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Abstract. In this paper we consider the problem of estimation of oscillatory integrals with Mittag-Leffler
functions in two variables. The generalisation is that we replace the exponential function with the Mittag-
Leffler-type function, to study oscillatory type integrals.

Résumé. Dans cet article, nous considérons le probleme de I'estimation des intégrales oscillatoires avec les
fonctions de Mittag-Leffler a deux variables. La généralisation est que '’on remplace la fonction exponentielle
par la fonction de type Mittag-Leffler, pour étudier les intégrales de type oscillatoire.

Mathematical subject classification (2010). 35D10, 42B20, 26D10.

Funding. The second author was supported in parts by the FWO Odysseus 1 grant G.0H94.18N: Analysis and
Partial Differential Equations and by the Methusalem programme of the Ghent University Special Research
Fund (BOF) (Grant number 01M01021) and also supported by EPSRC grant EP/R003025/2.

Manuscript received 16 December 2022, revised 1 December 2023, accepted 2 December 2023.

1. Introduction

The function E,(z) is named after the Swedish mathematican Gosta Magnus Mittag-Lefller
(1846-1927) who defined it by a power series
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and studied its properties in 1902-1905 in several subsequent notes [19-22] in connection with
his summation method for divergent series.

A classical generalization of the Mittag-Leffler function, namely the two-parametric Mittag-
Leffler function is

[ Zk
Eop2)=Y ———, a,BeC,Re(a) >0, @)
@p kzzol“(ak+ﬁ)

which was deeply investigated independently by Humbert and Agarval in 1953 [1, 11, 12] and by
Dzherbashyan in 1954 [5-7] as well as in [8].
It has the property that

Ej1(x) = e*,and we can refer to [24] for other properties. 3)

In harmonic analysis one of the most important estimates for oscillatory integral is van der
Corput lemma [4, 25, 26, 28]. Estimates for oscillatory integrals with polynomial phases can be
found, for instance, in papers [2, 13, 17, 30-33]. In the current paper we replace the exponential
function with the Mittag-Lefller-type function and study oscillatory type integrals (6). In the
papers [28] and [29] analogues of the van der Corput lemmas involving Mittag-Leffler functions
for one dimensional integrals have been considered. We extend results of [28] and [29] for
two-dimensional integrals with phase having some simple singularities. Analogous problem on
estimates for Mittag-Leffler functions with the smooth phase functions of two variables having
simple singularities was considered in [27] and [34].

2. Preliminaries

Definition 1. An oscillatory integral with phase f and amplitude a is an integral of the form
JA.f,a) = f a(eWax, @)
[er
where a € C3°(R") and A € R.

If the support of a lies in a sufficiently small neighborhood of the origin and f is an analytic
function at x = 0, then for A — oo the following asymptotic expansion holds ([18]):

n-1
JA, f,a)= ™M OY Y byp(@A*n ), 5)
s k=0
where s belongs to a finite number of arithmetic progressions, independent of a, composed of
negative rational numbers, b; j is a distribution with support in the critical set {x : V f(x) = 0}.

Inspired by the terminology from [3], we refer to the maximal value of s, denoting it by a in
this case, as the growth index of f, or the oscillation index at the origin, and the corresponding
value of k is referred to as the multiplicity.

More precisely, the multiplicity of the oscillation index of an analytic phase at a critical point
is the maximal number k possessing the property: for any neighbourhood of the critical point
there is an amplitude with support in this neighbourhood for which in the asymptotic series (5)
the coefficient b, (a) is not equal to zero. The multiplicity of the oscillation index will be denoted
by m (see [3]).

Let f be a smooth real-valued function defined on a neighborhood of the origin in R? with
f(0,0) =0, Vf(0,0) =0, and consider the associated Taylor series

o0 .
o)~ Y cjpx] xk
Jr k=0
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of f centered at the origin. The set

1 .
S(f) = {(j, k) eZ5 i cjy = ﬁafqa’;zf(o,m # 0}
is called the Taylor support of f at (0,0). We shall always assume that
SN #2,

i.e., that the function f is of finite type at the origin. If f is real analytic, so that the Taylor series
converges to f near the origin, this just means that f # 0. The Newton polyhedron X(f) of f
at the origin is defined to be the convex hull of the union of all the quadrants (j, k) + R2, with
(j, k) € S(f). The associated Newton diagram X4 (f) in the sense of Varchenko [35] is the union of
all compact faces of the Newton polyhedron; here, by a face, we mean an edge or a vertex.

