Towards the convergence of generalized
power series solutions of algebraic ODEs
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Abstract. The aim of this work is to provide another proof of the sufficient
condition of the convergence of a generalized power series (with complex power
exponents) formally satisfying an algebraic (polynomial) ordinary differential
equation. This proof is based on the implicit mapping theorem for Banach
spaces rather than on the majorant method used in our previous proof. We
also discuss some examples of a such type formal solutions of Painlevé equa-
tions.
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1. Introduction

Let us consider an ordinary differential equation (ODE)
F(z,u,0u,...,0mu) =0 (1.1)

of order m with respect to the unknown u, where F(z,ug,u1,...,Uy,) Z 0is a
polynomial of m + 2 variables, § = zd%.
In the paper we study generalized power series solutions of (1.1) of the form

0= chzs”, cn € C, sp € C, (1.2)
n=0

with the power exponents satisfying conditions

0<Resp <Resy; <..., lim Res, = 400

n—oo

(the latter, in particular, implies that a set of exponents having a fixed real part
is finite).
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Note that substituting the series (1.2) into the equation (1.1) makes sense,
as only a finite number of terms in ¢ contribute to any term of the form cz® in
the expansion of F(z,®) = F(z,0,dp,...,0™¢) in powers of z. Indeed, §7¢ =
ZZO:O cns{lzs", and an equation s = s,, + Sp, + ... + Sy, has a finite number of
solutions (Sn,, Snyy---,Sn,), since 0 < Re s, — 400. Furthermore, for any integer
N an inequality Re(8n, + Sn, +- ..+ Sn,) < N has also a finite number of solutions,
so that powers of z in the expansion of F(z, ®) can be ordered by the increasing
of real parts. Thus, one may correctly define the notion of a formal solution of
(1.1) in the form of a generalized power series. In particular, the Painlevé III,
V, VI equations are known to have such formal solutions (see [1] — [9]). Their
convergence in sectorial domains near zero is also proved in some of those papers.
Here we are interested in convergence for an equation of the general form (1.1).

There is the following sufficient condition [10] of the convergence of a gener-
alized power series solution of (1.1).

Theorem 1.1. Let the generalized power series (1.2) formally satisfy the equation
(1.1), aau—Fm(z, ®) #£ 0, and for each i =0,1,...,m one have
oF
u;
Then for any sector S of sufficiently small radius with the vertex at the origin and
of the opening less than 2w, the series ¢ converges uniformly in S.

(z,®) = Ajz* + Bizh + ..., Re); > Re), A, #0. (1.3)

In this paper we propose a shorter proof of Theorem 1.1 based on the implicit
mapping theorem, whereas in the original proof in [10] we used the majorant
method. In the case of integer powers s,, = n € Z,, Theorem 1.1 was obtained by
Malgrange [11], and in the case of real powers s,, € R this theorem was formulated
in a somewhat different form in [12, Th. 3.4].

2. Auxiliary lemmas

The proof of Theorem 1.1 is preceded by some auxiliary lemmas which have been
proved in [10].

Lemma 2.1. Under the assumptions of Theorem 1.1, there exists an integer p’ > 0
such that for any integer p > 1’ satisfying Re(s,41 — su) > 0, a transformation

o
u= Z ez’ + 2% (2.1)
n=0

reduces the equation (1.1) to an equation of the form
L(d)v+ N(z,v,0v,...,0Mmv) =0, (2.2)
where

— L is a polynomial of degree m,

— L(s) # 0 for any s with Res > 0, and
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— N is a finite linear combination of monomials of the form
5B yd0 (51})‘11 (5mv)Q7n’ BEC, ReB>0, q € Z..

As follows from the form of the transformation (2.1), the reduced equation
(2.2) has a generalized power series solution 1) = ZZ":MH enz®n 5 . The second
auxiliary lemma describes a structure of the set of power exponents s, — s, € C
of this series.

