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DISPERSIVE EFFECTS IN A SCALAR NONLOCAL WAVE EQUATION
INSPIRED BY PERIDYNAMICS

GIUSEPPE MARIA COCLITE, SERENA DIPIERRO, GIUSEPPE FANIZZA, FRANCESCO MADDALENA,
AND ENRICO VALDINOCI

ABSTRACT. We study the dispersive properties of a linear equation in one spatial dimension which is
inspired by models in peridynamics. The interplay between nonlocality and dispersion is analyzed in
detail through the study of the asymptotics at low and high frequencies, revealing new features ruling
the wave propagation in continua where nonlocal characteristics must be taken into account. Global
dispersive estimates and existence of conserved functionals are proved. A comparison between these
new effects and the classical local scenario is deepened also through a numerical analysis.

INTRODUCTION

A fundamental trait in the mathematical modeling of continuum physics relies in capturing the
essential phenomena of a complex problem while still keeping the technical difficulties as manageable
as possible. A typical example of this strategy is provided by classical linear elasticity ([20]) which,
in spite of its very long-lasting tradition, represents yet an unavoidable comparison term even for
the more recent mechanical theories aimed to describe old and new material behaviors that were
not contemplated in the original theory. In particular, the spontaneous creation of singularities like
cracks or damages and their evolution process, as well as the dispersive characteristics affecting wave
propagation, have originated a great effort in exploiting new and subtle mathematical formulations,
leading to a general consensus on the fact that macroscopic manifestations as plasticity or failure are
governed by intricate mechanisms acting at different scales. With respect to these considerations, the
analysis of the nonlocal features of a model has become a consolidated strategy ([9]) towards a better
rational understanding of “how nature works”.

While the insertion of nonlocal descriptors in classical differential formulations of continuum me-
chanics (as strain gradient, convolution kernels, etc.) has a long tradition ([25, 24] 18] 19, 23] 22]), the
acceptance ab initio of a material intrinsic length-scale in a genuinely nonlocal theory is a more recent
achievement and peridynamics, as initiatedﬂ by S.A. Silling (see [28, 29, [30} 31}, 27]), seems to have good
chances to shed some new light on these problems (for more recent results see [2, 14} [15], 16, [17], 34]).

In the present paper we deal with possibly the simplest evolution equation motivated by linear
peridynamics, in one spatial dimension, with the aim of investigating the dispersive features of wave
propagation and detect a number of original features due to nonlocality.
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'As a terminology remark, we point out that, in several peridynamic models, the kernel is often scaled so that as the
interaction range § goes to zero, to obtain a fixed elastic constant. The analysis developed in this paper does not adopt
such a limit scaling, but we maintain the name of “perydinamic” for our model, coherently with [}, [7], [8, [10].
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In particular, it is known that material dispersion manifests through propagating pulses with fre-
quency components traveling at a different speed [4, [35]: as the distance increases, the pulse becomes
broader, hence the mathematical analysis mainly concerns the study of the properties of the disper-
sion relation and the determination of decay properties of various functional norms of the solutions
of the initial value problem ([33]). In this paper we pursue this program (namely, understanding the
dispersion relation of propagating pulses and establishing regularity and decay estimates) through a
detailed study on how nonlocality influences the dispersive behavior. The results that we obtain sug-
gest non trivial and maybe not expected dispersive properties, which represent a first step towards
the understanding of the dispersive nature of the nonlinear problem studied in [§]. The methodologies
developed here may be also instrumental for the study of nonlinear and nonlocal dispersive equations
of general type.

The article is organized as follows: In Section [1| we introduce the initial value problem given by
following the general framework studied in [6, 8] and deduce the corresponding dispersion relation (see
also [7]). In Section [2| the dispersion relation is studied in detail and the asymptotics at low and high
frequencies clearly exhibit the scale effects ruled by nonlocality (see Theorems and . In partic-
ular one sees that at low frequencies, hence at large physical scales, the propagation is quite similar to
that governed by the classical wave equation, while at high frequencies, hence at small physical scales,
the propagation is remarkably different, due to nonlocality. Furthermore, the analysis of the derivatives
of the dispersion reveals new and somehow unexpected features. Indeed (see Theorem , due to
nonlocality these derivatives present exotic decay with highly oscillatory behavior at high frequencies.
Since these quantities are related with the velocity of energy transport, this suggests that some pieces
of information could be hidden at small scales because of the strange behavior of their propagation
velocity. In Section [3| we prove some decay properties of the solution of our problem by establishing
properly dispersive estimates. Those results play a key role in the subsequent Section [ where we prove
the conservation of energy, momentum and angular momentum (Theorem . Section [5| is devoted
to a numerical study on the comparison between classical wave equation and the present nonlocal
problem and the outcome of this analysis essentially shows that the nonlocal case seems to produce
additional oscillations.

Section [6] contains an approximation result for nonlinear equations, stating explicit conditions under
which the solution of our linear equation approximates well, for finite times, the one of a nonlinear
equation (interestingly, the detailed estimate that we provide relies on the previous bounds on the
dispersion relation).

Then, in Section [7] we briefly indicate how the different mathematical properties detected in this
paper can be connected to real world situations (also, it highlights that the linear model that we
present in this paper is already sufficient to provide nonlinear oscillations of the frequency function,
thanks to our asymptotics on the dispersion relation).

The paper ends with three appendices in which some facts previously mentioned in the paper are
specifically proved.

1. THE LINEAR MODEL

In [8] the Cauchy problem related to a very general model of nonlocal continuum mechanics, inspired
by the seminal work by S.A. Silling (see [28]), was studied and the analytical aspects concerning
global solutions in energy space were exploited in the framework of nonlinear hyperelastic constitutive
assumptions. More precisely, the governing equation of the motion of an infinite body is modeled in [§]
by the initial-value problem

{attu(x,t) (Ku(-,1))(x) x € RN, t >0,

(L) u(x,0) = uo(x), drulx,0) = vo(x),  x € BV,

where

(1.2) (Ku)(x) := /B ( )f(x’ —x,u(x’) —u(x))dx’, for every x € RV,
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for a given 6 > 0. Of course, the physically meaningful cases correspond to the dimensions N = 1,2, 3.
From the point of view of peridynamics, the parameter § takes into account the finite horizon of the
nonlocal bond which is governed by the long-range interaction integral K. The RN-valued function f
is defined on the set Q := (RV\ {0}) x RV and is supposed to satisfy the following general constitutive
assumptions:

(H.1) f € CY(Q;RN);

(H.2) f(—y, —u) = —f(y,u), for every (y, u) € Q x RV;

(H.3) there exists a function ® € C?(f) such that

uf?

F=Vab, Oy =k

+ ¥(y,u), forevery (y, u) € Q,

where k, p, a are constants such that
Kk >0, O<a<l, p > 2,
and
U(y,0) =0<¥(y,u),
IVa¥(y,w),|D¥(y,u)[ < g(y), for every (y,u) € Q,

. . 2 N
for some nonnegative function g € L;, .(R™).

We recall that in the peridynamics model the RV-valued function u models the displacement vector
field. With this respect, assumption can be seen as a counterpart of Newton’s Third Law of
Motion (the Action-Reaction Law). Also, assumption states that the material is hyperelastic
(the linear elastic case corresponding to p = 2 and ¥ = 0, and the hyperelasticity taking into account
nonlinear elastic responses of the material).

In the present paper we focus on the simplest case planned by the previous theory, namely we
will deal with p = 2 (quadratic elastic energy) and N = 1 which represents a linear one-dimensional
nonlocal mechanical model (higher dimensional cases can be taken into account as well, but the analysis
is obviously more transparent when N = 1). We intend to exploit all the relevant analytical aspects
encoded in this problem and compare them with their physical counterparts.

In this perspective reduces to the study of the following Cauchy problem

d
t —u(t,x —
”““:_2“/5U(7x)|yyfi(2;x Day = K@w), t>0,zeR,

(1.3) (0, 2) = vo(2), rER,
ut (0, ) = v1(x), z € R,

where 9, k and p are positive real constants and 0 < o < 1.
As customary, the integral in (|1.3) is interpreted in the “principal value” sense to “average out” the
singularity, namely

6 — B — J—
/ U(t, x) 17f|—(2t7 ’ y) dy = lim u(ta .CC) lli(;? z y) dy
-4 ’y‘ @ e—0t (_675)\(—6,6) ‘y| [e%
(1.4) R, 2u(t, z) — ult, xthyi —u(t,z—y) "
2 =0+ J(—5.8)\(—ee) ly|

1[0 2u(t,z) —ult,z +y) —u(t,z —y)
= dy.
2 s ’y‘1+2a

The evolution problem in ([1.3)) is explicitly solvable, according to the following result:
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Theorem 1.1. Leﬂ vo, v1 € S(R) and 0 < o < 1. Then problem (1.3|) has the unique solution
u:Ry xR — R given by
01(¢)

(15) ) = [ e @@ cos ()t + 2 sin ol )| de,

where 0p(§) and v1(§) represent the Fourier tmnsfornﬁ of vo(x) and vi(x), and w : R — R is the
dispersion relation defined by

2k 11— cos(£02) 12
(1.6) w(§) = <p62°‘ /_1 PEEE dz) .

