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In [1], D. Matignon describes the stability properties of linear systems of fractional
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In [1], D. Matignon describes the stability properties of linear systems of fractional
differential equations of the form

97 y(z) = Ay(2),
where A € C"™*" is a constant matrix,
02 is a fractional derivative of order o > 0,
y(z) = (y1,---,ys)T stands for a vector of unknown functions.

[1] D. Matignon, Stability results for fractional differential equations with applications to control processing

Proc. Comput. Eng. Syst. Appl. 2, 963-968 (1996)

The solutions of the previous system turn out to be asymptotically stable, i.e.

lim __{ly(t)]| =0,

t—o0,teR

iff [arg(A\)| > aF for every eigenvalue X of A.
In this situation, the solutions decay to 0 at infinity like t7¢, t € R,..
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Observe that in the case o = 1 one recovers the classical problem
y' = Ay,

whose general solution is written as a linear combination of functions
zPery

for A € spec(A), v an associated eigenvector, and for all p=10,1,...

The solutions are asymptotically stable iff | arg(\)| > F for A € spec(A):

For t > 0,
|tPert| = tP exp(| |t cos(arg()))).
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Statement of the problem

Let A C™" and let m = (m(p))p>0 denote some sequence of positive numbers
under certain assumptions.

We consider the linear system of moment differential equations with constant
coefficients

Omy =Ay |

y =(y1,---,¥s)7 is a vector of unknown functions,
Om stands for the moment differential operator associated to m.



Introduction and motivation

Given a sequence of positive real numbers (m,),>0 one can (formally) define the
operator

a dp+1

Om E PP = E PP 2P,
m m
p>0 P p>0 P

acting on any formal power series with complex coefficients.



Introduction and motivation

Given a sequence of positive real numbers (m,),>0 one can (formally) define the
operator

a dp+1
Om E ZP P :E LZP,
mp mp

p=>0 p=>0

acting on any formal power series with complex coefficients.
Om is known as the moment derivative operator.

Om was firstly defined by W. Balser and M. Yoshino in [2].

[2] W. Balser, M. Yoshino, Gevrey order of formal power series solutions of inhomogeneous partial differential

equations with constant coefficients. Funkcial. Ekvac. 53, 411-434 (2010)
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Introduction and motivation

It holds that
0 p=20
8m(XP) = { Mo yp—1 p>1

mp_1

Some of the most important situations in applications are those in which
m = (m,)p>0 is a sequence of moments associated to some measure.

» Case m = (p!)p>0. Om coincides with usual derivation.

(o]
p! :/ xPe™dx, p>0.
0

» Case m = (I'(1+ ap))p>o, for fixed a > 0. 9, is directly linked with Caputo
fractional derivative.

o0 1 1
Ml+ap)= / XP = xw e dx.
0 «

The formal differential operator satisfies
(Omf)(2%) = “DZ(f(z*)),  feClz]],

where ¢ D2 stands for Caputo fractional derivative.



Introduction and motivation

» Case m = ([p]q!)p>0, where [p]q! stands for the g—factorial defined by
[0]g! :==1 and [plg! :=[plg- [P —1lq - .- [1]q for any positive integer p > 1.
Here, g € Ry \ {1}, and we write [p]lg =1+ q+...+¢° L.



Introduction and motivation

» Case m = ([p]q!)p>0, where [p]q! stands for the g—factorial defined by
[0]g! :==1 and [plg! :=[plg- [P —1lq - .- [1]q for any positive integer p > 1.
Here, g € Ry \ {1}, and we write [p]lg =1+ q+...+¢° L.

The g—derivative is defined by
_ flgz) - f(2)

qz —z

Dy f(z)

and coincides with Op, ,, for m := ([p]q!)p>0.



Introduction and motivation

» Case m = ([p]q!)p>0, where [p]q! stands for the g—factorial defined by
[0]g! :==1 and [plg! :=[plg- [P —1lq - .- [1]q for any positive integer p > 1.
Here, g € Ry \ {1}, and we write [p]lg =1+ q+...+¢° L.

The g—derivative is defined by
_ flgz) - f(2)

Dq:f(2) 9z —z
and coincides with Op, ,, for m := ([p]q!)p>0.

This last sequence is quite related (in terms of the growth of their
coefficients) to the sequence of moments (gP(P~1)/2) -4 associated to

'nz(\/EX))
21In(q)

where ©; 4 stands for Jacobi Theta function

27 In(q) exp( and also  In(q)/©1/4(x),

_ p(p—1)
el/q(z) = Zq z zP.

pEZ
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Introduction and motivation

We are mainly working with m being a sequence of moderate growth. The growth
of (gPP=1)/2) 155 and ([p]4!)p>0 is not of moderate growth. Therefore, the results
presented do not apply in that setting, in principle.