Let us define an additive semi-group T' generated by a (finite) set of power
exponents of the variable z containing in N(z,v,dv,...,d™v), and let r1,...,7 be
generators of this semi-group, that is,

l
L'={miri+...+myr | m; € Zy, Zmi>0}7 Rer; > 0.
i=1
Lemma 2.2. All the numbers s, — s,, n > p+ 1, belong to the semi-group I.

We may assume that the generators r1,...,r; of I' are linearly independent
over Z. This is provided by the following lemma.

Lemma 2.3. There are complex numbers pi,...,pr linearly independent over Z,
such that all Re p; > 0, and an additive semi-group T” generated by them contains
the above semi-group I' generated by r1,...,1;.

3. Proof of Theorem 1.1

For the simplicity of exposition we assume that the semi-group I' is generated by
two numbers:

' = {myry +mars | my,ms € Zy, my + mg > 0}, Reri, Rery > 0.

In the case of an arbitrary number [ of generators all constructions are analogous,
only multivariate Taylor series in [ rather than in two variables are involved.
We should establish the convergence of the generalized power series

oo
w = § anSn—Su7

n=p+1

which satisfies the equality
L(8)Y + N(z,4,00,...,8M) = 0. (3.1)

According to Lemma 2.2, all the exponents s,, — s, belong to the semi-group I':

Sn— Sy =miry +mory,  (m1,mg) € M C Z3 \ {0},
for some set M such that the map n — (my,ms) is a bijection from N\ {1,..., u}
to M. Hence,
¢ — Z Cons gmiritmars _ Z Cons ZMir1tmars
1,Mn2 1,Mm2

(m1,m2)eEM (ml,mg)EZi\{O}
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(in the last series one puts ¢, .m, = 0, if (m1,m2) & M).

Now we define a natural linear map o : C[[z!]] — C[[21, 22]]« from the C-
algebra of generalized power series with exponents in I' to the C-algebra of Taylor
series in two variables without a constant term,

. Yy mi  ,m2
o E ayzY — g ayzy 2y 2.
y=miri+mar2€l y=mir1+mara€l’

As follows from the linear independence of the generators 71,72 over Z,

o(mmn) =o(m)o(n)  Yni,m € C[[z"]],

hence o is an isomorphism. The differentiation § : C[[z']] — C[[z"]] naturally
induces a linear bijective map A of C|[z1, 22]]« to itself,

A Zawz?“z;m — Z’yaﬂ,z{nlz;nz,
~el’ ~yel
which clearly satisfies Aoo = 004, so that the following commutative diagramme

holds:

cl] > ClE)

Jo lo
Cllzr, 22l = Cllz1, 22l

Thus we have the representation

b=0W) =) ez

yel’

of the formal solution # of (2.2) by a multivariate Taylor series, where ¢y = ¢, m,
for every v = myry + mare. Now we apply the map o to the both sides of the
equality (3.1) and obtain a relation for 1:

L(A)1;+N(21722312}7A1Z)77Am12;) :Ov (32)

where N(zl, 22,UQ, - - - ; Uy ) 1S @ polynomial such that N(O, 0,uq, ..., un) =0.

We conclude the proof of Theorem 1.1 establishing the convergence of the
bivariate Taylor series 1, which represents the generalized power series ¢ and
satisfies the relation (3.2). We use the dilatation method based on the implicit
mapping theorem for Banach spaces. This was originally used by Malgrange [11]
for proving Theorem 1.1 in the case of integer powers s, =n € Z..

Let us define the following Banach spaces H7 of (formal) Taylor series in two
variables without a constant term:

H = {77 = Zawz{'llzglz | Z Iv\j lay| < +oo}, j=0,1,...,m,
yel ~er

with the norm

Inll; = > 17 lay| = [A7nllo.

yel
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(The completeness of each H/ is checked in a way similar to that how one checks
the completeness of the space ly; see, for example, [13, Ch. 6, §4].) One clearly has
H™ cH™'...c H® and

A:H — HI7Y j=1,...,m,

are continuous linear mappings.
We recall below the implicit mapping theorem for Banach spaces (see [13,
Th. 10.2.1]).