Additionally,

C 5252 ) 1 1 ) 520(620[
00 O g [FEG {1 + oo (ig5) (F 1))

for some constant C > 0 (independent of all the parameters involved in problem (1.3)).

Proof. The existence and uniqueness of the solution of (1.3|) follow from [8]. Thus, to check (1.5)), up
to a superposition, we seek a solution of the form

u(t,a:) _ ei(iwt-ﬁ-i{x).
After substituting this expression into (1.3]), we obtain the equation

2K /5 1 — eFity

2

W =— ————dy
p _s |y‘1+2a

26 % 1—cos(y) 2 [ sin(éy)

2T ORSY) 25 gy

p s |yt pJos lyltt2e
_ 2k 01— cos(ﬁy)d _ 2ﬁ5—2a /1 1 — cos(£02) s
p s |yt p 1 fR]tRe ’

which leads to the dispersion relation (|1.6)).
Introducing the functions

o© =5 (@ +i28)  ad pe)=; (a© -0,

2 w(§) w(§)
we have that o + 8 = vy and —iw(a — ) = 1. As a result, if
1.8 , — —i[x+w(§) t] —i[éx—w(§) ] de,
(18) uta) = [ {ate +B(E)e Lae

we see that
u0.2) = [ {al©e @ + 50} dt = [ @©) e ds = wo)
and

w(0.0) = [ {=ia(©u(@e @ +iB©u©e ) de = [ G e i = u(a),

2In this paper, for simplicity, unless differently specified, we will take the initial data vo and v; in the Schwartz space
of smooth and rapidly decreasing functions (more general settings can be treated similarly with technical modifications).
3We use here the nonunitary convention that
~ 1 ix€
V(&) = — [ v(z)e " dx.
© =55 [ v

In this way, the inversion formula reads

v(@) = /R B(E) e de.



DISPERSIVE EFFECTS IN A SCALAR NONLOCAL WAVE EQUATION INSPIRED BY PERIDYNAMICS 5

hence (1.8) provides a solution of (|1.3). We can also rewrite (1.8)) in the form given by (1.5). Addi-
tionally, we observe that our assumptions vy, v1 € S(R) allow us to state that vg, 01 € S(R).

Moreover, for every t € R, we have that
(1.9) l—costgmin{t;,Q},
hence it follows from that
W26 = 2K /1 1- cos({éz)dz
-1

p52a ’2‘1—1—20(

o /1 min{£2522z2,2}
d

= Py |2]1+2a ?
2Kk / £26%22 / 2
< = dz + ——dz
p62a [ {|z\§min{ﬁ,l}} 2|Z|1+2a {ﬁ<|z\§1} |z|1+2a
2% ’5‘252 ) 227201 . 2 2 ’5‘2045201 )
= — min<{ —s———>—— — — - —
002 |2 2a |€[2—2a 4220 o XOD \ el 22a ’
that gives ((1.7)). O

We point out that problem reduces to the classical wave equation as o — 17, in a sense which
is made precise in Lemma

Similarly, the explicit solution provided in and approaches the one obtained by Fourier
methods for the classical wave equation, as specified in Lemma

2. DISPERSION RELATION

We now deepen our analysis of the dispersion relation introduced in (1.6]) by supporting the estimate
in (1.7) with some precise asymptotics:

Theorem 2.1. For é >0 and 0 < a < 1, we have that

. o g B ’i(;Q(l—oc)
(2.1) lim £ (&) = A—a)p
and
4k [T 1 —cosT
. —2a, 2 _
(2:2) N e R

We observe that the asymptotics in and show a different power law behavior of the
dispersion relation w at zero and at infinity. This different behavior is also confirmed numerically in
Figure (1, where w is plotted in logarithmic scale: as usual, in this setting, the two different power
laws correspond to straight lines with different slopes. Furthermore, we point out that a suitable
constitutive restriction on the elastic material parameter s should take into account the asymptotic

scaling stated in (2.1]), namely
1

~os2l—a)”
Proof of Theorem [2.1] Let &; be an infinitesimal sequence and

1 —cos(&0z) 6% 2[172%(1 — cos(;62))
5?‘ |z|1+2e o (@.52)2
We point out that, for each z € [—1,1],

K

Fj(z) =

) 52 |Z|1—2a
Jm Fi(2) = ———
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FIGURE 1. Numerical plots of w in logarithmic scale and k = 1/2 and p = § = 1.
Additionally, recalling (1.9)),
282,2 2(, |12
§0°z 5% |z|
Fi(2)] < —2 = =: G(z2).
B < g = %)
Since G € L'([-1,1]), we can use the Dominated Convergence Theorem and infer that
. 1— cos(§;0z) . 1 L g2 |zt2e 52
lim 5 iiea 4= lim Fj(z)dz = dz = .
J—+o00 -1 5] |Z| +2a J—+0o0 1 -1 2 2 — 20{

From this equation and the definition
Moreover, using the substitution 7 :

lim [€]7%w?(€)

E—+oo

from which (2.2 plainly follows.

of w in (1.6) we plainly obtain the desired result in (2.1)).

= [£l0z,
)

€16 1 — cosT
7-1+2a

Ar €] >
p62a

4/{/
0

L1 — cos(€62)

dr2a

T,

0

Now we present a sharpening of Theorem in a logarithmic scale, in view of an asymptotic

asa — 1.
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Theorem 2.2. Let 6 > 0 and % < a < 1. Then, given b > 0 there exists C > 0, that depends only
on b and 0, such that for all £ € R\ (—b,b)

\/%“(5) ~1] < VO -a).

Also, there exists ¢ € (0 1), that depends only on b, § and k, such that if 1 — o < c then, for

all ¢ R\ (=b,b), 2
log V(1 —;E)pw(@ alogle]

(2.3)

<VvC(1-a).

We observe that gives a convergence of the dispersion relation to a straight line in logarithmic
scale (with an explicit error bound). Also states that this convergence is unifornﬂ outside the
origin. For a numerical evidence of the convergence of the dispersion relation to a straight line in
logarithmic scale see Figure

(2.4)
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FIGURE 2. Numerical plots of w (left) and \/1 — aw (right) in logarithmic scale fora =1—1075, 1 —
107°,1-10 and k =1/2 and p=6 = 1.

Proof of Theorem[2.3. Let ag € (0,1). First of all, we claim that there exists C' > 0 depending only

on ag such that for every t > ag
t
1—cosT 1
dr — <C.
/o T e

To check this, we distinguish two cases, according to whether ¢ € [ag, 1] or t > 1. If ¢ € [ag, 1], we use
that

(2.5)

2 3

1—COST—%+%ZO forall T e R
and we see that
n t 12 T3 2—2a 3—2a
1—cost 5T 5 t t
2.6 —dr > | Agtdr = :
(2.6) /0 iz T2 T T i — ) T ea—3)

Similarly, since

1—COST—%§O for all 7 € R,

4We cannot expect uniform convergence up to the origin. Indeed, as we will see in (2.19)), near the origin

w(e) = YR T (14 ey
(I—-a)p

and therefore
(1 —a)pw(§)
VE

log —alog¢]| = (1 — a)[logd + log ]|

which diverges as & — 0.
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t t T 2—2«
1 —-cost t
/0 20 4T = /() TG

By combining this and (2.6]), we obtain that, for all ¢ € [ag, 1],

/tl—COSTd 1
S
g T2 41 — «)

g20-e)

we obtain that

1 — 220 320 1— a2(1—a)

Sqi-e) Tee S dioa) T

Thus, since

=exp ((1 — a)log(ad)) > 1+ (1 — &) log(af),
thanks to the convexity of the exponential function, we conclude that

/ 1-— cos7' 1
2 T 41— a) 41-a) 6
This proves ([2.5) when ¢ € [ag, 1]. If instead ¢ > 1, we use (2.5 with ¢ := 1 to see that

t 1 t +00
1—cost 1 1—cost 1 1—cost dr
——dr - ——| < dr — ————dr<C+2 —,

J, = i |, | s e |G

from which we obtain in this Case as well.

Hence, combining (|1.6} and , for all £ > ag/9,

log(a%) N 1

VAE® \/Efa VAE® VKE®
_r Z - Y > + - > - >
o 0 (“’@ 0 —a>p> ‘”(":) 0o
200

- [o-755

| 4k 11— cos(€62) k€2

N ‘052"‘/ 21429 dz_(l—a)pl

_ 4r€2 €9 _cost 1

- Sl e

’ CK/€2a

p

and therefore the claim in (2.3 plainly follows by taking ag := bd and recalling that w is an even
function.

Moreover, we claim that

11
(2.7) |log(1 4 7)| < 4r| for every r € [—2, 2] .
Indeed, suppose not, namely
min ¢ < 0,
_11
272
Where P(r) == 4|r|—| log(l +7)|. Let 79 be the point attaining the above minimum. Thus, since 1(0) =
(—%) 2 —|log 2| > 0 and 7 ( ) =2- log% > 0, necessarily ¢'(rg) = 0 and rg # 0. This gives
that
1 . 1
0=1"(ro) = - o ?f o< (0’15)’
—4+m lfT‘QE (—5,0).
The above cases readily produce a contradiction, hence (2.7)) is proved.