We shall use coordinates (f1, f2) for points in the plane containing the Newton polyhedron, in
order to distinguish this plane from the (x;, x») - plane.

The distance d = d(f) between the Newton polyhedron and the origin in the sense of
Varchenko is given by the coordinate d of the point (d, d) at which the bisectrix #; = t, intersects
the boundary of the Newton polyhedron, where d = 1.

The principal face n(f) of the Newton polyhedron of f is the face of minimal dimension
containing the point (d, d). Deviating from the notation in [35], we shall call the series

oo, x):= Y cjrx]xf
Jken(f)
the principal part of f. In the case that n(f) is compact, f; is a mixed homogeneous polynomial;
otherwise, we shall consider f;; as a formal power series.

Note that the distance between the Newton polyhedron and the origin depends on the
chosen local coordinate system in which f is expressed. By a local analytic (respectively smooth)
coordinate system at the origin'we shall mean an analytic (respectively smooth) coordinate system
defined near the origin which preserves 0. If we work in the category of smooth functions f, we
shall always consider smooth coordinate systems, and if f is analytic, then one usually restricts
oneself to analytic coordinate systems (even though this will not really be necessary for the
questions we are going to study, as we will see). The height of the analytic (respectively smooth)
function f is defined by

h:=h(f):= supldy},

where the supremum is taken over all local analytic (respectively smooth) coordinate systems x
at the origin, and where d, is the distance between the Newton polyhedron and the origin in the
coordinates x, also h = 1.

A given coordinate system x is said to be adapted to f if h(f) = d.

Let  be the principal face. We assume that r is a point or a compact edge, then f; is a weighted
homogeneous polynomial. Denote by v the maximal order of roots of f; on the unit circle at the
origin, so

vi= rr}gailxord(fn).
If there exists a coordinate system x such that v = d, then we set m = 1. It can be shown that in
this case x is adapted to f (see [16]). Otherwise we take m = 0. Following A. N. Varchenko we call

m the multiplicity of the Newton polyhedron. One may connect the multiplicity of the Newton
polyhedron and the asymptotic expansions for the oscillatory integrals as

J, fra) = O(A‘%anmm), as A — +oo.

In the classical paper by A. N. Varchenko [35], he obtained the sharp estimates for oscillatory
integrals in terms of the height. Also in the paper [14] the height was used to get the sharp bound
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for maximal operators associated to smooth surfaces in R3. It turns out that analogous quantities
can be used for oscillatory integrals with the Mittag-Leffler function.
We consider the following integral with phase f and amplitude v, of the form

lap= || Bap (AF )0, ©

where 0 < @ < 1, >0, U is a sufficiently small neighborhood of the origin. We are interested in
particular in the behavior of I, g when A is large, as for small A the integral is just bounded. In
particular if @ = 1 and 8 = 1 we have oscillatory integral (4).

The main result of the work is the following.

Theorem 2. Let f be a smooth finite type function of two variables defined in a sufficiently small
neighborhood of the origin and let y € C3°(U).

Let h be the height of the function f, and let m = 0,1 be the multiplicity of its Newton
polyhedron. If% <a<1,p>0,h>1,andA > 1 then we have the estimate

Ad '

If% <a<l1,p>0,h=1andA> 1, then we have following estimate

=

)

‘LEa,ﬁ(Mf(xbxz))w(x)dx

2
1 )

where the constants C are independent of the phase, amplitude and A.

fUEa,ﬁ(Mf (x1, %))y (x)dx

Remark 3. Note that the inequalities (7) and (8) do not hold for the case @ = § = 1 of the classical
oscillatory integrals, because we have estimates with the L* norm of the amplitude function.

3. Auxiliary statements

We first recall some useful properties.

Proposition 4. If0 < a < 2, is an arbitrary real number, u is such that na/2 < y < min{r, na},
then there is C > 0, such that we have

|Ea,p(2)| < , z€C, u< |arg(2)| = 7. 9)

1+|z|
See [7, 8, 24].

