. (4.5)) where j = 1,...,q— 1,
if Aj + k;t*1; is not invertible for some t with argt = —6. Moreover
will be called a singular direction of level 1 ifng > 0 and Ag+ (1 — e ?)I,
is not invertible for some t with argt = —6, or if np > 0 for some h < ¢
and 0 = w/2 mod w. If 6 is a singular direction of level k; then the pair

g 0+ T is a pair of Stokes directions of level k;.
2k; 2k;

Then we have

THEOREM 4.1. — Let the assumptions (4.6) concerning the difference
equation (4.5) be fulfilled and let 3(z) € C[[z~!/P]] be a formal solution
of (4.5). Let (I1,...,1;) denote a multi-interval satisfying the following
conditions:

(4.7
I DI, D>...D 1y, |Ij| > m/k;(cf. Definition 3.1);
{ I; does not contain a pair of Stokes directions of level k; (1 < j < q).

Then %(z) is (ki,...,kq)-summable on (Iy,...,1;) in the following
cases:

(i) kr >1,1,n{(2j+1)m:j € Z} = @ and if ng > 0 then Ay +1,
is invertible.

(ii) k, =1 and either n, > 0 and A, + I, is invertible or n, = 0.
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(i) k=1, n, >0and I, N{2jm: j € Z} = 2.

If (21,...24) is the corresponding multisum then z4 is a holomorphic
solution of (4.5) in a neighborhood of 0o in S(I;) and z; is a solution of
(4.5) in (AJA< ki) (L) if 1< j<q— 1.

Moreover, %(zx) is 1-summable in upper and in lower halfplanes if
no = 0,9 =1, and if n; > 0 then A, does not have an eigenvalue X on the
circle A+ 1| = 1.

It is easily seen that this theorem implies Theorem 1.1. in case G(z, y)
is independent of y. Note that presence of a level k. > 1 causes obstruction
in the summability process in the left half plane, presence of level 1 with
A, +1, not invertible causes obstruction in the right half plane (cf. [Imm]).
However, we will show that

Remarks 4.1. — The formal solution 2(z) can always be lifted to
analytic solutions z4(z) in Hy := {z € C : £Imz > R} for some R > 0
such that z4(z) ~ 2(z) as z — oo in Hy with 0 < +argz < m — € for
any € > 0. Similarly there are solutions as above with the condition on
arg z replaced by € < argz < 7 (cf.[vd PS]). These solutions need not be
uniquely determined by g.

It is sufficient to prove the theorem for the case that the formal
solution %(z) and the right-hand-side c(z) of (4.5) are both of order
O(z=N/P),z — oo for sufficiently large N € N with at least N/p > 1.
This follows by subtracting from the formal solution 2(z) a partial sum of
some sufficiently high order. Then the remainder satisfies ‘again (4.5) with
¢(x) replaced by another function which has a zero of that order at oo.

The proof of Theorem 4.1 will be given via convolution equations
corresponding to the difference equation (4.5). These equations will be
derived in section 5. In section 6 we then give the proof for case (i) of
Theorem 4.1 and of Remark 4.1. The proof for case (ii) and case (iii) is
similar (cf. also the correspondence between cases (i) and (iii) mentioned
in sect.1). ’

5. The convolution equations.

We apply Borel transforms to the difference equation (4.5) with
1
c(x) = O(z~N/P) with N sufficiently large. Let k € EN N (0, 1]. Suppose
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that z(z) € =~ N/P(A4/AS %) (I) for some open interval I with length
> 7/k. Then also the difference z(z + 1) — 2(z) is in this set (cf. [Imm84,

§16]). Let u(t) := Bgz(t). Then u(t) € t%'k.A(I*) where I* and I are
related as in Definition 3.2.

The convolution equation associated with (4.5) involves the operator
F}, defined by
1
(5.1) Fyu:= Bp{z' *(2(z+1)—2(z))}, where k € END(O’ 1], z = Lyu.

It follows that Fyu(t) € t' 7 ~LA(I*).

If Kk = 1 it is easy to see that 2!~%(z(x + 1) — 2(z)) simplifies to
Li{(—1+ e *)u(t)}(z), and therefore

(5.2) Fiu(t) = (=1 + e )u(t).
In case k < 1 we rewrite the difference z(z + 1) — 2(z) as a perturbation of
the derivative 2'(z) of 2(z):

z+1

(5.3) 2(z+1) —2(z) = 2'(z) +/ (z+1-19)2"(y)dy = 2/ (z) + Wz(z).

T

Now, as 2(z) € z~V/P(A/ASF) o (I), also the derivative 2/(z) is a member
of this set. Hence, so is Wz(z). We have 2/(x) = —kz*~1Li{tFu}(x) and
as a consequence we may write:

(5.4) Fru(t) = —kt*u(t) + Hyu(t), if 0 < k < 1,
with
(5.5) Hyu(t) := Be{z' "W 2(x)}(t) = Be{z' "W Lyu}(2).
We will investigate the operator Hy, in section 7.
Next, we define (n x n)-matrices M; as follows:
M, :=zF"ko.. . oML eLe...0,1<i<q

Then Az —c=0in (.A/.Ag_kj);‘o(Ij) is equivalent to By;M;(Az —c) =0
in A™(I3), if I; and I} are related as in Definition 3.2. The lefthand side
of this equation may be expressed in terms of

(5.6) u = By, 2, Bj = By, {M;z"/?B},7; := By, {Mjc}.
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Utilizing (5.1), (5.2), (5.4), (2.2) and (2.6) we get a convolution equation
Qju = 7; where

(5‘7) Qj = BijjAEkj, _] = 1,...,q

We can rewrite these convolution equations in the form Tju = u. Denote
by v(*) the components of n-vector v corresponding to the h** block and
let

(5.8) G, := Hy,.