. . _ V(A-a)pw(§) .
Using together (2.3 and (2.7) with r := RV 1, we obtain that

T ajpele) | VT apw©)] [V apete) —
o8k BAREER ‘S“ VRl stvetse
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as long as \/C (1 — a) < 1. This establishes , up to renaming C. O

N |

As it is well known, in wave propagation in dispersive medium, initiated by Lord Rayleigh ([4]), a
crucial role is played by the notion of group wvelocity which is given by the derivative of the dispersion
with respect to the frequency variable. Indeed, this remarkable role stays in the property that the group
velocity corresponds to the velocity of energy transport ([3]) in a large class of so called nondissipative
media. Therefore, now we are going to extend the asymptotics of Theorem to the derivatives of
the dispersion, to the aim of obtaining quantitative estimates on the behavior of the group velocity.

Theorem 2.3. For § >0 and 0 < a < 1, we have that

fél—a

Too 1 COST
(2.9) hm l€|t o ( j:2a\/ / e dr,

210) i |e () = YA Z @) 87

£—0% - 42—-a)y/p
911)  lim W"(€) = 0,
(211) - lim ()
1 20(1 — +oo 1 _ 1/2
212)  ifae (E1) then  lim Jowr(e) = - 22U = VR L
2 E—=oo NG 0 ~1+2a
' 1 o o N T 1 —cosT —1/2
vaefo.g) men gmietenre = - ([T S )
NG Tooq — COST —1/2
<5\, o T
(2.13) = limsup ] " (6),
—> 00

. _1 S 3/2, 1
if =5 then gglilgjlé\ w" (&)
K 1—cost a 1 /(K [T°1—cosT
[ ovE 1—cost 1/2_7 K[ 1—cost 1/2
| VP \Jo 7 2\prJo 7z
- VE /Jroo]_COS7'd 71/2_1 n/+°°10087'd 1/2
Ve \Jo 7z 2\pJo z

(2.14) = lim sup |€[*/2w" (€).

E—+o0

We stress that Theorem [2.3] highlights a number of special features of the dispersion relation. Indeed,
it follows from the asymptotics in and of Theorem that w’ has a jump discontinuity
at the origin (hence w presents a corner), but w” (as a function defined in R\ {0}) can be extended
continuously through the origin.

Moreover, the convexity properties of the dispersion relation present an interesting dependence
on «. Specifically, when « € (%, 1), formula in Theorem gives that w” is negative at infinity
and therefore w is concave at infinity. Instead, when o € (O, 5], the asymptotics in formulas
and of Theorem state that w” changes sign infinitely many times at infinity and consequently
in this range the dispersion relation w switches from convex to concave infinitely often. Besides
detailed analytic proofs, we also provide numerical confirmations of these phenomena. In particular, the
function w” is plotted in Figure[3} notice that w” is shown to intersect the horizontal axis infinitely many
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FIGURE 3. Numerical plot for "’ when k = 1/2 and p =6 = 1.

times when « € (O, %] in agreement with and (and differently from the case a € (%, 1)
which instead is in agreement with )

An additional interesting feature showcased by Theorem is that the derivatives of the the dis-
persion relation do not inherit the “natural decay at infinity” from the original function. In particular,
while w at infinity behaves like [£|* in light of , contrary to the usual situations it is not always
true in this setting that w” behaves at infinity like |£]*~2 (that is, like E%) More precisely, while this

is true when « € (%, 1), thanks to formula (2.12)) in Theorem in the range o € (0, %] the behavior
is completely different and the leading order happens to be |£|'T® (surprisingly corresponding to g%l,

and also presenting oscillatory behaviors).

The different power law behaviors of w” at infinity stated in (2.12)), (2.13) and (2.14) are also
numerically confirmed by Figures and In particular, Figureshowcases a numerical plot of |¢|2~%w"

that confirms the convergence at infinity if a € (%, 1), in agreement with (2.12)), its divergence if o €
(O, %), in agreement with (2.13)), its oscillatory boundedness o = %, in agreement with (2.14)). Instead,
Figure |5 showcases a numerical plot of [[1T%w” that confirms the divergence at infinity if a € (%, 1),
in agreement with (2.12)), and its bounded oscillatory behavior if a € (O, 1], in agreement with ([2.13))
and (2.14]). We also notice that when a = % the plots in Figures || and [5| agree, consistently with the
fact that 2 — o = 1 + « in this specific case.

The unusual phenomena detected in (2.12)), (2.13) and (2.14) are deeply related to the nonlocal
nature of the problem and to the appearance of divergent singular integrals in the formal expansions
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FIGURE 4. Numerical plot for |¢|*~*w” when k = 1/2 and p=§ = 1.

of the dispersion relation. This important technical details prevent us to use lightly formal expansions
and soft arguments of general flavor since, roughly speaking, terms that are usually “negligible” in a
standard expansion may become “dominant” in our setting since they may end up being multiplied by
a “divergent” coefficient induced by a singular integral and, quite interestingly, as emphasized by the
asymptotics in formulas and of Theorem these new significant terms may even be of
oscillatory type.

The “numerology” of Theorem is also somewhat interesting since all the coefficients appearing
in the asymptotics are determined explicitly (and finding an explicit representation of a coefficient is
often the most direct way to prove that it is finite as well). As a matter of fact, though we do not
make use of this fact, we mention that the trigonometric integral appearing in Theorem (as well as
in (2.2)) can be computed in terms of the Euler Gamma Function, Sinceﬂ

too 1 _
(2.15) /0 %cﬁ = —cos(ma)'(—2a),

with the right hand side continuously extended to the value 5 when a = 1 see Appendix [B for an
elementary (or Appendix for a shorter, but more sophisticated) proof of (2.15)). See also Figure@ for
a numerical confirmation of (2.15)): indeed, in Figure |§| the plots of the functions a +— f0+°° 1;53? dr

SFormula (2.15)) is especially useful to take limits and exact asymptotics in «, since it reduces the singularities in the
limits as o — {0, 1} of the integral on the left hand side to the well known simple poles of the Euler Gamma Function.
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< 00 c 00
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FIGURE 5. Numerical plot for |¢|'T*w” when k = 1/2 and p=§ = 1.

and a — — cos(ma)'(—2a) are given and one can observe that the two graphs are the same, up to a
sign change, in full agreement with (2.15)).

60 1
40 B
[ +o0 1= COs ()
L J’ It
20 o v2a b
0
L Cos(ra) I'(-2a)
_20+ B
_40 - B
:\ 1 1 1 1 I}
0.0 0.2 0.4 0.6 0.8 1.0
a

FIGURE 6. Numerical evidence for (2.15).
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It is also interesting to recall that the threshold o = % that emerges in formulas ([2.12)), (2:13)
and (2.14)) of Theorem is also an important threshold for several other nonlocal problems, see
e.g. [5) 26l 12].

Proof of Theorem [2.3. Differentiating (1.6)) and using the change of variable w := £z we see that

d d (2 - ) 2 U 2sin(&s
200/ = 302 = 3¢ (S [ et ) = oy [ S

d€ d¢ -1
(2.16) _ Zi/i : /1 zsin(féz)d _ 4| €|t /55 w sinw w
p oo |21+2e p o |w[*2e
et [ sinlol,
P 0 |wp
From this and ({2.1]), using ’'Hopital’s Rule we find that
) §l-o ) / 4 &6 o
\/E lim o'(¢) = lim M — lim :2 / sin |2w‘dw
(1 —a)peot o0t [¢] ¢—0% plg[*—2 |wl>
) 4K6 sin [£4)] . 2r0172% in |€6]
= lim = lim
0= (2 = 2a)plg|720€ (€67 gmor (1—a)p &
2K6272
(I—a)p

From this, we obtain formula (2.8) in Theorem
Similarly, using (2.2]) and (2.16]),

4 +00
e ¢ | Jim 60w = lim 2wl (O

4k /5‘S wsinw 4k [E°° sin |w| 4k [T sinT
0

= lim —

g0 p w277 fy o fw]?e p Jo T

We stress that when o € (0, %] the function STi’SaT is not Lebesgue summable in (0, 4+00); nevertheless,
for every a € (0, 1) one can write the improper Riemann integral

400 o3 R _: R 1— / 9 1—
/ ST sinT [( cos7’> N af COST):| ir
0 0

720 R—too Jo T2 R—+00 720 Tl+2e
1—cosR 1 — cost T 1 —cosT
2.17 = lim ———— —lim ——— + 2« _
( ) R—+o00 R2« t—0 t2 * 0 r1+2a T
1—cost +001—COST T 1 —cosT
_ . 2—2«

These observations lead to

4 oo 8 oo
" \// —rdr lim ¢ (@) = 2= [
E—+o0 P

1+2a 0 1+2a

which produces formula in Theorem
Also, differentiating once more in (2.16), for all £ # 0,

K sin(¢0z
w(é)w"(@ﬂw'(&))zzjg(w@w’(s)):jg(pfm_l [ =5 e)
~ 2r6%72% [ cos(€6z) "
_ /0 dz.