Proposition 5. LetQ be an open, bounded subset of R?, and let f : Q — R be a measurable function
such that for all A > 1 and for some positive § # 1, we have

f M@ gy
Q

)xEQ: |f(x)| <¢g| SCgs‘sllnsIm,for6< 1,
for0<e«x1, andf0r6>1,|x€Q:|f(x)|S£|5C5£,
foré=1, |[xeQ:|f(x)|<el< Cse|lne|™,

<CIAI % InA™, (10)

with m = 0. Then, we have

where Cs depends only on 8, | A| means the Lebesgue measure of a set A. See [9].
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Proof. For the convenience of the reader we give an independent proof of Proposition 5. We

consider an even non-negative smooth function

1, when|x| <1,
0, when]|x|=2.

w(x) = {

For the characteristic function of Q with Q c U, the following inequality holds true

|er:|f(x)’ss|=fQX[o,11('fix”)dxsfgw(%)d

Now we will use the Fourier inversion formula, and rewrite the last integral as

R .

As @(&) is a Schwartz function, we can use Fubini theorem and change the order of integration.

So we have

fgf_:w(f)eif@dfdxzf_ w(é)f T2 dxac.

We use inequality (10) for the inner integral and get
6 m
C in(2+%)|

(1+|§|)5

C
1+1¢°

As @ (¢) is a Schwartz function, we also have

(&) =

So

I B S )
= ) "z
Now we change the variable as ¢ = n¢, and we get

o |m(g)]"
[T

foo gllnn|™
(1+'f')(2+|z|) b e+

Now we estimate the last integral for different values of 4.
If § < 1 then we have

0 Inn|™ & [Inn|™d % |lnn|™d
f €|lnn| 5dnsc£f [In7n| 6n+cgf Innlmn'
0 (1+lenl)(2+Inl) o @2+m 1 en

_ 1 _ 1 1
We represent (2+n)5 = —n5(1+%)5 =7 + O(n5+1 ). So

Efi [Inn|™dn _Efz |Inn|™dn +£fé [Inn|™dn
o +m° o (+n)? 2 (2+m0
Integrating by parts we obtain
1 m 1 m
6[.9 [Inn|"dn ngs [Inn|"dn
2 (2+m)° 2 n°

d Inn|™d
21 ?znlmén df°° l n"lm T convergence.

< Ce%|Ine|™.

As 6 < 1, the integrals f,
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If 6 > 1 then we trivially obtain

dn| < Ce.

f"o Cellnn|™
0 (1+lenl)(2+Inl)°

If 6 = 1 then assuming 0 < € < % we get |en] < 1 (for |n| < 2), then write the integral as the sum of
three integrals and obtain

foo Cellnn|™ dn’ -
o (L+lenl) (1+1nl)

Then we have

2
f Ce |lnn|m dn|+
0

n

& Ce|lng|™
[ Ce|lnn| dﬂ'+
2

% Ce[Inp|™
fl = dn).

£

2
U Ce|Inn|™ dn| = Ce,
0

and we get with simple calculating that

1 m
¢ Celln
f M < Cel|lne|™,
2

dn
n

We use the formula of integrating by parts several times, to get

f ellnn| dn
l n

< Ce¢|lne|™,

completing the proof of Proposition 5. d

From Proposition 5 we get the following corollaries.

Corollary 6. Let f(x1,x2) be a smooth function with f(0,0) =0, Vf(0,0) =0, and h be the height
of the function f(x1, x2), and let m = 0,1 be the multiplicity of its Newton polyhedron. Let also

1, when|x| <o,

>
0, when|x| =20, >0,

a(x) = {

and a(x) = 0 with a € C8°([R€2). If for all real A > 1 and for any positive 6 # 1, the following
inequality holds

< CIAI"®|InA|™, 1

fz eilf(x)a(x)dx
R

then we have
||x| <o: |f(x)| < £| < Ce%ng|™,
where m = 0. See [10, 15, 16, 23].

Corollary 7. Let f(x1,%2) be a smooth function with £(0,0) = 0, Vf(0,0) = 0, and let Q be a
sufficiently small compact set around the origin. Let also h be the height of the function f(x1, X»),
and let m = 0,1 be the multiplicity of its Newton polyhedron. Then for all0 < € < 1 we have

IxeQ:|f(x)| <el < Cel|lne|™,

where h is the height of f and m is its multiplicity [10].
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4. Proof of the main result

Proof of Theorem 2. As for A < 2 the integral (6) is just bounded, we consider the case 1 = 2.
Without loss of generality, we can consider the integral over U. Using inequality (9), we have

c
EygliMf0))| € ——F——. (12)
[Bap (1A£ )| = T3
We then use (12) for the integral (6), and get that
; ly(x)|dx
Inpgl = E A dx|<C| —F——. 13
i (Z,ﬁ| = fU a,p (l f(x))w(x) x| = fU 1+/1|f(x)| ( )