Let £, F, G be Banach spaces, A an open subset of the direct product & x F,
and h : A — G a continuously differentiable mapping. Consider a point (zq,y0) € A
such that h(xzo,y0) = 0 and %Z(xo,yo) is a bijective linear mapping from F to G.

Then there are a neighbourhood Uy C & of the point o and a unique contin-
uwous mapping g : Uy — F such that g(zo) = yo, (x,9(x)) € A, and h(xz,g(x)) =0
for any x € U,.

We will apply this theorem to the Banach spaces C, H™, H? and to the
mapping h: C x H™ — HO° defined by

h: ()‘777) = L(A)n+N(AzlaAZ2, naATh .. 'aAmn>7

with L and N coming from (3.2). This mapping is continuously differentiable,
moreover h(0,0) =0, and 2—2(0, 0) = L(A) is a bijective linear mapping from H™
to HC. Indeed,

L(A) :ay2{" 25" — ayL(y)2]" 232 (= 0 <= a, = 0),

therefore ker L(A) = {0} (recall that L(v) # 0 for any + with Revy > 0). In the
same time, if 3 _pa,20" 25" € HY, then }°_ (ay/L(7)) 2" 25" € H™, that is,
the image of L(A) coincides with H°.

Hence, by the implicit mapping theorem, there are a real number p > 0 and
1, € H™ such that

L(A)n, + N(pz1, pz2, 1p, A1y ..., A1) = 0.

Making the change of variables (21, z2) — (%, %2), which induces an automorphism
zZ1 22

n(z1, 22) — 77(77 - ) of C[[z1, 22]]« commuting with A, one can easily see that the

vyel’

21
77
(3.2) asp =} cpcyz]" 23" does. Hence, these two series coincide (the coefficients

above relation implies that the power series 7,( Z—p?) satisfies the same equality

of a series satisfying (3.2) are determined uniquely by this equality) and ¢ has
a non-zero radius of convergence. This implies (substitute z3 = 2™, zp = 2"
remembering that Rer;, Rers > 0) the convergence of the series

oo
E cy 2 = E cp 2 om

vyel n=p+1

for any z from a sector S of sufficiently small radius with the vertex at the origin
and of the opening less than 27, whence Theorem 1.1 follows.
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4. Examples

As was mentioned in Introduction, for the Painlevé III, V, VI equations, their
generalized power series solutions of the form (1.2) converge in some sectorial
domains near the origin. This is proved in each case mainly by using a kind of
majorant series. Here we give examples of such formal solutions and illustrate how
Theorem 1.1 can be applied to prove their convergence.

Let us consider the Painlevé III equation with the parameters a = b = 0,

c=d=1:
Pu L (d)E Ldu g L
dz?2  u \dz zdz u
Rewritten in the form (1.1), this becomes
wéu — (0u)? — 22u* — 22 =0 or F(z,u,du,d’u) =0, (4.1)

where
F(z,ug,u1,u2) = ugua — uj — 2 (ug + 1).

As known [2], [5], the equation (4.1) has a two-parametric family of formal
solutions
p=cz" + Z cs2°, (4.2)
seK
where ¢, # 0 is an arbitrary complex number and r is any complex number with
—1 < Rer < 1. The other coefficients ¢, are determined uniquely by ¢,., and the
set K of power exponents is of the form

K={r+mi(1—7r)+ma(l+4+r)|mi,me € Zs,my+ my >0}

Denote r = p +io. There are two essentially different types of formal solutions in
the family above.

1) Solutions with p € (—1,1). For any solution of such type there is only a
finite number of exponents s = r + m1(1 — r) + ma(l + r) with a fixed real part
Res = p+mi(1l —p) + ma(l + p), since 1 — p and 1 4 p are positive. Therefore,
such solutions are of the form (1.2), and we will apply Theorem 1.1 to prove their
convergence.

2) Solutions with p = +1. For any solution of such type there are infinitely
many exponents s = 7 + my(l —r) + ma(1 + r) with a fixed real part Res =
p+mi(1l—p)+ma(l+p), since the latter depends only on one of the two indexes
m1, may. Therefore, such solutions are not generalized power series of the form
(1.2), and Theorem 1.1 cannot be used for studying their convergence. In fact,
such series diverge along some rays coming to the origin, which will be explained
below.