p 22(1—1




14 G. M. COCLITE, S. DIPIERRO, G. FANIZZA, F. MADDALENA, AND E. VALDINOCI

Thus, using again (2.16]),
2K6272 cos(£0z)

1
1 _ P UJI 2
w(w'(e) = o— [ (w(9)

_ 2RéP /1 cos(&éz)d B 2K /1 sin(féz)d 2
-, , 2201 o po2o-ly(e) J, 22 )

Also, in light of (L.6), as & — 07,
z 2 24
W(E) = 2K /1 l—cos(féz)d 4k /1(@2)—(534)4-0(5626)
0

(2.18)

T2 [T e T 5 L1+2a dz
4k {252 5454 K§252(17a) R€452(27a)
2.19 — _ 6y ) — _ 6
(2.19) - po2a (4(1 —a)  48(2 — ) +0(¢ )>  (1-a)p 122—a)p +0(&)
B &5252(1704) (1 _ ()é)§252 A
~ e (1 ar ToE),
which can be seen as an enhanced version of .
As a result,
2K 2 41 — )k 41 — o)k ( (1 — a)&262 4 )
= 252 = a L+ +0 5 ’
<p52a1w(£)) €252 (1 B (11;(3)_5&(; 4 0(54)> £262ap 12(2 — «) (&)
Hence, by , as £ =0T,
51—04
VL 0@ (e
(1—a)p
_ 2r6%2@ (1 cos(€6z) 41 — o)k (1 — a)&262 4 L sin(&6z) 2
= B [ e ) (1 ey o) ([ )
Thus, noticing that, as & — 07,
L cos(€62) B b1 - @ +0(£42%) B 1 €252 4
/0 a1 /0 2201 =i 12— T OE)
and
sin(edz) ,  [1eoz—CR Lo e €353 ;
/0 BT _/0 2% =i e a0
we conclude that
51—(1
VT 0@ W)
(I-a)p
_ 2w6%T 1 £%6° s
- 2 (e 1w )
4(1 — a)ks2—2 (1 — a)282 . 1 €252 RS
S (14 ety o) (arme ~ e a 0€Y)
_ 2k6%T% 1 £%6° s
e Crer RE R R ()

4(1 — a)ké>22 (1 — a)&262 1 €252
R 1+ ety o) (rar ~ mr=afe=a )

B 5527204 5262 4 H5272a 1 5252 6262 4
- (1 a2 +O(5)>_ P <1—a+12(2—a)_3(2—a)+0(§))
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2—2q 262 22 262
:mS _§5 _ £%6 . %6 +O(§4)
p 22—a) 122—-a) 32—«
&54_2(162 4
This entails that
11—« 4—2a
VR el = -
(1—a)p &—0t 42 —a)p
and therefore
1—a) s«
2.20 i |¢|~tw(€) = — YA .

Since w (and thus w”) is an even function, we also have that
Vel —a) &
tim ¢ (6) = — VAL =D
£—0— 4(2 — a)\/ﬁ
This and (2.20) give formula ([2.10)) in Theorem (from which formula (2.11)) in Theorem [2.3| follows

at once).

Let now £ > 0. From (|1.6]),

[ 4k - cos(géz)d 1/2 4R €1 - cosT 12
wO=\T5m | —oma %) =8\ | T T
and thereford]

4k (1 —cosT 12 2667 1(1 — cos(£0)) [4k [0 1 —cosT ~1/2
/ _ a—1
(2.21) W'(&) = a& ( ; /0 “T%a d7'> + o2 < p /0 “T%a d7'> .

Taking one more derivative,

5 (4K €01 —cosT 1/2
W'(€) = ala— 1) ( /0 THZadT)

p
N 20kE72(1 — cos(£6)) 4k /55 1 — cos T 12
p52a o Jo 71+2a
(2.22) 2+ 1)RE2(1 — cos(€68)) [4k [0 1 —cosT 1/
' - 620 b ), ritea dr
26 sin(£8) (4k [€01—cosT ~i/2
T po2a—1 ) S1+2a 4T
4K2€73972(1 — cos(£0))? [ 4k €1 _cost —3/2
- 25t ) 120 dr :

6We observe that an alternative proof of formula (2.9)) in Theorem follows from (2.21)), namely

1/2 —2a —1/2
lim €W (6) lm |a (2 /“1*00”(17 P 2667 (1~ cos(0) (4w /fﬁfcm N
Eotee §ortoo p Jo TR po2e p Jo THTZe

4k [T 1— 1/2
= o [Tt o
0

and formula (2.9)) of Theorem follows from this and the fact that w’ is odd.
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That is, as £ — +oo,

(2.23)

Consequently, if a € (%, 1),

o 4k (1 —cosT 12
P ew© =ata -0 (2 [T ) o)

as £ = +oo.
Similarly, if o € (0, %), one deduces from (2.23)) that

o 2ksin(€6) (4k [ 1 —cosT ~1/2
€M (€) = 1)52(1(_1) (p /o THgadT) +o(1)

as & = +oo.
And also, if o = %, we get from ([2.23) that

1 /4k (%91 —cosT 1/2 2k sin(£6) [4k [0 1 —cosT -1/2
|£l3/2w”(§) =-1 < / 2d7> + & < / 2d7‘> +o(1)
P Jo T P P Jo T

as £ — +oo.
These observations (and the fact that w” is an even function) lead to formulas (2.12)), (2.13))

and (| of Theorem |2

For completeness we now prov1de alternatwe proofs for the statements in , and ( -
in Theorem . To this end, using , we observe that, when a € [2, 1),

R R : /
lim inf/ %dT = lim inf/ SQIL + (20 — 1)51117' dr
R—+o0 Jg T4T R—+c0 Jg T20—1

.. .sinR T gin 7
= mint g + a0 [ Tl
-1 if a= %
= T 1 —cosT
. 1
Similarly,
i 1
limsup/R COSTdT : +o0 | teme
———dT = — COST .
Rstoo Jo T2 20(2c0 — 1)/O ~Ti2a dr ifae (% )

Accordingly, recalling and , exploiting ([2.17)) once again, and using the substitution 7 :=

€162, if v € [
4k [t 1 —cosT o
\/ / 20 d7’l11rn1nf|£|2 W (€)

E—+o0

— l f 2— 2a
glglin €] Ew"(€)

. 2
o o o9q [ 2k6272 /1 cos(§0z) 2k /1 sin(£dz)
- lglgjlil(]f ‘£| ( p 0 ZQa—l dz p52o¢—lw(§) 0 220 dz
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2
2k [l cos T 2 [€]* (1€ sin T
= liminf — —5a AT — dr
§odoo p o Jo o THT pw() Jo T

2k .. . B ocost T gin
= — %m inf —a7dT — - ——dr
oo
Y —+o0 Jog T \/ fo 1 1cos7'd7_ T

T

2K lim inf R COST Qa\f Rl - COST
= —— limin —
p Rotoo Jy 12T rd S rlt2a

2K m/*ool—com'
——+ —d
0

PP

N[ —

T ifa=
2

— too 1
do(a 1)&/ 1 COST ' fae (1,1).
0

p Tl+2a
Similarly,

2 tooq —
=4 K/ #dT if o = 3,

4 tooq _ p PJo T

\/ i / O8T — 75, dr limsup €27 (€) =
E—*oo 4 -1 +o00 1—
a<a>*”~/ Lot h e (3,1).
P 0 T

These observation give formulas (2.12) and (2. 14) in Theorem
Besides, when « 6 1 , we can infer from , (2.17) and (2.18]), that

4k [T 1 —cosT o
\/ / “i72a ————dr liminf |§]1+ W (€)

E—+oo

2
L 2k|gPet 8D cos (2> [0 ging
= w0 [ R (T [ e
0 P o 7

2 51—2a R
= liminf Kli? / 71722 cos TdT — 0
R—+o00 pR «a 0

2kSl—2a R
= liminf —7—— / ((7’1*20‘ sint)’ — (1 — 2a)7 **sin 7') dr
R—+4o00 pR'72 [

2 (51 2c 400 3
= %m inf Kllim <R1_2a sin R — (1 - 20&) / SH;O;T d7—>
—+oo pR 0 T

2,{[(51 2a

,o

Similarly, when o E

4 too 1 2 yl—2
\/K/ 1j:§s drlimsup €T (&) = i
T {—Foo p

These observations give formula (2.13) in Theorem [2.3] . O

3. DECAY ESTIMATES

In this section we prove the relevant spatial decay properties of the solution of ((1.3) which also will
be useful in the next section to prove the existence of conserved quantities for our problem.
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Theorem 3.1. For every given t > 0, the function R > x — u(t,x) in (L.5) belongs to the Schwartz
space.

Proof. Let
(3.1) @(£) = w?(§)
and ¥ be an even real analytic function such thatm

(3.2) the derivatives of ¥ of any order are bounded in [1, +00).

Thus, by the analyticity of W, for suitable coefficients ¥; € R, with |¥;| < % for some C' > 0, we
write

+o0o
(3.3) U(r) =Y W;r¥.
j=0
Therefore, setting
+oo )
(3.4) P(r) = W;r,
j=0
we find that
(3.5) 1 is also a real analytic function.