Some remarks on this situation:

- The construction of the entire solutions explained in the talk can be adapted
when considering an adequate kernel function.

- The asymptotic study of the entire solutions can also be adapted. However,
this is well-known also in a more general framework [3].

[3] J. P. Ramis, About the growth of entire functions solutions of linear algebraic g—difference equations,

Annales de la faculté des sciences de Toulouse, 1, 53-94 (1992)
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Introduction and motivation

Therefore, the study of moment differential equations can be particularized to
differential equations, fractional differential equations, g—difference equations,...

At first sight, only formal solutions can be handled.

A coherent definition of moment derivatives has successfully been developed for
other families of functions.

» Moment derivation at zy € C of holomorphic functions defined on some open
set containing zy (Taylor expansion)

» Holomorphic functions defined on sectors of the complex plane which are
sums of formal power series [4],
[4] A. L., S. Michalik, M. Suwiriska, Summability of formal solutions for some generalized moment

partial differential equations. Result. Math. 76, No. 1 (2021) Paper No. 22.

» Holomorphic functions defined on sectors of the complex plane which are
multisums of formal power series [5].
[5] A. L., S. Michalik, M. Suwirska, Multisummability of formal solutions for a family of generalized
singularly perturbed moment differential equations. Result. Math. 78, No. 2, Paper No. 49, 31 p.
(2023)
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Introduction and motivation

The procedure is linked to the summability theory of formal solutions of functional
equations.

An adaptation of the classical Borel-Laplace procedure has been put forward in
this more general framework [6,7].

[6] J. Sanz, Flat functions in Carleman ultraholomorphic classes via proximate orders. J. Math. Anal. Appl
415(2), 623-643 (2014)

[7] A. L., S. Malek, J. Sanz, Summability in general Carleman ultraholomorphic classes. J. Math. Anal. Appl
430, 1175-1206 (2015)

The solution of the main problem is based on the construction of the so-called
pair of kernel functions for generalized summability, (e, E), associated to a
strongly regular sequence M.
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Strongly regular sequences

Let M = (M,),>0 be a sequence of positive real numbers. We assume My =1
and such that:

(Ic) M3 < Mp_1Mpyy, for all p> 1.
(mg) There exists A; > 0 such that M, , < AP*IM, M, for any (p,q) € NZ.
(snq) There exists Ay > 0 such that

M
< Ay—"-, p>0.
;,(CH'I Mg+1 Mp 11

M is said to be a strongly regular sequence [8].

[8] V. Thilliez, Division by flat ultradifferentiable functions and sectorial extensions. Results. Math. 44,
169-188 (2003).

The previous properties determine good properties of ultraholomorphic and
ultradifferentiable function spaces such as closure with respect to product and
composition, and the existence of flat functions.
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Let M = (M,),>0 be a sequence of positive real numbers. We assume
v' M is a strongly regular sequence.

Let M : [0,00) — [0,00) be M(0) =0 and

xP
M(x) := suplog <> , x>0,
p=>0 Mp

and also w(M) > 0 with

(M) = (nmsupmax{o, "’g(“”())})l

r—o0 log(r)
v w(M) < 2.

v M admits a nonzero proximate order. (prof. Okada’s talk)

m=0

P
Example: (p!" H Iogﬁ(e + m)) for every choice of 0 < @ < 2 and B € R,
p>0

modifying the first terms in case 8 < 0.
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Let M = (M,),>0 be a sequence of positive real numbers which is a strongly
regular sequence admitting a proximate order, and with w(M) < 2.

Then, following [6], there exists a pair of kernel functions for generalized
sumability (e, E) such that
> e € O(So(wM)r)), and e(z)/z is locally uniformly integrable at the origin.
Moreover, for every ¢ > 0 there exist ¢, k > 0 such that

le(z)| < cexp (—M(|z|/k)), z € So(w(M)7 — €),

So(w(M)m)

le()] < cexp(—M(|z|/k))
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» E c O(C), and there exist & k > 0 such that

|E(z)| < Eexp (M(|z|//2)) ,  zeC.

E(2)] < cexp(M(J2I/R))




Kernel functions for generalized summability

> There exists 3 > 0 such that for all 0 < § < 27 — w(M)r and Mg > 0, there
exist & > 0 with

E2)| < &/lzI°,  z€S:(6)\ D(0, Me).
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Kernel functions for generalized summability

The pair of kernel functions generalize the exponential function.

They are the cornerstone for the construction of Laplace-like operators involved in
the mentioned generalized theory of summability of formal solutions to functional
equations in the complex domain, showing good properties with respect to
moment differential operators.