Let us consider a formal solution ¢ of the first type. To prove the convergence

of ¢ in sectors of small radius, it is sufficient to find the partial derivatives g—F

uQ ?
OF " OF along ¢ and verify the assumption (1.3). Note that in this case Res > p

8u1 ? (91}@
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for any s € K. One has

oF OF oF
— —_4 2,3 -~ —_9 7 )
8UO 2 = Yo, 8u1 1 8u2 Ho
Hence,
OF . .
87(,2,(1)) = <p:cr27+chzé, ¢ #0, Res>p VseK,
2 seK
oF
a—(z,@) = 72&,0:721"@{72256325, Res > p Vs € K,
" seK
oOF
a—uo(z,@) = 0% — 42203,

To prove the convergence of ¢, it is remaining to find first terms of the expansion
of g—fo(z, ®). Since

829 = rlc.2" + Z s%cs2°, Res>p Vs€K,
seK
290 = SB2p 3p+2>pas —1<p<l),
one finally has
OF
67(2, ®) =7r2¢,2" + Bpz 4+ ..., Relg > p,
0
whence the convergence follows.
Now we consider a formal solution ¢ of the second type. Let p = —1. Then
 can be written in the form
o = Z Cons Zr+m1(1—r)+m2(l+r) —
1,Mn2

(m1 ,mg)eZi

D S S T
=0

m1=0 mo=0

where

o0
yi(z) = Zio(1=l) Z clmz ™, [=0,1,....
m=0

Applying the technique of the Newton—Bruno polygon (see [12]), one can
check that the first term 2~ 1y (z) of the series (4.3) is a solution of the truncated

equation

w6y — (6u)? — 2%u* = 0. (4.4)
A general solution of (4.4) has the form
u=z"1 Aci

(ca/z1) —4ci(ze1 [ea)’
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where c1,co € C, ¢ # 0, are arbitrary constants. This solution coincides with the
first term 27 1yo(2) of the series (4.3) only if Rec; = 0. Let ¢; = i, p € R\ {0}.

Then

-1 — 4y

(ca/z) 4+ 4p2 (2 [ca)’

u==z

which has expansions

42 _oo 2 2m' )
() g (B) e <o/l G

C2 0 C2
[e%e} 2m
M =)z Y ()™ (;2) L PUL S D (4.6)
m=0

These expansions coincide with
o0

zilyo(z) =710 Z coymzwm, o0 = ¢r # 0,

m=0

if one puts p = o, ca = —40% /¢y for (4.5), and pu = —0, co = —co o for (4.6).
Thus, the first term z~1yo(2) of the formal solution (4.3) converges to the

function

402

—1

U=z - . 4.7
60702’20 + (40’2/0070)277‘0 ( )

in sectors contained in the domain {|2%7| < |20/co 0|} with the boundary ray

{|z"7] = |120/co0|} = {argz = (=1/0) In|20/co 0|}

The poles of the function (4.7) accumulate to the origin along this ray. For example,
if cg,p = 20, then

1 20 1 o

U=z : — =z ,
290 4 i cos(o1n z)

whose poles z;, = e(™t275)/29 accumulate to the origin along the positive real axis.
In this case the series 2~ !yy(z) cannot converge in a whole sector containing this
ray.

Concerning the formal solution ¢, in general the points where it diverges do
not coincide with the poles of the solution (4.7) of the truncated equation, but
we guess that they are asymptotically distributed near those poles (something
similar holds for the pole distribution of some Painlevé VI transcendents near its
critical point, see [14]). This means that the formal solution ¢ (of the second type)
converges not in any sector of sufficiently small radius and opening less than 27,
but convergence depends on the bisecting direction of a sector. Such solutions
are ”of measure null”, as they form a (real) three-parametric subfamily in the
(real) four-parametric family (4.2) of formal solutions of (4.1), whereas ”most”
solutions (4.2) converge in any sector near the origin (which could correspond to
the accumulation of poles along spirals around the origin).
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