By (1.6, we know that

() = %;Za /1 1-— C1(f§§62)d2 _ %;Za /1 oo (_1)k+1(£§l)€2]:z2k12a .
56 p 0o 2 p 0 = (2k)!
9p T2 (_1)k+1§2k52(k—a)
Cp = (k—a)(2k)!
In particular, we have that
(3.7) w is also a real analytic function.

By composition, it follows that
(3.8) #(&) == YP(w(&)) is also real analytic.

Notice that, by construction
00 ' 00 '

(3.9) 6(€) =D 05 (w(€) =) ¥, (w(©)¥ = ¥(w(©)).
7=0 J=0

We claim that

(3.10) the derivatives of @ of any order divided by (1 + |£]?%) are bounded.
To this aim, in view of (3.7), it suffices to show that, for all £ € N and |¢| > 1,

(3.11) @) < Ce(1+ g+,

Statements like (3.2) mean that for all £ € N,

sup |\I/(l)(r)| < 400,
re[l,+o0)

where ¥ denotes the derivative of ¥ of order ¢.
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For this, we first show that for every ¢ there exist Cy € R and a function Fy € C*°((1/2,+00)) whose
derivatives of any order are bounded in [1, +00) such that, for every £ € [1, +00),

€01 —cosT

(3.12) w(@(f):Fe(f)JrCeizag/o e T

In this notation, Cy and Fy may also depend on the structural parameters «, p and §, which are supposed
to be fixed quantities. Thus, we argue by induction over . When ¢ = 0, changing variable 7 := £6z in
the first integral of (3.6) we find that

T,

©) 4KE2 /55 1—cosT
vl =

p 0 7-1—1—20¢
which is with Cp := 47" and Fp := 0. We now suppose recursively that (3.12)) holds true for the

index /¢ and we establish it for the index ¢ + 1. For this, taking one further derivative, the inductive
assumption leads to

d oy [ 1—cosT
@E) = e |FO + G /O Tlde]
o_p 1l —cos(&d w1 [ 1—cosT
= F{(&) + Ceoe? fwéa)maf)cw o / e
e o 1- COST ,
= F{() + Coo 26D (1 - cos(80)) + (20 — )G €27 / e

Hence, we define Cypiq := (2a — £)Cy and

Fri1(€) = Fi(&) + Cpa ¢ (1 - cos(&5)),
and we stress that all the derivatives of Fyq are bounded in [1,+00), since so are the ones of Fy. The

inductive step is thereby complete and we have thus established (3.12)).
We also notice that, if £ > 1, then

€1 _cosT s 72 € 9 §272a  §2a
2 2 2 2
5a/0 Tlt2a dTSfa{/o 1+2ad7—+/ 7.1+2ad7]§§a{2_2a+ 2a]§C§ %

for some C' > 0 depending on 4. This and ({ - yield that
@) < [Fu(€)| + O Cre® ™.

From this and the parity of w we obtain (3.11)) (up to renaming Cy) and thus (3.10)).
Now we show that

(3.13) the derivatives of ¢ of any order are bounded in [0, +00).

From (3.5), it suffices to check this claim in [1,+00). For this, using (3.3) and (3.4]), we observe
that ¢(r) = ¥(y/r) for all » > 0. For this reason, by the Faa di Bruno’s Formula,

(314) ¢(Z) (r) = diz(\li(\/’;)) — Z ﬁ \Il(ml"r"'-‘rmé) H <d""] f) " ,
dgt m! i
with the sum above ranging over all m € N’ satisfying the constraint
(315) Sy =
i=1
and the standard multiindex notation m! = mj!ms! --- my! has been used. We also observe the

recursive fact that, for every j > 1,

(3.16) —\f (DQJQH(%H).

k=1
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As a consequence, for all ¥ > 1 and 7 > 1,

. 1-25 j—2 —2j j— 1-25 | .
&’ r2 rz (j—-1)! (-1
—_— < - 2 <
dri \/;‘ - kl;Il( bl P 4 - 4
and therefore , _ , ,
dJ mj ms; s
—.\/Tr 1 J 1 J
I(&=7) <I(5) <II(5) <cw
=1 J: 1\ o1 \4
j j J

for some C(£) > 0. Hence, exploiting (3.2) and (3.14)), and denoting by C; a bound in [1,+00) for the
derivatives of ¥ up to order ¢ (that takes into account the previous C(¢) too),

- £
PO < Y
from which the desired result in (3.13]) plainly follows.
We now claim that for every £ € N there exists CZ# > 1 such that, for every £ € R,
#
(3.17) ()] < CFF (1 +1¢)
To this end, we exploit the Faa di Bruno’s Formula to see that, for every £ € N,
2 0 e\
000 = g (V@(©) =3 e @@) 1 ( j,( A
! i !

with the sum above ranging over all m € N satisfying the constraint in (3.15). Thus, recalling (3.10)
and (3.13), we pick C} > 1 sufficiently large such that, for all j </,

|w(j)(£)| < CF (1+ €)% for every £ € R
and W,(j)(r” <Cy for every r € [0, +00).

In this way, we find that

|<szm' H( 1+’f|2a)>
1

14 , , |
= CZZ m! 1_[1 (i ’§|2a))f = ()T + P z m!’
j:

which leads to (3.17)).
Thus, from (3.8)), (3.9) and (3.17)), we obtain that
if v is a smooth and rapidly decreasing function in the Schwartz space,
(3.18) then so is the function £ — 9(£)p(€) = v(§) ¥ (w(§)),

and so is its Fourier antitransform.

Applying this with ¥(r) := cosr and with \I/(r) = Si?”", and recalling the representation formula
in (1.5)), we obtain the desired result in Theorem [3.1, However, to perform this last step, we need to
check that the functions ¥(r) := cosr and W(r) := #2 gsatisfy the hypothesis in ([3.2). This is obvious
if U(r) := cosr. If instead W(r) := ST we use that

.
Sy
‘p()_; 2))!

to see that W is analytic, hence all its derivatives are bounded in (—1,1). Thus, it only remains to check
that all its derivatives are bounded in R\ (—1,1). By even parity, it suffices to focus on [1,+0c0). For
this, we observe that W = W; Wy, where ¥y (r) := sinr and Wy(r) := 1/r. Notice that the derivatives
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of 1 and Wy of any order are bounded in [1,400). This fact and the General Leibniz Rule yield that
the derivatives of W of all orders are bounded in [1,+00), and the proof of Theorem is thereby
complete. O

As a byproduct of the previous results, we now point out some integrability estimates that will be
used in Section {4 to introduce some useful conserved quantities for solutions of equation (|1.3)).

Corollary 3.2. Let vg, v1 € S(R) and 0 < o < 1. Let u be a solution of problem (1.3). Let
also w(t,z) := (1 + |z))u(t,x) and W (t,x) := (1 + |x|)uc(t,z). Then, for allt >0,

(3.19) w(t,-) € L*(R),
(3.20) w(t,-) € L*(R),
(3.21) and  W(t,-) € L*(R).
Moreover,
1) 2
(t,
(3.22) // Jult, 2) Iy\1+2°‘ " g dy < oo,
li //6 |Utx_Utx y)‘zdd p/ 2( )‘ ()|2Cl§
11m X = — w U,
t—0+ \y|”2“ Y e ols
5 . 2
(3.23) / / [vol= |y|11’i2a W 4z ay,
)
2 — — —

am@

(3.25) lim [ zu(t,z)dr = / av1(z) de.
R

t—0t+ Jr

Proof. From equation (|1.5]), we have that

(3.26) wi(t @) = /R e [—w(€)0(€) sin (w(€) £) + 61 (€) cos (w(€) )] de

8Here and in the rest of this paper, the notation fA fB f(z,y) dr dy means that we are integrating over z € Aand y € B
(not vice-versa). This notation is inspired by the identity

/A/Bﬂw,y)da:dy://AXBf(a:,y)dxdy

and has the advantage of maintaining the order between variables of integration and domains of integration.
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Then, using * to denote complex conjugation and d(-) to denote the Dirac Delta Functionﬂ it follows
that

(8, )2 g = / / / ~HE07 [ao(€)(€) sin (w(€) £) + 5 (€) cos (w(€) 1)
Up(q) sin (w(q) t) 4 07 (q) cos (w(q) t)] dx d§ dq
—2r / / 5(€ — q) [~w(€) () sin (W(€) £) + 71 (€) cos (w(€) )]
(@)53(a) sin (w(q) £) + () cos (w(q) £)] € da
o /R [—w(€)(€) sin ((€) ) + 3 (€) cos (w(€) 1)
W(E)T(€) sin (w(€) £) + B (€) cos (w(€) 1)] d
_or / {2150 () 2 sin? (w(€) £) + [51()[2 cos? (w(€) )

(3.27) ) sin (w(&) ) cos (w(&) ) [00(£)7(8) + vo( ) 1()]} de.
From this and the bound on w in , we obtain the desired result in .
Also, the claim in ((3.20) follows directly from Theorem
Additionally, we have that
oo (—1)ir2it2

(328) rsinr = ]go W

and therefore, given ¢ > 0, recalling the notation in (3.1) and the result in (3.7)),

w(E)tsin(w(©)t) <X (~1)7t (w (€))7 !
t =2 2j+1)! 7

Z(t,8) = w(&) sin(w(&)t) =

J=0

which is a real analytic function in the variable £. Also, in view of ([1.7), we know that Z grows at
most polynomially at infinity in £, whence, if v belongs to the Schwartz space, then also the function

(3.29) &= 0(§)Z(t,€) belongs to the Schwartz space.
Moreover, using (3.18]), we have that if v belongs to the Schwartz space, then also the function
(3.30) € — (&) cos(w(&)t) belongs to the Schwartz space.