J
Then we get
e if0<j<gqgandk:=k;

(Tju)® = (ktF)~(Gu)P — A, (_—k—r(l o u)®
(B #iw)® 5],
0<h<y;
(5.9) { @WD = (A +KL) (G P() - (B s ) -7
— kp—2k kp—2k
(Tju)® = —Ahl[(ﬁ_’%i—n *i ktFu) M) — (Lp— t(_; D Xk Gyu)®
+(Bs 1 )™ + 7,
\ ] < h< T,
610 e o _— N
(Tqu)( ) = —(1-e) [Ah(r‘(l—kh) *u)™ + (B xu) M+ 55",
0<h<ug;
(Tw)@ = —(Ag+ (L= ™)) 7By 0@ + 3
k 2 ~ -
(T)® = A (s * (1= e + (B x )™ +5¢")],
g<h<r

The equations with h = 0 and h = ¢ are deleted if ng = 0 and
nq = 0 respectively. We will prove Theorem 4.1 by means of the convolution
equations

Tiu=u, j=1,...,q
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6. Proof of Theorem 4.1.

The proof of Theorem 4.1, case (i), follows easily from the two lemmas
below, that we will prove in sections 8 and 9, respectively.

o0
LEmMMA 6.1. — Let 2(z) = Y. amz~™/P be a formal solution of
m=N

(4.5). Let ity = By, 2. Then i, is a convergent power series in t'/? in a full
neighborhood of 0 with sum u, (t) € t/P~%1C™{t!/P}, which is a solution
of

(6.1) Tu(t) = u(t).

Moreover, Li,u; =: 2o is a solution of (4.5) in (A/As_kl)go(R). In
particular 2(zP) € Cllz™]1/(pk,)-

Define

62)  myoe= (= - T i 1,k =k =1
. i=\% " &n J=1...,q—1kg:=ks=1.
Let (I1,...,I,) be a multi-interval satisfying the conditions in (4.7) and the
additional one of Theorem 4.1, case (i). If d; denotes the center of I, let
Il*-‘ and I; be the intervals with center~—dj, and length |I¥| = |I;| — 7 /kj,
\I;| = |Ij| —7/kj+1 ( = 1,...,9); Io := R. Since I; does not contain
any pair of Stokes directions of level k;, and I, N {(2j + 1)m;j € Z} = o,
it follows that —I7 does not contain a singular direction of level k;, and
Iy C (—m/2,7/2) mod 27. Using these conditions and notations we have

LemMMA 6.2. — Let j € {1,...,q} be such that there exists a
solution uj € tV/P=ki AM(I;_;) of Tju = u. Then u; possesses an analytic
continuation in S(I]’f), which will be denoted by u; as well, and which has
exponential growth at co of order at most k;. Moreover, z; := L’,Z“uj is
a solution of (4.5) in (A/AS™**)n (1), 1< j < q—1; 2, := Liu, is a
holomorphic solution of (4.5) in A% (I,).

Ifj < g—1thenwuj; := By, 2; satisfies Tj1u = u in a neighborhood
of 0 in S(I;), uj41 € tN/P=kits An(I}).

Remark 6.1. — Also if the cases (i), (ii), (iii) of Theorem 4.1 do not
necessarily occur the previous lemmas remain valid except for the statement
on ug and z,. However, if g=1o0r ¢ > 1, +n/2 € I;_; then u;(t) if g =1
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and ug(t) = Bi24-1(t) if ¢ > 1 are analytic in a strip around the imaginary
axis where £3t > 0 except for values of ¢ where A, + (1 — e~%)I, is not
invertible or ¢ = 2gmi,g € Z*. Moreover, ugy has exponential growth of
order at most 1 in this strip.

The proof of Theorem 4.1, case (i), now proceeds as follows: The
conditions of Lemma 6.2 are satisfied for j = 1 because of Lemma 6.1.
Then Lemma 6.2 implies a.o. that its conditions are satisfied for 7 = 2.
Repeating this reasoning for j = 2,...,q consecutively we get solutions u;
of Tju = u and solutions z; of (4.5) in (A/Ag_k”‘)go(lj) forj=1,...,q.

Since z; = £z;+lBkaj_1 and z; € (A/ASTR+)1 (1) we see that
zj-1|1; = 2; mod A<7ki_ Hence (21,...,2,) is the (ki,.. .y kg)-sum of 2 on
(I1,...,14). This proves Theorem 4.1, case (i).

The proof in the cases (ii) and (iii) is similar. Remark 4.1 follows from
Remark 6.1 by choosing the intervals I; suitably and defining 2+ as Laplace
transform of u, with path of integration in the strip around the imaginary
axis. The last assertion of the theorem concerning the case ng = 0,¢ =1
is obtained in the same way but now we may take the positive or negative
imaginary axis as path of integration in the Laplace integral for z¢.

Remark 6.1 will be proved in section 9.

7. Properties of the operator Hy.

In this section we will investigate the operator Hj, defined in section
1
5 for k € (0,1) N =N. The results are summarized in Lemma 7.2 at the

end of this section. They will be of use, when proving Lemmas 6.1 and 6.2.

We will write H in stead of H in this section. H operates on functions
N
u € t%_kA(I), > > 1 (cf. (5.5), (5.3)), where I is some open interval (in

section 5 this was the interval I*). Let z := Lu with u as above. Then
2"(z) = —k(k — 1)z* 2L {t*u} (z) + k222D £ {tPFu} (z)
and
z+1
Wala) = [ G+ 1= 9){-hlk = 2 Lultu)
T

+k2y2 B0 L (R u} (y) by
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For convenience we will use the following notations:
v=pru, W= peWp ', H = ppHpy !, and z* =: §,¢* = 7,

where pi is the ramification operator defined in (2.7). Let J be the
interval defined by § € J < 6/k € I. Choose M in the neighborhood
of 0 in S(J) where v is holomorphic, and choose fOM exp(—£&7)%(T) dT
as a representative for L{7%v(7)}(£). Substituting this in the expression
for Wz we obtain by means of a change in the order of integration if
|arg(eM)] < /2 :

M
2 W z(z) = €Y EWLY(€) =/ e " ru(T)w(€, T)dr,
0
with
w(é, ) = w(z, t*)

z+1
c=ka!k / (z+1—y)y*F=2{1 — k + kyFtk}e " W ==") gy,
x

Obviously w(£P*, 7) is holomorphic in ¢ € C\{0}, and entire in 7.