Mellin transform of e determines the moment function
o0
m(z) = / t*te(x)dx,
0

with m € O({z € C: Re(z) > 0}) and continuous up to its boundary.

The kernel function E is represented in the form

E(z)zzi zeC.

= m(p)’



Kernel functions for generalized summability

Classical Kernels

Generalized Kernels

pl =[5 xPe *dx

z _ zP
e = ZPZO Pl

E(z) =2 px0 #;)

Om




Some words on g—Gevrey settings

n(n—1

Although the sequences (g~ 2 ))pzo and ([p]q!)p>0 are not strongly regular
sequences, the construction of kernel functions in the g—Gevrey settings can
follow the parallel theory of g—Gevrey asymptotic expansions by means of a
g—Laplace transform in the sense of [9].

[9] C. Zhang, Transformations de g—Borel-Laplace au moyen de la fonction théta de Jacobi. C. R. Acad. Sci.
Paris, t. 331, Série 1, 31-34 (2000)
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n(n—1

Although the sequences (g~ 2 ))pzo and ([p]q!)p>0 are not strongly regular
sequences, the construction of kernel functions in the g—Gevrey settings can
follow the parallel theory of g—Gevrey asymptotic expansions by means of a
g—Laplace transform in the sense of [9].

[9] C. Zhang, Transformations de g—Borel-Laplace au moyen de la fonction théta de Jacobi. C. R. Acad. Sci.
Paris, t. 331, Série 1, 31-34 (2000)

n(n

g = I /W(d)tn dt
In(q) Jo  ©1/4(qt)
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The problem

Let A€ C"™" and m = (m(p)),>0 denote the sequence of moments associated to
the pair of kernel functions (e, E).

We consider the linear system of moment differential equations with constant
coefficients

Omy =Ay |

It is natural to ask the following questions:
@ What is the form of its solutions?

@ How do solutions behave?
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The solution

Let (20, y0) € C**". The Cauchy problem

{ Omy = Ay
y(20) =¥

admits a unique solution which is a vector of entire functions.

The set of solutions to J,y = Ay is a subspace of (O(C))" of dimension n.

Let A € C be an eigenvalue of A € C"™" with associated eigenvector v € C". The
following properties hold:

> If A # 0, then the function y(z) = E(A\z)v is an entire solution of Op,y = Ay.
» If A =0, then the constant function y(z) = v is a solution of 9,y = Ay.

™ = SaReu(



The solution

Let A € C"™*" be a diagonalizable matrix.

Let {\j}1<j<k, for some 1 < k < n be the set of eigenvalues of A, and let
{vj1,..., V¢ } be a basis of Ker(A — \;l,) for every 1 < j < k, and some ¢; > 1.

Then, the general solution of 0,y = Ay is given by

o

k ¥4
y(z) = ZZCLPE (Aiz)Vjps

j=1 p=1

with C; , being arbitrary constants.
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The solution

Let {\j}1<j<k for some 1 < k < n be the set of eigenvalues of A.
Assume that J; is an eigenvalue of algebraic multiplicity m; > 1, for every
1 <j < k. Then, the general solution of 0,y = Ay can be written in the form

k m;
¥(@) =) Goyinl2),

j=1 p=1

where C; , are arbitrary constants.

> yjp are entire functions determined from the Jordan decomposition of A.
» In this procedure, the entire functions

p NP—hzp
ALE(N 2) = ( )
g h) m(p)
appear in their construction. These functions satisfy

(Om — AN (ARE(N, 2)) = Ap—1E(N, 2).




The solution

In the classical case, m = (p!),>0, one has that

h
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recovering the classical construction of the solution in terms of generalized
eigenvectors of A and the Jordan decomposition of A.



The solution

In the classical case, m = (p!),>0, one has that

h
ApE(N 2) = W exp(Az),

recovering the classical construction of the solution in terms of generalized
eigenvectors of A and the Jordan decomposition of A.

In the case of Caputo fractional derivatives, m = (F(1 + £))p>0, one has that
1/k wic (A" 1/k
hARE(M /%) =1t (thEl/k> (A7),

for all h > 0, where E;4(z) is Mittag-Leffler function

) = 2 F o7y
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Asymptotic study of the solution

Based on the relation between growth of an entire function and growth rate of its
Taylor coefficients, [10], one has the following result:

[10] H. Komatsu, Ultradistributions. |: Structure theorems and a characterization, J. Fac. Sci. Univ. Tokyo,

Sect. | A 20 ,25-105 (1973)

Let y(z) = (y1(2),- - -, ¥n(2)) be the solution of any Cauchy problem associated to
equation 0,y = Ay. Then,

» There exist C;, G, > 0 such that
Y(2) < Gexp(M(GolzD)),  1<j<n, zeC.