91t is useful to recall that

//Zﬁz €)dxd¢ = 2r w ) p(€) d¢.

Also, the Fourier transform of the convolution between ¢ and ¢ is
- 1 7,:0 zz
7€) = o [ro@e = oL [ [ we - ot dedy
T Jr
1 itg iy§ oy
= D(t)p(y)e’ e dtdy = 2m(€) (8).
2 Jr Jr

From these observations and the inversion formula (recall footnote [3]), we find that

//@ §) dwds = /w 9(€) dé = /’Zéozﬁw(f)di ¥ (0 /w

Hence, taking ¢ := 1 and arguing in the sense of distributions,

/}R/Relfz b(€) dxdfz/R¢(x) dx:/Re““ #(x) dz = 276(0 —27r/5 €) de,

that is, distributionally,

/ e dx = 21 (€).
R
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Combining (3.26)), (3.29) and (3.30) we obtain (3.21)), as desired.
1.5

Furthermore, from equation , we have that

u r)—u xr — = & iw — eiﬁy 6\ COS (W + ,6\1( ) sin (w a
= e ix — COS — ¢sin 13\ COS (W + 6\1(5) sin (w

Hence, we obtain

lu(t, z) — u(t, z — —ile—a)a
[ LG e [ [ e [ [

x (1 — cos(&y) — isin(€y)) (1 — cos(qy) + i sin(qy))

~ 01(§) . b vi(q) .
X [vo(é) cos (w(&)t) + G sin (w(&) t)] |:UO (q) cos (w(q)t) + (0) sin (w(q) t)] dz dy d¢ dq

_277/(S mE=n / / )(1 — cos(&y) — isin(&y)) (1 — cos(qy) + isin(qy))

5(6) . i)
56 cos )0+ 28 sin )] 3500) cos (wtay) + D sin ) )] ay

5
=27 /5 |3/\11+2°‘/R [(1 — cos(€y))? + sin® £y
i (§)

A A . .
[0 cos (1)) + 28 s (w11 56 cos (w160 + L E)sin wt) )| a e

1—cos(&y) [\~ 2 o GO .
—Ar // ’y|1+2a {]vo(g) cos” (w(§)t) + 22(6) sin® (w(&) t)

OB 5 + 3 a5 01 deay

30 1 — cos(&02) 9 9 016 . 2
iy~ / / e { () cos? (w(€)1) + A sind (w(€) 1)
s @O SO 10 o6 + 3 (€)5 (s)}} dé dz

@)
_2mp w? 00(€)|? cos? (w 51(OF sin® (w
20 [ 20 {166 o @)+ T s i)
(“’(f)i)(;“ “C0 (690110 + 619 (0) |
_2mp / {w2(©)|50(&)? cos? (w(€) £) + 51 (&) sim? (w(&) 1)
(3:32) (£ cos (w(€)1) s (W()1) [T ) + G (ET )]} de

where we have performed the change of variable z := dy and used (1.6). Thus, recalling the bound

on w in (1.7)) we obtain (3.22)), as desired.
By taking the limit as ¢ — 07 in (3.22)), we obtain the first identity in (3.23). Also, the second

identity in (3.23) follows by ((1.6)), the translation invariance of the norm and Plancherel Theorem;
more precisely

lvo(x) — vo(z — y)|? ° v3(z) + v3(z — y) — 2vo(z)vo(z — )
/ / |y|1+2a drdy=J | [y[17% drdy
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Vg (z) — vo(x)vo(z — — 0(&) 0o * (&) e*
= / [y[i2 Dy = 2| / [y[i+2 ey
é ‘UO 1 _ ezy§ 9 ’UO 2 —e -yl _ ezy&)
_2// ‘y’l—&-Qa dﬁd —/ / ’y‘1+2a d€ dy

1) 1 _
—o [ [ IROLC 000 ey =2 [ xgmiepac
Besides, for all y € (—46,0),

2u(t, ) — u(t,x +y) — u(t, @ — y)] = ‘/Oyuw(t,x—i—ﬁ)de - /Oyuz( _p) dH‘

(3.33)

Uge(t, T + 1) db dn‘ < osup fuge(t, T+ Q)| 92
—0 Ce(—9,6)

Also, by Theorem

(L+]e)? sup Juge(t,z + Q) < sup (14 |2+ ¢+ 6)*fuga(t, 2 + )]
CE(_(S?(S) CE(—&,(S)

< (1+68)> sup (L4 |z + () lusa(t, z + ()| < C(1+0)°,
CE(—(S,(s)

for some C' > 0 independent of x. This and (3.33) lead to
0 0 1—2c
2u(t —u(t —u(t
[ [ ) wr e wr ol g, gy [ [ IR,
RJ—6

[y|1+2e (1 + Jz)?

3522«
_ C(1+0)°6 / || i
1—a (14 |z])3

which is finite, thus proving ((3.24]).
Now we use again (3.26)), combined with the bound on w obtained in ([1.7)), to see that

/qut(t,x) dx—/val(x) dx

=[] e (€ sin (€ )+ 61(6) cos (@) )] de o — [ wur(a) da

R

<[ [ F e s (@) o) deda

(3.34)
2705 (€) cos (w(€) 1) d€ dar — / / re €5 (€) de do
R RJR
N[ [ e D gdgar| | [ [ S a0 (1 cos wle) 1) ) de da
r d§
e—ifxd—@l(t,g) d¢ dz| + ‘if”"d—@Q(t,f) d¢ dz|,
where

O1(t,€) = w() W) sin (w(©)t)  and  Ox(t,€) == 5i(€) (1 - cos (w() ) ).
Recalling (3.28]), it is also convenient to consider the function
JTJ‘H

(3.35) [0,400) 3 7 5 S(r) := v/rsin Vi = Z 11

=0

We notice that S can be extended to an analytic function defined for all » € R by using the series
expansion in the right hand side of (3.35)).



DISPERSIVE EFFECTS IN A SCALAR NONLOCAL WAVE EQUATION INSPIRED BY PERIDYNAMICS 25

Also, for every £ € N and r > 0,
15O ()] < Co (14 /r),
for suitable Cy > 0. Indeed, if r € [0, 1] this claim follows by taking derivatives in the series expansion

in (3.35)), and if r > 1 it follows from (3.16) and the General Leibniz Rule.
As a result, using (3.1)), (3.10) and the Faa di Bruno’s Formula, for every m € N,

o (s (016 0)]| = | F 5 (=)

for a suitable C;, > 0, and consequently, using again the General Leibniz Rule and the fact that 0
belongs to the Schwartz space,

< Cr 2 (L+[€)m,

Cit
1+¢%

dm
—_— t
' dem O1(t,¢ )’
for some Cﬁf > 0.

Integrating twice by parts in the variable £ when || > 1, we thus find that

O, ) de de

R
< / / e"'fxd—@l(t@)dwdé +
R\[-1,1] d§

6—i§m

(t, &) dx dg
[~1,1]
3.36
0 </ dz d¢ + / / e d3@1 (t,€) dx d¢
T Ir\-1,Jr 1 +§2 1,1 /R a2 ded
C¥t
dx d§ = O(t).
/11]/5132 1+ £2) < Q
Similarly,
] 2(t,€) dé dx| = O(t).
Plugging this and (3.36]) into (|3.34|) we obtam as desired. O

We conclude this section with the following decay properties of the solutions of (|1.3]).
Theorem 3.3. Let u(t,x) be a solution of (1.3)) according to (1.5). Then for all t > 0 the following

equality holds true.

(3.37) lu(t, M 22y < llvoll 2y + V2 |01 min {t’ olj} .
Proof. By and Plancherel Theorem,
lult My [ - 3 ’
(339 T [ [ s @ + g s @) s
I 2
< [ (@@ + 2 & s e 1) .

Thus, since, for all r € R,

sinr

(3.39)

r

. 1
< min {1, } ,
7|
we deduce from (3.38) that

W < A<|@<s>|+t|@<§>|min{1,oué)t})zdé:

2

R P 1
|0o| + |01| min < ¢, —
w

L2(R)
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and therefore

u(t, )l 2 (w) .