We substitute y = = + s in the last integral. As 1/2 < |1+ s/z| < 3/2, and
|(1 + s/x)* — 1| < c|z|~! for some constant ¢ > 0, for all 0 < s < 1 and
z € C with |z| > 2, we obtain an estimate for w:

(€, 7] < Kalg| /5 (1 + [erl)eRalrelr ™ g jepish > o,
Now, recall that Hu(t) = Bi{a!~*W2(2)}(£), Le. Hu(r) = B{E~1+1/*WLv}
(7). This implies
1 M
Ho(r) = 5 / €T§d§/ e—gn"lv(ﬂ)w(ﬁ,n) dn
c 0

M
= /0 nv(n)h(r —n,n) dn
with
1
hr,) = Blu( ) = 5o [ & u(enas

So, also h is holomorphic on C, in the first variable, and entire in the
second, and h(Te?P*™¢ n) = h(T,n).

For C we choose a contour consisting of halfrays (co,2*R)e®t and
(2%R, 00)e®2 (8; < 63), such that cos(arg(7€)) < —e along these rays
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(for some £ > 0), connected through the arc Cg : |§| = 2*R, 6, <
argé < 0. Then, if R > 1, we can estimate the integrand above with
K1 |€]7Y5(1+|€n]) exp(|r€] cos(arg(r€)) 4+ K1|nE*~*|). The exponent takes
its maximum on the arc when arg{ = —arg, and this maximum is
minimal for R = |n/7|*. Hence we choose R = max{|n/7|¥,1} and obtain
the following estimates:

1 1
o [ CEw(Emde| < LR H (1 + Rin) exp(LaRI7),
e Cr
and
1 TE 1 —-1/k
—- e w(&,n)d€| < L1 — R™/%(1 + Rnl|) exp(L2R|7|).
27 C\Cr |T'
Thus
1
|h(r,m)| < LiR™Y*(R+ H)(HRIUI) exp(L2R|7]), if R = max{|n/7|*,1}.

But this means that L{h(-,n)}(7) makes sense, and L{h(-,n)}(7) =
w(r,n). If we substitute this in the expression for £~ '*V/*WLu(¢) we
obtain:

M o]
—-1+1/k — —&T —¢o
13 WLu(E) /0 e *"ru(r)dr /0 e *%h(o,T)do

M t o M
= / e_ftdt/ ro(T)h(t — 1, 7)dT + / e_Etdt/ To(T)h(t — 7,T)dT.
0 0 0

M

As the second term in this last expression is exponentially small
for R(ME) large positive, we see that £~ 1T1/¥W Ly and £{f0t To(T)h(t —
7,7)dr} define the same element in (A/ A% )(J) where ¢ € J iff [¢+ 6| <
m/2 for some 6 € J. That is,

Ho(t) = (BE Y EWLw)(t) = /t To(T)h(t — 7, 7)dT.
0

However, this last expression still has meaning for functions v(t) that belong
to the set of holomorphic functions on S(J,7) (for some open interval J,
and some r > 0), that are bounded on S(J’,r’) for any closed subinterval
J' of J, and any ' € (0,7). Moreover, H maps this set into itself.

Hence we have proved the following lemmas:
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LEMMA 7.1. — Let 0 < kK < 1 and

61/k+1)k
wi(€,7) = €5 ! / (€Y +1—n*)n~ V¥ {1 — k+ knr}e (= Oan,
3

and

hi(7,n) := B{wk (-, n) }(7).

Then hy(TP*, ) is holomorphic in T, T € C\{0}, entire in 7, and there exist
positive constants K1 and K, such that

1
(7.1) Jha(r,m)| < KRV (R+ H) (1 + Rln]) exp(KaRi]),

if R = max{|n/7|*,1}.

LEMMA 7.2. — Let J be an open interval. We define Hy = pkap,Zl,
where Hy, is defined by (5.5). Then Hy, can be extended to a mapping of the
space of holomorphic functions on S(J,r), that are bounded on S(J',r")
for any closed subsector of J' of J and any r' € (0,r), into itself. If v(tP¥) is
holomorphic in a (full) neighborhood U of 0, and continuous on the closure
U, then also Hyv(tP*) has this property.

Moreover, if v is an element of the function space described above,
then

(7.2) Hyo(t) = /0 mo(mhe(t — 7, m)dn,

where hy is the function defined in the previous lemma.

8. Proof of Lemma 6.1.

For convenience we rewrite the system Tju = u to T;v = v, where
T; = pijjp,:jl, v = pg;u. Writing
(8.1) Gi = pr;Gipy, = pi;Hu; Py,
(cf. (5.8), (5.5),(5.3)), B = pr, Bj» Vi = pr,; ;> 50 (ck. (5.6))

(8.2) B; = B{px,M;z" /PB},~; = B{px,Mjc},
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the new system looks as follows:

e if0<j<gand k=k;

(8.3) k
( —_ - /k
(To)® = (k)= [(Gju)™ _Ah(rtT—h-% %) (P
~(B; xv)® =),
0<h<y;
(To)D = (A + kL) [(G0) D (B) — (8; % v)@ —1);
— kp/k—2 kp/k—2
(To)® = A [ * ko)™ — (g # Gyo)®
+(85 % ) + M),
N j<h<r,

e if j = q then 7, = T since k; = 1 (cf. 5.10).

Let us define k := k1, and 01 = pg, @1. We may choose N so large that
the formal solution 2(z) € C™[[z~!/?]] is uniquely determined. So 9, is the
unique formal solution of 7yv(t) = v(t). We will prove that it is convergent.