Now we represent the integral I4,p over the union of sets Q) := QN {Alf(x1,x2)| < M} and
Qy := Qn{A|f(x1,x2)| = M} respectively, where M is a positive real number.
We estimate the integral I, g over the sets 1 and Qy, respectively,

|| scf [y (x)ldx T4 Jyim Cf [y (x)|dx +Cf [y (x)ldx .
ul+A|f(0)] o 1+ A|f(0)] 0, L+ A|f(0)]
First we estimate the integral over the set ;. Using Corollary 7 we obtain
[y (x)|dx - Cln A" 1l oo 7
T AR '
Lemma 8. Let f € C™ and h be the height of the function f, and let m = 0,1 be the multiplicity

of its Newton polyhedron. For any smooth function a = a(x, y) with sufficiently small support and
for h > 1 the following inequality holds

hil=C

! .:f a(x,y) ClInA"all ;oo )
I epI=4y 1+ A f (x,Y)] A
where suppla(x,y)} = U.

) (14)

Proof. Let i > 1. Consider the sets

zk 2k+l
Akz{er:Tslf(xﬂs 1 }

For the measure of a set of smaller values we use Corollary 7, and we have

2k+1 2k+1 % m
y(|f(x)|s 1 ,xEU)SC( A) (ln ) .

A

2k+1

Let
. a(x,y)

om0
A LA f (%)

a(x,y)
I = ———dxdy,
¢ Lz 1+7L|f(x,y)| ray

xdy.

For the integral

2k <A f(x)] = 2k+1
we find the following estimate:
2k+1

a(x'y) ’ 2k+l h
————dxdy|=C —
fAkl+)L|f(x,y)| xay ||a”L°°(U)( A A

From here we find the sum of I; and, by estimating the integral I, we get

[e) 00 2k+1 h k+1
IS||ﬂ||Lm(ﬁ)]§iIkS||alle(ﬁ) kgl(T) 1

As h > 1, the last series is convergent, proving the lemma. O

m

I | = In

m

In
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Remark 9. Consider the case h = 1. The smooth function has non-degenerate critical point
at the origin if and only if h = 1. As f(x,y) is a smooth function with Vf(0,0) = 0, using
Morse lemma we have f ~ x> + y?. So in this case we estimate two sets A = A} U A, where
Ar:=1{(x,p) : Ax®+ 92 < M,|x| < 1,1yl < 1} and Ay = {(x, ) : Mlx? £ y?| > M, |x| < 1,]y| < 1}.
First we consider the integral over the set A;. Then we have
a(x,y)
fAI —1+sziy2|dxdy fAldxdy'.
Now we estimate the last integral as

= Cllallreay

C

= —.

dxd
£|x2+y2|sM Y A

Then we estimate the measure of the set {|x% — y2| < eM}, where € = % We have, for simplicity
putting M =1,

dxd
‘~[|x2y2|s£M y‘

=C

‘f \/V2+e—1]y —E)dy
) ‘/f?—(%\/yz—s—gln y+i/y2-¢

l—e y +£
f\/E VyE-¢e

=(%\/y2+8+§ln y+i/y2+e

Vi-e

|

VE

1-¢ ¢ Vi—-e+1 V2 £
5 +£ln \/E —TE—EIH‘\/E(I‘F\/E)‘—
VA-8(d-2¢)

—(% —In )\/ e+V1-2¢ ‘ ln\/_)) < Celne.

Now we consider the integral over the set Ap. In this case we change the variables to polar
coordinate system and with easy calculating we get

f a(x,y) dxd '< CllnAlllal zso(ay) (15)
{A|x2+y2| = M} 1+/1|x2+y2| A
and Clin AP
f a(x,y) dxd ’s [InA| ”a”L‘X’(Az). (16)
(Alx-y2|=0y 1+ A]x2 = 2| A

Now we continue the proof of Theorem 2. Let h > 1. We use Proposition 5 for the integral J,
to get
ClnAI™ @l oo
TAE e
An
Let consider the integral J,. If 2 > 1, then using Lemma 8 we get
ClnAllall e g
|2l = —1()
AR
If h =1, using the Remark 9 we get the inequality (8). The proof of Theorem 2. is complete. U

The proof of Theorem 2 shows that if = 1, we can get a more precise result.
Proposition 10 If h=1 and f has an extremal point at the point (0,0) (then f is diffeomorhic
equivalent to x1 + x2 or— x1 ), then we have
|Ia,ﬂ| S A »
foralll=2.
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