— < [|ooll 2y + ,

1 1
\%]—Hﬁﬂmin{t, } zﬁmin{t, }
V2r w ) llLzm) w2 ()
from which we obtain (3.37) using again Plancherel Theorem. O
Theorem 3.4. Let u(t, x) be a solution of the (1.3)) according to (1.5). Then, for every (t,z) € Ry xR,

(3.40)
2 . { 1 }
vymin g ¢, —

w

<

)

u(t, z)| < min{ 100l 21wy +
L'(R)

Lt fz] (|| %0 L2 O O
Bl ooy 19 llwiaoooy 9@ w0~ N9@ w000y
Proof. From
_ —i€x |~ ’6\1(5) :
(3.41) lu(t, )| = a 00(£) cos (w(€) T) + o) S (W(&)t)| dg

and (3.39) we deduce that
. . : 1
(3.42) o) < [ 1O1+16 () min {1, oo Lae.
R w(§)
Another consequence of (3.41)) is that

e | Sigioesn e - g iggteees @©) d}‘:’ |

Moreover, recalling (2.8]) and (2.9)), we see that
/Re_ifx %) O¢ sin (w(&) t) d¢

(3.43) lu(t, z)| =

w' (€)1
0 o +o0 o
= /OO e 2 ;)?((g))t O¢sin (w(§) t) d€ + /0 e e ;)’0((5))75 O sin (w(§) t) d€
0 ~ , 00 .
= % . e i Z?Eg sin (w(&) t) d§ + % /0+ e i Zﬁgg sin (w(&) t) d§
IR A UAO(f))' : I B Aaagtys (UAO(Q>/ :
; /Ooe (w’(f) sin (w(§) t) d ; /0 e ) sin (w(§) t) d§
and therefore
» 680 0 in uigo] < L (|2 @ |
(3.44) /Re RGN SORIE t W 11 ((—o0,0) Tl WL1((0,400))
Additionally,
—iéx {}?l 5)
/R w(ﬁ)w’(g)tafcos (w(&)t)dg
§) 01(§)

= /0 e*’sza cos (w(€) t) d§+/+oo e 8T 209 cos (w(&)t) dE
o WO 0 W@ w ()

0 s oo
= - e_i&vli@cos w w e 50 o5 (w
t /_oo () w (@) % WO e+ t/o @@ WO

- /0005( i(¢) > (€0 + /OWGZ@ (w(g(j,)@)/cosw(@t) "

<)
S

~—
i
N—
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and, as a consequence,

/ 6_251771}1(%) O¢ cos ( df‘ + m v—ll ‘ .
R W@t W' flyr1 ((o00) 1199 a0, 400))
Owing to (3.43)), the latter estimate and (3.44)) entail that
1+ x| (|70 0o 01 01
u(t.)) < 2 (1B ] o | |
WLt ((—oo0) N9 HIWL1(0,400)) 199 TIW LI ((—00,0)) T TTW11((0,400))
Thus, recalling (3.42)), we obtain the desired result in (3.40]). O

Remark 3.5. We stress that if vg and v; belong to the Schwartz space, then in particular

2 ' { 1 }
vymins t, —
w

and consequently the right hand side of (3.40)) is finite.

Furthermore, in light of (2.1)), (2.2)), (2.8), (2.9), (2.11)), (2.12)) and (2.13),
(3.45) L, 1 W5 +3 L) =0l
' wlw'| W] w(w)? ¢l &2

as & — 0T and
1 1 |w//| o 1 1 |£|max{2o¢—1,0}—1—o¢
o e e L N G N G

1 1 1
=0 (’5‘2&—1 + ’ﬂmin{2a,4a—1}> =0 (’f‘Qa—l)
as £ — too.

By ([3.45)), it follows that additional assumptions (beside being in the Schwartz space) must be taken
on ¥; if one wishes that

< 400
L1(R)

100]] L1 () +

01

ww'

01

/ < +oc0.
ww

WE1((0,400))

‘Wl’l((—oo,o))
4. CONSERVED QUANTITIES

In this section, we investigate the conservation properties of equation (1.3]). For this, we introduce
the following definition:

Definition 4.1. Let u(t,x) be a solution of m We define the following functionals:

J u(t,x) —u(t,z —y 2
(4.1) Energy Bluft, ) i= Glhutt My + 5 [ [ D= sy,
(4.2)  Momentum Plu(t, )] ::p/ut(t,ac)d:c,
R

(4.3)  Angular momentum Llu(t,-)] == ,0/ xu(t, z)dz.
R

We stress that the definition in (4.1) is well posed thanks to (3.19) and (3.22). Similarly, the
definitions in (4.2) and (4.3]) are well posed thanks to (3.21)).

All the quantities introduced in Definition [£.1] are conserved by the equation, according to the
following result:
Theorem 4.2. If u is a solution of problem (|1.3)), then

i) u preserves Energy according to (4.1)) in Definition '
i1) u preserves Momentum according to (4.2) in Deﬁm’tion
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1i1) u preserves Angular Momentum according to (4.3) in Definition .

Theorem [4.2] is actually the byproduct of the forthcoming Theorems and
Theorem 4.3 (Angular Momentum conservation). Let u(t,z) be a solution of (1.3). Then
(4.4) Llu(t,-)] = p/ x vy (z) de.

R

Proof. Let u(t, z) be a solution of (1.3]). It follows that

d J u(t,z) —u(t,z —y)
— dr = dr = —2 dx d
pdt/qut T /Rpxutt o /Q/R/_(Sx WEED x dy
dy

d
:—2/1/]1%/_6 [zu(t,z) — (x —y) u(t,z —y) —yu(t,z —y)|dz ’y|1+2a

: dy
=—2k lim /mut,xd:p—/ z—1y) u(t,x — dw]
[~5,—€]U[e".0] [ R (t,) ]R( )l v) |y| 12

e—0,e’—0

o [ [t vtn v
| o oo el )
v [/ o[ [ [ ] e
cantig{ [ [ [t e [[uts e as]

=0
where the two integrals in the third and last lines cancel due to the translational invariance — and we
stress that the integrals involved in the computations are finite, thanks to (3.20), (3.21]) and (3.24)

(recall also (1.4])).
We have thus shown that the angular momentum is constant in time, whence (4.4} follows from ([3.25|)
O

and .

Theorem 4.4 (Energy conservation). Let u(t,x) be a solution of the (1.3|) according to (1.5)). Then

Elu(t, )] = pr /R (PO + 76} de
) . 2
= %HMH%Q(R // loo(z |y’11)3-20¢ vl dx dy.

Proof. From in Deﬁnition and equations (3.27)) and (3.32]), we get
o / {WPOIBOPsin® @(€)1) + RO cos® (€)1

§) sin (w(&) t) cos (w(€) 1) [00(€ )5T(§)+vo(§) 1(6)]
+tw ( )|50(€)]* cos? (w(€) 1) + [v1.(§) [ sin® (w(€) 1)
+w (&) cos (w(€)t) sin (w(£)?) [00 ()@’I() 01(§)vg ()]} d€

(©)
—m/{w () + |6 (€)[2} de

=0

(4.5)
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This establishes the first identity in (4.5). In particular, the energy is constant in time and recall-

ing (3.23]) we obtain the second identity in (4.5]). O
Theorem 4.5 (Momentum conservation). Let u(t,z) be a solution of the (1.3|) according to (1.5).
Then

(4.6) Plu(t, )] = p /R o () dz.

Proof. From (2.1) and (3.26]) it follows that

Plut, )] =2pr / 5(0) [~ (€)(€) sin (w(€) ) + 71 (€) cos (w(€) 1)] de
=2pm [—w(0)0(0) sin (w(0) t) 4+ 01(0) cos (w(0) t)] = 2pm v1(0) . O

5. NUMERICS

From now on, let us consider the numerical integration (see also [6l [10]) for the case « = 1/10, p =1
and k = 1/2, whereas ¢ will be fixed case by case. Moreover, we fix initial conditions such that

(5.1) vo(x) = V271 e 2% and vi(z) =4vaV2r e 27"

i.e. the initial deformation is Gaussian, with square root of the variance ¢ = 1/2 and the initial velocity
is given by the initial condition of a traveling wave vi(z) = vv{(z). The value of v will be specified
case by case later as well. Thus, in Fourier space, we have

(5.2) BEO =53¢ and G =ivER(E).

Notice that 0p(£) is a Gaussian with ¢ = 2. The numerical evolution of this Gaussian according to (1.3])
and is depicted in Figure |7, where § =1 and v = 0.

Let us emphasize some important differences exhibited in Figure |[7] with respect to the classical case
of the wave equation (in which the solution is simply the sum of two traveling positive Gaussians, as
shown irﬂ Figure . First of all, the pattern in Figure |7]is that of a sign-changing solutions. Also,
multiple critical points happen to arise as time goes. Overall, in this situation, with respect to the
classical wave equation, the case treated here seems to produce additional oscillations. Certainly, it is
desirable to carry on further analytical and numerical investigations of these possible phenomena.

Moreover, in Figure [9] we report numerical solutions for the Cauchy problem given by initial condi-
tions (5.1) with v =1 and 6 = 1.

We notice the presence of secondary oscillations left behind the wavefront, whose amplitude slowly
decreases as time evolves. These two features are not present in the solution of the classical equation
Uy = Uz Indeed, in this case only a single Gaussian is expected to travel without neither deformation
or damping of the amplitude.