If w is an l-vector, w = (wy, ..., w;), then by |w| we denote its 1-norm,
|lw| == |wi] + ...+ |w

We will frequently use the property below of the convolution opera-
tor : Let , 8 > 0, and f, g holomorphic functions on a sectorial neighbor-
hood S = S(I,8) of 0 with |f(t)| < K|t|*71, |g(t)| < L|t|P~L, if t € S, for
some constants K, L,6 > 0. Then (f * g)(t) is holomorphic on S, and

I(f * 9)(t)] < KL B(e, B)|t|**F~1, t € S.

Here B is the beta function. From Stirling’s formula it follows that, given
w > 0,a > 0, there exists C > 0 such that for all z with £z > 0

|B(w,z + a)| < Clz| 7.
From (8.2) it follows that
") =0t*), t =0  (h=0)
{ﬂ@(t) =0(tF 1), t—>0 (1<h<r).

As ofz) = O@ ), we have t717{"(t) = O@N/@1), and
1) =0V, 1< h<r
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Choose p such that 0 < p < 27 and such that for 0 < |t| < p the
matrices A; + k1tI; and A; + (1 — e~*)]; are invertible in case ¢ > 1 and
g = 1,n; > 0 respectively. Define p; := p'/®*) and let W, ~ be the Banach
space of functions f, for which tP*=¥ f(¢P¥) is a holomorphic function from

A(0, p1) to C™ with continuous extension to A(0, p;), provided with the
norm

1£1lp,n = max{[tP*=N f(tP*)|; t € A0, p1)}-
We will show that 77 maps W, y into itself, and is a contraction if N is
large enough. Therefore, from now on v will denote a function in W, y.

Let us first assume ¢ > 1, i.e. k; < 1.

1
Let w be a function such that t7% Pw € W, n for some 3 € EN. If

1
a+ pﬂk € p_kN’ then (’w * ta’l))(t) € Wp,N? and

|(w % t*0)(8)] < Bt P wllp,n [[v]lp,n NJ|F 7 1e] < p.

Hence

(8.4) {'t‘lwl*v)(h)(t)l < Bl nNE 5L (h=0)

' (B x)® ()] < Blol,w N L (1<h<r)
N

(85){ (Lxo)®@)] < Blofl,n N1, (h =0)

L2 )W ()] < Bl n NIRRT (1< h<r)

for all t € A(0, p), and some B > 0. Hence, t (81 xv)®, t=1 (B xv)M (1 <
h <r), etc. are elements of W, n.

Finally, we need to take care of the expressions in 7;v containing Gy v.
To do this we use Lemma 7.2. From this lemma we know that G;v(tP¥)
is continuous on A(0, p;) and holomorphic in its interior. Moreover, that
lemma implies the following estimate for Gyv : If g(7,m) = hg, (7,7n) then
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t
G = | / mo(n)g(t — n,m) da
t
< ollpw /O Il ™/ @) gt — 1, 17) ]
|t]/2 1
< ollo [ 09 (14 ) e ay
0 [t —n
|t] k
_ n 1
+vll ,N/ N/ PR=1(14 — ( + >
2% Dt (it =) (Itl—n) [t —n
(14 n e[| — )~ F)eKan*Ut=n'"* g
[tl/2
< Ll“””p,Nltl_l/ N/ %) dn
1]

|t]
Lol / VBRI (1 R (1] — )Y dy,
|t]/2

for some constants L, L2, independent of N and . The last expression can
be estimated by utilizing the estimates for a convolution product and the
beta function as given above. Thus we obtain:

1G1v(t)] < L|v]lp,n N~ O~®t|7%, vt € A0, p),

and it follows that t~'G; maps W, y into itself if N is sufficiently large.
From the estimates for a convolution product mentioned in the beginning
of the proof it follows that also t~2t*»/k1 G, v belongs to W, n if v belongs
to that space and h > 1.

Ifg=1wehave Ty = Ty =T,. As1—e~ " = Ot, t — 0, all expressions
occurring in T are essentially of the same order as the corresponding
expressions in 7; in the case ¢ > 1.

So by choosing N large enough we can make 77 into a contraction on
W, n. Hence equation 7;v = v has a unique solution v; in W, .

Its Taylor expansion in powers of t1/(P¥) is its asymptotic expansion
and is therefore a formal solution of this equation. As the equation has only
one formal solution in C™[[t!/(P¥)]] we must have that v; is the sum of ©;.

Moreover, we have the following relationships (cf. section 5): Tyv; =
v © Tiug =u © Quuy = © Az = cin (4/A )2 (R).

This proves Lemma 6.1.
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9. Proof of Lemma 6.2.

We will prove this lemma in terms of the ‘ramified’ operators 7j, G;,
etc.. Let J; (J7, J;) be the interval defined by the relation ‘0 € J; (J7, J;)
if and only if 6/k; € I; (I}, I 7). As I; does not contain any pair of Stokes
directions of level k;, and I, N {(2j + 1)m;j € Z} = @, T; is regular in
S(J;), and Jg = I C (—m/2,7/2) mod 2m. Define (cf. (6.2))

k; .
(9.1) /zj:=nj/kj=3—“,]=1,...,q—1, P = 1.
kjt1 —k;

We have a solution v; = pg,u; of the singular Volterra integral equation
Tijv = v on a neighborhood of 0 in S(J;_1) (say Uj_1). Fix a t €
U;-1N S(J;‘) Then

Tiv(t) — Tu(t) = /f K(t,7)v(r)dr

for a certain holomorphic kernel K(t,7). Hence T;u = v is equivalent to
the regular Volterra integral equation

o) =T @+ [ K (t, r(r)dr,

which has a unique holomorphic solution #; on S(J;). However, for t € U;
this solution corresponds with vj, i.e. 9; is an analytic continuation of v;.
We will write v; in stead of ;.