> If A =0 is the only eigenvalue of A, then y(z) has a polynomial growth at
infinity. In addition to this, there exists C > 0 such that

(2 < Clz|™t,  1<j<n, zeC
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Asymptotic study of the solution

The growth of the solution at infinity is also measured by means of the order and
type.
Let f € O(C) and define M¢(r) := max{|f(z)| : |z| = r} for every r > 0.

The order of f: +( +( "))
i In"(In"(M¢e(r
= pr = limsup —————==
p=pr = limsup in(r)

Given f € O(C) of order p € R, the type of f is defined by

In* (M,
o=0f .= Iimsupw.
r—oo re

For f(z) = exp(0z”), p,o >0,
Me(r) = max{exp(or” cos(ph)) : 6 € R} = exp(cr’),

_ In*(orr) _ orf
pr= 10 In(r) P o = o



Asymptotic study of the solution

Let M be a strongly regular sequence which admits a nonzero proximate order, say
p(t) = p >0, for t — co. Let y = y(z) be a solution of 9,y = Ay. Then,
o if A admits a nonzero eigenvalue, then y is an entire function of order p and
type upper bounded by o := max{|A|? : A\ € spec(A)}, or an entire function
of order 0.
@ if 0 is the only eigenvalue of A, then y is a polynomial. Therefore, its order is
zero.

o
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Asymptotic study of the solution

Let M be a strongly regular sequence which admits a nonzero proximate order, say
p(t) = p >0, for t — co. Let y = y(z) be a solution of 9,y = Ay. Then,

o if A admits a nonzero eigenvalue, then y is an entire function of order p and
type upper bounded by o := max{|A|? : A\ € spec(A)}, or an entire function
of order 0.

@ if 0 is the only eigenvalue of A, then y is a polynomial. Therefore, its order is
zero.

o

A result on the radial growth of the solution in the case of a diagonalizable matrix
A has also been achieved [11].

[11] A.L., Entire solutions of linear systems of moment differential equations and related asymptotic growth at

infinity. Differ. Equ. Dyn. Syst. (2022)

A general study remains open.



Asymptotic study of the solution

Proposition

Let M be a strongly regular sequence which admits a nonzero proximate order, say
p(t) = p >0, for t = co. Let y = y(z) be a solution of d,,,y = Ay, where A is a
diagonalizable matrix. Then,

. C
lly(re™)|| < 5 2 Ro,

for some C, B, Ry > 0, provided that 6 belongs to the set

Q{HeR:%<9+arg(Aj)<zﬂ_@}’

whenever this set is not empty.




Asymptotic study of the solution

Let the indicator of f € O(C) be h¢(6) = limsup,_, . In|(re®)|

rP(’)

Proposition

Under the previous assumptions, one has that

hy () < max{|\;j|”he(6 + arg(}\;)) : \j € spec(A)}.
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Moment matrix exponential

Given m = (m(p))p>0 as before, one can formally define the m-exponential of the
matrix A by

E(A) = En(A) =) mlp AP < C[[A]].

= m(p)

[12] A.L., C. Prisuelos-Arribas, Solutions of linear systems of moment differential equations via generalized

matrix exponentials. To appear in J. Differ. Equ. (2023)



Further advances

Moment matrix exponential

Given m = (m(p))p>0 as before, one can formally define the m-exponential of the
matrix A by

E(A) = En(A) =)

= m(p)

AP € C[[A]].

[12] A.L., C. Prisuelos-Arribas, Solutions of linear systems of moment differential equations via generalized

matrix exponentials. To appear in J. Differ. Equ. (2023)
It holds that
o If C € C™" is invertible, and A= CBC!, then E(A) = CE(B)C1.
o E(A+ B) # E(A)E(B), in general. It is also false when A and B commute.
o E(diag(A1, ..., An)) = diag(E(M), - - ., E(An)).
® OnE(Az) = AE(Az).
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p—00

holds, then E(Az) defines an entire function (with values in the Banach space
(Cnxn)_
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Further advances

lim inf (m(p))*/P = 400
p—00

holds, then E(Az) defines an entire function (with values in the Banach space
Cr*m). Also, 0,E(Az) determines an entire function.

This is a natural assumption as any (lc) sequence with
suppzlmllj/p < 00

determines a class of ultradifferentiable functions which is contained in the class of
analytic functions.
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Let A € C"*". The general solution of 9,y = Ay is

y(2) = E(Az)c,

where ¢ is an n-dimensional constant column vector.




Further advances

Let A € C"*". The general solution of 9,y = Ay is

y(2) = E(Az)c,

where ¢ is an n-dimensional constant column vector.

As a consequence, given any fundamental matrix X(z) € (O(C))"*" associated to
Omy = Ay, then
E(Az) = X(2)X(0)*.
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