Remains to prove that v; has the right growth rate. Let’s first consider
the case j < gq. We will write S; = S(J7) and k = k;. Let S denote a closed

subsector of S;. With the pair (v;, S) we associate the continuous function

92) 9;(s) = sup{Jv;(D)l;t € 5, [t = 5}, 5 € (0, 00);
¥; becomes continuous on [0,00) by putting 9;(0) = 0, since v;(t) ~
pijkjﬁ(t).

Next with 7; and G;, and S we will associate dominating operators
T; and G; as follows. Let v be holomorphic on S;, bounded on closed,
bounded subsectors of S;. Define ¥ by

(9.3) ¥(s) := sup{|v(t)|;t € S, |t| = s}, s € (0, 00).
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We now consider the expressions occurring in the definition of 7; (cf. section
8). From (8.2) it follows that there exist positive constants M; and B; such
that

(9-4) 1B;(#)] + |73 (t)] < Myexp(Bilt]), if t € S.

Expressions in T;v of the form (f * v)(t), with f holomorphic on S; and
|£(t)] < MeB!H! Vt € S, are estimated by

(9.5) I(f *v)(t)| < (MeP® x)(s),Vt € S, with s = |¢.

From Lemmas 7.2 and 7.1 and the definition of G; in (8.1) we easily
derive the following dominating operator for G; on S:

g 19001 <Twie) = Ko [T w@er* (R 1) (R

exp(K2R(s — £))dg,
k
where R = max { (5—5-—§> ,1}.

Let M > 0 and B > 0 which will be chosen later on. Then we define

(9.7
Tjw(s):=M[e+ *w)s)+Z % 2 9)(s)

+ Z 24 5)(s) + s Gy(s) Z(ﬁ—?*g_jw)(s)

h=j+1 h=j+1

From (8.3), (9.2) and the estimates above it follows, that 9;(s) < 7;9,(s)
if s > 1, if we choose M and B large enough. Since 9;(s) is bounded on
[0, 1] we may choose M and B such that this inequality holds for all s > 0.

From here on we will omit the indices j if no confusion is possible,
i.e. we will write u = p; (cf. (9.1)), 7 = 7}, etc.. Note that G and T are
monotone operators.

Let
(9-8) o(s) = Moe®"

for some positive constants c and My. We will first show that for sufficiently
large ¢ > 0 and all My >0

9.9) Tapo(s) < vols), Vs € [L,00).
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Finally we will prove that we may choose My such that
(9.10) 9(s) < Po(s),Vs € (0,00)

where ¥ is defined in (9.2). This implies that v; has the right growth rate.
For the proof of (9.9) we use two inequalities from [Bra91]:

Ifa,b,c,p>0,and 0 < a+b—1< ay, then
) /Os(s —0)4 g" e do < K™ (00D 1" for 5> 0,
and, ifc>co+1,c0 >0, > 1, then
(I1) / ) eoos=) +ea" 4o < Ke1 /1" | for s > 0,
0

where K is a constant independent of s and c.

From these inequalities it follows that all terms in the expression for 7 (s)
involving 1o, but not Gi)p, can be estimated by Kc~%ig(s), Vs > 0, for
some constants K, a > 0 independent of ¢ and s, provided ¢ > B + 1.

Next we consider the contribution from G (as defined in (9.6)) to 7. By
splitting the path of integration in the definition of G in a part from 0 to
s/2 and a part from s/2 to s, we may write G as a sum of two operators :
G =G1 + Ga, with

_ s/2 1
Gi(s) == K / BIEOE + ——)(1+ €) exp(Ka(s — €))d,
0 s—¢
and '
Got(s) = K / :2 BE)(EP(s — £)12F 1 seb(s — £)7F + 1)
exp{Ko€* (s — £)17F}de.

As¢ <1 + m) (1+4&) exp(Ka(s—£)) < By exp(Ba(s—£&)*), Vs > 0,

V¢ € (0,s/2), for some positive constants B; and Bz, we obtain the
following estimate by applying inequality (II):

(9.11) G1tbo(s) < Le™YHapy(s),Vs > 0, provided ¢ > By + 1,

for some constant L > 0 independent of ¢ and s.
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Next consider G,. Since £**(s — £€)!=* is uniformly bounded for
£ € (s/2,8), s € (0,1], we may deduce from inequality (I) with a =1 -k
and b = 1 4+ k the following bound:

(912) ?2’1,[)0(3) < Mlc_l/”¢0(s),Vs € (0, 1],

for some M; > 0 independent of ¢ and s. If s > 1 we have
G21(s) < Ky ) »(€) exp{K2s(1 —€/s)'7*}
s/2
{s2(1—¢/s)' "% +s(1 - ¢/s)" + 1} dt.

Next, we substitute ¥ = 1o and £ = s(1 — ¢)'/# in this integral. Then
o € (0,6) with § :=1—27# < 1, hence (1 — 0)* is bounded for any «,
and mio < 1 — (1 — 0)'/# < mgo, Yo € (0,6) for certain mi,my > 0
(dependent on p). Furthermore, ¥o(§) = 9o(s) exp(—cs#o). All this yields
us the estimate

6
Gatbo(s) < M'sig(s) / exp(—csto + K}so'7%) (5?02 4+ s67F + 1) do.
0

Observing that p > 1/(1 — k) (cf.(9.1)), hence so'~% < (s#o)!=* for s > 1,
we see that exp(—csto + K,jso'~F) < exp —ics”a if ¢ is sufficiently

large. Utilizing this in the last integral and substituting w = csto we
obtain a final estimate for Goto(s):

(9.13) Gotho(s) < Masc™FFapg(s), Vs € [1,00),
if ¢ is sufficiently large.
From (9.11), (9.12), (9.13), and 1/4 < 1 — k we may conclude that
Gyho(s) < Crc™ /(s +1)go(s), Vs € (0,00),

and, utilizing inequality (I) twice, with a = —1 + kp/k,b = 1 and b = 2,
that

(577572 % Gupg) (s) < Cac™Hehy(s), Vs € (0,00), if h > j+1,

for some positive constants C7,Cy independent of ¢ and s.

The discussion above implies that there exist positive constants K, o
such that T4 (s) < M(eP*" +Kc%y(s)), for all s > 1 if c is large enough.
So (9.9) holds if ¢ is sufficiently large positive.
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To obtain (9.10) we choose My > maxogs<1 ¥(s) (cf. (9.2) and (9.8)).
Let s1 := sup{s € (1,00]; ¥(t) < vo(t), if 0 <t < s}. Thus 1 < 81 < c0. If
81 < 0o we deduce from the monotonicity of 7 that

B(s1) < TY(s1) < Teo(s1) < tho(s1)

which is impossible by the definition of s;. Hence s; = oo and (9.10) follows
which completes the proof of the lemma in case j < q.

This proof also applies to the case j = q, with

To(s) = M [e5° + (B x 9)(s) +D (s *9)(s)
h=0

(9.14) + )0 (82 x)(s)

h=q¢+1

Here we have used the fact, that in the right hand side of 7, = T, (cf.
(5.10)) (1—e~*)~! and if ny > 1 also (A4 + (1 —e~*)I;)~! are bounded on
S(Iy) for |t] > 1. Moreover, we have used that the factor 1 — e™* occurring
in (5.10) for ¢ < h < r is bounded since I; C (—m/2,7/2) mod 2. In fact,
operator 7, does not contain G, and we could have estimated the growth
rate of the terms in 7,v immediately, utilizing inequalities (I) and (II).

Now assume 1 < j < g — 1, and the existence of a solution u; of
Tju = u, i.e. Qju; = ; on S;. We have proved the statement in the lemma
about the growth rate of u; at oo on this sector. Thus we may restrict
zj = Lg;uj to z; = E’,:;“uj‘ Since Azj — ¢ = 0 in (A/AS")2 (I), and
Azj—c€ (AJASTF+1)n (I) we deduce from the relative Watson Lemma,
2.1 that Az;—c = 0 in (A/.AS~*+1)2 (I). In particular, z, is a holomorphic
solution of Az = ¢ on a neighborhood of oo in S(I;).

The last statement of Lemma 6.2 now easily follows and the proof
is completed. The proof of Remark 6.1 is an obvious modification of the
previous proof, since (9.14) also holds on vertical strips away from the
singularities.

10. Nonlinear difference equations.

Let p,v € N. Consider the following nonlinear difference equation:

(101)  27/Py(z+1) = F(="/7,y(z)), z € C, y(z) € C",
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with F'(z,y) holomorphic in a neighborhood of (0o, a).
Suppose that (10.1) has a formal solution

oo
= Z amx-m/pa am € C", ap = a.
m=0
We will rewrite (10.1) to a linear, inhomogeneous difference equation of
the form (4.5) plus a perturbation Which is nonlinear in y. Let y(z) =

P(z) + z=#/Pj(z), with P(z) = Z amz~™P, where M, € N are to

be chosen later in order to control the orders of the nonlinear part, while
bringing the equation to a suitable normalized form (cf. transformation
g(z) = S(z)y(x) below, and equation (10.3)). This yields the following
difference equation for §:
(10.2)

27z + 1) = e MIPFy(V/P) + Az /P)j(x) + T HP (M, (),

where
Fo(z'/P) = oM+w)/p(1 4 1/z)w/P {F(z'/?, P(z)) — 2*/?P(z + 1)};
A(z/?) = (1 + 1/z)/PD,F(z'/?, P(z)), i.e. A(z) is holomorphic inz = oo;
Fy(z'/7,§) = 22#/P(1 4 1/z)#/P {F(z'/?, P(z) + z~#/P§) — F(z'/?, P(z))
~D,F(z'/P, P(z))w‘“/”g}.

Hence F (z,9) is holomorphic at (c0,0), and

Fy(z,5) = O(|§*>), § — 0, uniformly in z.

N o0
Equation (10.2) has of course §(z) = . am4,z ™/P as formal power
m=M

series solution. By substituting this series in (10.2) we see, that 130(30), too,
is holomorphic at x = cc.

The homogeneous linear part z=*/Pj(z + 1) — A(z}/?)j(x) is of the
form z~%/PTy(z), T defined by (1.1), and can be transformed to a normal-
ized form /Ty (cf. (4.3)) by a transformation §(z) = S(z)z(z) with
S(z) € Gl(n, C{z~1/Pa}[z'/P4]) for some positive integer g. This transfor-
mation can be obtained by applying a method of Turrittin (cf.[Tur60]).
It consists of block-diagonalizations up to some order in the series expan-
sion and shearing transformations. There exists a bound for the number
of these transformations which only depends on n and v/p. The block-
diagonalizations only involve transformation matrices S(z) ~ I, but the



MULTISUMMABILITY FOR DIFFERENCE EQUATIONS 211

shearing transformations involve matrices S(z) which are regular at co but
with S7!(z) = O(z*) where X has an upper bound which only depends
on (n —1)/p (cf. [Tur60], sect. 7). Hence S~1(x) = O(z°/P9), 2 — oo
for some pg € Z which is only depending on m,p and v. Then also
S~z + 1) = O(zH/P9), 2 — oo.

So, writing p in stead of pg, we have transformed (10.2) into a
difference equation for z(z) of the following form:

(10.3) Az(z) = c(z) + E(z, 2(z)),

with A the difference operator as defined by (4.5), and

T
c(;c) = (@ wl—khIh) :E("_M)/pS(:L‘ + 1)—1ﬁ0(x1/p),

k=0

k=0

E(z,2) = (é xl_k"Ih) 2=MIPS(z 4+ 1)1 Fy(x, S(z)2),

and we choose pu, M > v + 9 + p. Then we know the following of ¢ and E':
¢(z) is holomorphic in =1/ at oo, and ¢(z) = O(z~N/?), z — oo, where
N =M — (v+ po +p) > 0 (cf. remark at the beginning of section 5);
E(z, z) is holomorphic in z=!/P and z in a neighborhood U of (00, 0) and
E(00,2) =0if 2 € U. We choose U = A; (00, pg) X Apn(0, po), A1(00, py) =

{z € Cu;lal > po}, An(0,p0) = {(y1,---,un) € C" |yl < po}. In
particular we may expand E(z, z) in powers of z:

E(z,z) = Z En(x)z™, (z,2) € U.

meN™,|m|>2

The levels of equation (10.3) are defined to be the levels of the linear part
Az(z). As before we will associate a system of convolution equations with
each level of (10.3). Let z(z) € z~Y/P(A/AS™%)n (I), and u(t) := Byz(t) €
t=k+1/p An(1*), I and I* related as in Definition 3.2. We define

(104) Enlt,u(t)) = B, EC, Liu()®) = Y (Emy *r; wjem)(2),
meN™,|m|>2

where &y, ; = By;Em, and Ujum(t) = Bk, (Lxk;u)™, the ‘m-fold’ k;-
convolution of u. Let matrices M; and convolution operators Q; be defined
as in section 5. Then

Az(z) = c(z) + E(z, 2(z))
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in (A4/AS7R oo (I;) is equivalent to
Qju(t) = B, {Mjc}(t) + (Br; M xx; Eju(t, u(t))(t)

in A™(I5). Rewriting these convolution equations in the form X;u = u thus
yields the following convolution equations where k = k; :

o if1<j<qg—1:

—k
( X;u® = Tju® — (kt*) " (rigmy * i (t0) ™,
0<h<y;
(10.5) { X;u® = Tju® — (A + ktFL) 1€ (8, u)D;
Xju® = Tu® — AZTE (tu)®,
\ .7 < h g Ta
o if j=gq:
—k
( X,u® = Tu® —(1- e ) ey * Eax(t,u)™,
0<h<yg
(10.6) ¢ Xul) = Tu@® — (Ag+ (1— e *)Iy) Egu(t, u)@;
Xu® = Tu® — A7 (t,u)®),
\ g<hs<rm,

and we define &; := pi, X; p,:jl. Analogous to Lemma 1 in [Bra92] we now
have the following lemma which can be proved in a similar manner.

LemMmaA 10.1. — If f € W, § (cf. sect. 8), and m € N, |m| > 2, then

N/pkyi\|m|
o < SO

where f.., is the m~fold convolution of f.

Moreover,
|Em,; ()] < KBI™ [t 755 H/P exp [cothi], j =1,...,4q,

where K, b,and ¢y are certain positive constants.

Utilizing this lemma we may show as in [Bra92] that X; — 7; is a
contraction in W, xy with norm tending to 0 if N — oo. In sect. 8 we saw
that 77 is a contraction with norm remaining away from 1 as N — oo
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and therefore the same holds for X;. Hence Lemma 6.1 remains valid for a
formal solution 2(z) of (10.3).

Next we may prove an analogue of Lemma 6.2. First we may show that
a solution u; € tN/P=ki A*(I;_;) of X;ju = u can be analytically continued
in $(I7) (cf. Lemma 3 in [Bra92] and its proof in sect.5 in that paper).
That this solution u; has exponential growth at oo of order at most &;
can be shown using the majorant method as in sect. 9 and [Bra92], sect 6.
We now use a dominating operator X; of X; which is an extension of the
dominating operator 7 ; of 7; as defined in (9.7) and we may deduce from
Lemma 10.1

J oo
(10.7)  Ejap(s) = T9p(s) + LD sTrnt/e)kieeos y N = c™apy ) (s),

h=0 m=2
where L and c are positive constants. From this the order of exponential
growth of u; can be deduced as in sect. 9.

Thus we may show

THEOREM 10.1 — Theorem 4.1 also holds if the linear difference
equation (4.5) is replaced by the nonlinear difference equation (10.3)
under the assumptions that E(z,z) is holomorphic in z='/? and z in
a neighborhood of (00,0),E(00,z) = 0 if |z| is sufficiently small and
E(z,2) = O(|2|?) as z — 0 for z in a fixed neighborhood of co.

It is clear that this result implies Theorem 1.1. Moreover we see
Remark 10.1 — Remark 4.1 is also valid for the nonlinear equation

(10.3).

11. Multisummability of a ‘normalizing’ transformation.

Consider the difference operator
(11.1) y(z+1) — A(z)y(z),

under the assumptions, that A(z) = F(z) + z*F(z) where F(z) is of the
form as in (4.2) with all \; = A\, p < A —1—1/p and F(z) is holomorphic
at infinity in z~1/7.
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Let T(z) = I+ z~/?T(z) € Gl(n,C[[z~'/?]]) be a ‘normalizing’
transformation matrix for (11.1), i.e. the transformation y = T(z)w
conjugates (11.1) with the operator w(z + 1) — F(z)w(z). Hence
(11.2) T(z+ 1) 'A(z)T(z) = F(z).

Then

THEOREM 11.1. — The normalizing transformation matriz T(z) is
multisummable in all directions, except at most countably many. In any
case /2 mod m will be singular directions of level 1.

For general results concerning normalizing transformations see [Imm84,
§18], [Imm91], and [GLS].

Proof. — From (11.2) we obtain a matrix difference equation for T(z):
T(z+1) = A(z)T(z)F(z) !,

where

(11.3) Fz) =z T (95(x)L; + x‘lHj(x)),
j=1

p—1
gi(z) = 3 gjz~?, gjo # 0, H;(z) € End(nj, C{z~1/P}).
=0

If X denotes a (n x n)-matrix, we will write X,, for the (n x n,)-
matrix consisting of the n, columns corresponding with the v*" block in
the partition of F(z) above, (so 1 < v < m), and X,, will denote the vt}
diagonal block. Using (11.3) we obtain a difference equation for Te,(x)
that we can write as follows:

Too(z+1) = ((@ hjo(2)L;) + :c"lR(:c)) Teo(2)+2 ' A(2)T oy (z)H, (2),
j=1
where hj, () is the polynomial in £~1/P of degree < p — 1 given by
fj(x)gv(a:) = hj'v(x) + O(w—l)v T — Q05

in particular hj,(o0) # 0 and hy,(z) = 1.

So Tey(z), considered as a (n X n,)-vector, formally satisfies a
difference equation of the form as in Theorem 4.1, case (ii), with a
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non-degenerate block of level 0, which causes 7/2 mod 7 to be singular
directions of level 1 of this difference equation. The result now follows from
that theorem.

THEOREM 11.2. — Under the assumptions made above the difference
equation y(z + 1) = A(z)y(z) possesses a formal fundamental matrix

[(2)*G(z)e9@) A,

where Q(z) = @ gj(z)1;, gj(z) a polynomial in z~1/P of degree at most p,
=1

A= @ Aj, Aj an (n; x nj;)-matrix, and
=1
G(z) € C[[z~1/?]] is multisummable in all directions except at most
countably many.

To show that G(z) is multisummable we first derive a difference
equation of which G(z) is a formal solution and then show that Theorem
4.1, case (ii) is applicable, similarly as in the proof of Theorem 11.1.

Remark 11.1. — This theorem implies that y(z) = G(z)w(z)
where G(z) is the multisum of G(z), conjugates the difference opera-
tor (11.1) with the normal form w(z + 1) — C(z)w(z) where C(z) :=

A
A (1 + %) exp{Q(z + 1) — Q(z)}.

Remark 11.2. — In case A(z) is as in (11.1), but with not all A; equal
(and p < min{A;} — 1 —1/p), the normalizing transformation matrix T(x)
3

of Theorem 11.1 (considered as a n2-vector) satisfies a difference equation
T(z + 1) = (@) 4 Fi(z) + 2°F(z)) T(2),

where F;(z) is as in (4.2), F(z) is holomorphic in z='/?, d; runs through
the set of differences of A;’s, and d < miin{di} — 1. Hence positive and
negative numbers d; occur and therefore Theorem 4.1 is not applicable (cf.
section 4). However, Remark 4.1 is applicable and thus formal normalizing
transformations T can be lifted to analytic transformations in lower and
upper half planes.



216

[Bal94]

[BIS]

[Bra91]

[Bra92]

(BT93]
[Duv83]

[Eca87]
[Eca93]

[GLS]
[Imm)]
[Imm84]

[Imm91]

[Mal]

[Mal91]

[MalR91]

[MarR91]

[Pra83]

[Ram93]

B.L.J. BRAAKSMA, B.F. FABER

BIBLIOGRAPHY

W. BALSER, From Divergent Power Series to Analytic Functions, Lecture
Notes in Mathematics 1582. Springer Verlag, Heidelberg, 1994.

B.L.J. BRAAKSMA, G.K. IMMINK, and Y. SIBUYA, Cauchy-Heine and
Borel transforms and Stokes phenomena, in preparation.

B.L.J. BRAAKSMA, Multisummability and Stokes multipliers of linear mero-
morphic differential equations, J. Diff. Eq., 92 (1991), 45-75.

B.L.J. BRAAKSMA, Multisummability of formal power series solutions of
nonlinear meromorphic differential equations, Ann. Inst. Fourier, 42-3
(1992), 517-540.

W. BALSER and A. TOVBIS, Multisummability of iterated integrals,
Asympt. Anal., 7 (1993), 121-127.

A. DUVAL, Lemmes d’Hensel et factorisation formelle pour les opérateurs
aux différences, Funkcial. Ekvac., 26 (1983), 349-368.

J. ECALLE, L’accélération des fonctions résurgentes, manuscrit, 1987.

J. ECALLE, Introduction aux fonctions analysables et preuve constructive
de la conjecture de Dulac, Hermann, Paris, 1993.

R. GERARD, D.A. LUTZ, and R. SCHAFKE, Analytic reduction of some
nonlinear difference equations, To appear in Funkcial. Ekvac.

G.K. IMMINK, On the summability of the formal solutions of a class of
inhomogeneous linear difference equations, submitted to Funkcial. Ekvac.

G.K. IMMINK, Asymptotics of Analytic Difference Equations, Lecture Notes
in Mathematics 1085, Springer Verlag, Heidelberg, 1984.

G.K. IMMINK, Reduction to canonical forms and the Stokes phenomenon in
the theory of linear difference equations, SIAM J. Math. Anal., 22 (1991),
238-259.

B. MALGRANGE, Sommation des séries divergentes, Prépublication de I'Inst.
Fourier, no. 268, 1994.

B. MALGRANGE, Equations différentielles & coefficients polynomiaux, Progress
in Math. 96, Birkhauser, Basel, 1991.

B. MALGRANGE and J.-P. RAMIS, Fonctions multisommables, Ann. Inst.
Fourier, 42-1/2 (1992), 353-368.

J. MARTINET and J.-P. RAMIS, Elementary acceleration and multisumma-
bility, Ann. Inst. H. Poincaré, Phys. Théor., 54 (1991), 331-401.

C. PRAAGMAN, The formal classification of linear difference operators,
Proc. Kon. Ned. Ac. Wet., Ser A, 86 (1983), 249-261.

J.-P. RAMIS, Séries divergentes et théories asymptotiques, Panoramas et
syntheses 121, Soc. Math. France, 1993.



[vd PS]

[Tur60]

MULTISUMMABILITY FOR DIFFERENCE EQUATIONS 217

M. VAN DER PUT and M.F. SINGER, Galois theory of difference equations,
Book to appear, 1996.

H.L. TURRITTIN, The formal theory of systems of irregular homogeneous
linear difference and differential equations, Bol. Soc. Mat. Mexicana, (1960),
225-264.

Manuscrit regu le 17 juillet 1995,
révisé le 4 septembre 1995,
accepté le 5 décembre 1995.

B.L.J. BRAAKSMA & B.F. FABER,
University of Groningen

Dept. of Mathematics

P.O. Box 800

9700 AV Groningen (Pays-Bas).