Finally, in Figure [I0] we show numerical solutions of our model for three different values of § and
initial velocity given by v = §17%/1/2(1 — «). The latter choice is inspired by the limit of the dispersion
relation on large scales, proven in Theorem

Figure [10| refers to 6 = 5/2 (red), 6 = 1 (green) and 6 = 1/10 (blue). To properly interpret this
numerical solution, we compare the values of § with the dispersion of the Gaussian in the chosen initial
condition (o = 1/2). For 6 = 5/2, we have that § = 50. This means that the deformation introduced
by the initial conditions involves scales which are small when compared with §, i.e. the characteristic
range of the nonlocal model. This leads to a naive expectations that most of the modes £ propagates
with dispersion relation of order £% and hence the evolution is highly dispersive. This expectation is
in qualitative agreement with what shown in the red plots of Figure

10This numerical solution holds for the wave equation u¢ = Ugzg, with initial conditions given by equation (5.1) with
v = 0. This leads to the analogous of (|1.5)) where w(§) is replaced by &.
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FIGURE 7. Numerical solution at different times, from t = 0 until t = 8, with unitary time-step.
We imposed Gaussian initial conditions with ¢ = §/2 and initial velocity 0. This case refers to the
parameters a« = 1/10, p=1, k =1/2 and § = 1.

On the opposite case, when § = 1/10, we have that 6 = o/5 and then the deformation induced by
the initial conditions are on large scales when compared with §. In this case, most of the involved
scales propagates with dispersion relation ~ §1=%/,/2(1 — a) &, whose group velocity is the same as
the one given in the initial conditions. Hence we expect that this case is nondispersive. Bottom panels
of Figure [10] are in line with this expectation.

Finally, middle panels in Figure exploit the case when § = 1 and o = 1/2 are of the same
order. We notice an evolution which is still dispersive, just as in Figure [9] However, in Figure [10] the
secondary oscillations have smaller amplitude that in Figure [J} We address this behavior to the fact
that, in Figure deformation of large scales travel with velocity v = §17%/1/2(1 — a) which is just
the one emerging from the dispersion relation when & — 0.

6. APPROXIMATION OF NONLINEAR EQUATIONS

Since this is the first paper analyzing precisely the dispersive properties of a specific nonlocal model,
we focused our attention on the linear case. However, as customary in mathematics, a good under-
standing of the linear case also provides useful information on its nonlinear counterpart. As an example
of this fact, we point out that solutions of nonlinear variants of equation remain very close, for
short times, to solutions of the original linear equation:
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3.0

25

20

u2x)

-5

-5 0

u(sX)

u(7,x)

t]
u(8x)

Proposition 6.1. Let T > 0 and o € (%, 1). Let u be a solution of (1.3) and U be a solution of

Let ®(t, &) be the Fourier transform in the variable x of (t,x) — F(t,z,U(t,z)) and assume that

for allt € [0,T] and & € R.
Then, for all t € [0,T],

wher@

FIGURE 8. Numerical solution for the classical wave equation at different times, from t = 0 until
t = 8, with unitary time-step. We imposed Gaussian initial conditions with ¢ = 1/2, as given in
equation (5.1), and initial velocity v = 0. This case refers to the wave equation uy = Ugs-

-5 0

pUtt :K(U)—i-F(t,x,U),

U(0,z) = vo(z),
U(0,2) = v1(z),

[®(t,6)] < C

t>0,zeR,

rzeR,

z € R.

mt2 27X

U, -) — ult, ')HL2(R) <Ct ? 77
T ::/ ;lif
R\(-1,1) w?(§)

e stress that T < 400 when a € (3.1), thanks to (2.2).

31
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FIGURE 9. Numerical solution at different times, from t = 0 until t = 8, with unitary time-step. We
imposed Gaussian initial conditions with o = 6/2 and initial velocity v = 1. This case refers to the
parameters « = 1/10, p=1, k =1/2 and § = 1.

Proof. Let w := U — u. We observe that
pwy = K(w)+ F(t,z,U), t>0,zeR,
w(0,z) =0, z € R,
we(0, ) = 0, z €R.
As a result, taking the Fourier transform in the variable z,
pfﬁtt:—wQQ—i—(I), t>0,§€R,
w(0,z) =0, EER,
w(0,x) =0, £ eR.

Let now

¢ =Vl + W@,
Then, for all t € (0,7),
P}, + pW; Wy + W2 OW; + W W W,
2¢
< |Wy| | piDy + w? B
¢
|we| ||

¢

Gl =
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3

2

1

u(8x)

-5

u(4,x)

u(ex)

u(4,x)

u(ex)

3

2

1
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FIGURE 10. Numerical solution at t = 0 (left panels), t = 4 (center panels) and t = 8 (right panels)
where § varies as 6 = 5/2 (top), 6 = 1 (middle) and 6 = 1/10 (bottom). We imposed Gaussian initial
conditions with o = 1/2 and initial velocity normalized as v = 6*~%/+/2(1 — ). This case refers to the
parameters o = 1/10, p =1 and k = 1/2.

_ el
= 7
< @
VP
Consequently, for all ¢ € (0,7),
Ct
C(t) =¢(t) = ¢(0) < —
(t) = ¢(t) = ¢(0) 7
and therefore
. Ct N Ct
|| < — and |w] < ——.
p pw

From this, we infer that, for all ¢ € (0,7),

N . . b tCo Ct?
0(0.6)| = 0. - 3(0.)| < [ lawo.9las < [ ap =T
0 0o P p
giving that
1 02t4
(L, &)Pdé < —-
| 1ok < 5
We see in addition that
N C?t? C?Yt?
[ eeepes [ Ca= T
R\(~1,1) R\(=1,1) Pw*(§) P
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Hence, by Plancherel Theorem,

lw(t, )72 02t4 L ore?
B G R o (t 2 <
S 0t = [ 0O < =,
which yields the desired result. O

7. MATHEMATICAL PROPERTIES VERSUS REAL WORLD SITUATIONS

In our opinion, an interesting feature of our results in view of concrete applications is that, in
principle, our explicit bounds allow comparisons and confrontations of different models with real world
experiments. That is, on the one hand, many models in elasticity, and in general in physics, rely
on phenomenological considerations and on prime principles whose applicability in the range under
consideration is debatable; moreover, the precise quantitative assumptions on many physical models are
often taken more in view of convenient mathematical simplifications than due to objective constraints
(see e.g. footnote 7 in [I3]). On the other hand, it is often desirable to compare these models with real
cases, or to compare different models between themselves. For this confrontation, it is vital to have
explicit and quantitatively precise quantities to be taken into account, possibly in a way which is also
intuitive to compare and easy to communicate. In this regard, for example, we think that the regularity
and convexity properties discussed after Theorem can provide very useful information: as a matter
of fact, the measure of the frequencies displayed by a given solution is already a broadly used notion,
and the detection of corners, jumps, oscillations, decay and convexity properties is visually convenient
and can promptly assess the consistency of a given model with an experimented phenomenon as well
as the compatibility of different models to describe a particular phenomenon.

The expressions in and can also be explicitly compared to the solutions of the classical
wave equation. For example, to keep the discussion as simple as possible, one can just focus on the case
in which the initial datum has zero velocity and frequencies uniformly distributed in a given region,
say

00(§) = X(=b,—a)U(a,b) (§) and 01(§) =0,
for some b > a > 0.
Notice that these choices correspond to the oscillatory and decaying initial data

vo(z) = ;(sin(bx) — sin(ax)) and vi(x) =0,

to be included as a limit case of our admissible initial configurations.
In this setting, the solution in (|1.5)) boils down to

‘ b
u(t,z) = / e %% cos (w(é) t) dE = 2/ cos(&x) cos (w(é)t) dE,
(=b,—a)U(a,b) a

to be confronted, for instance, with the solution of the classical wave equation obtained by formally
replacing w(&) with [¢], that is
g (t sin(at) cos(ax) — x cos(at) sin(ax) — t sin(bt) cos(bx) + = cos(bt) sin(bx)) ift # x,
uo(t,z) =
2x(b — a) + sin(2bz) — sin(2ax)
2x
The frequency analysis of u appears to be significantly different from that of ug, since, for £ € (a,b),

u(t,&) = cos (w(&)t) and uo(t, &) = cos(&t).
In particular, when b is close to zero, the two frequency functions may look rather similar (up to nor-
malizing factors), due to (2.1)), but when a is large we have that u exhibits highly nonlinear oscillations,
in view of (2.2). The smaller the value of the parameter «, the more significant the appearance of
these nonlinear oscillations, see e.g. Figure [I1]

ift=ux.
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FIGURE 11. Plot of € — cos(w(€)) with § := 1 and 27“ = o with a := 0.7 (violet), a := 0.5 (green),
o := 0.3 (blue) and « := 0.1 (red).
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These nonlinear oscillations may well be not just a mathematical curiosity but reveal an interesting
feature induced by nonlocality: in a sense, the oscillation of large frequencies gets stabilized by the
nonlocal effects, in the sense that, for any £ € (a,b), the choice § := 1 and 27" = o in and a
further application of formally lead to

00 1/2
Tf(fa) N (2& /0+ 1;%(#) = (—2a COS(?TO()F(—QQ))l/Z ~1

as a — 0, justifying why the red curve in Figure “oscillates much less” than the violet one in a
given interval.

APPENDIX A. RECOVERING THE CLASSICAL WAVE EQUATION AS o — 1~

In this appendix we discuss how problem (|1.3|) recovers the classical wave equation as & — 17, and
how the explicit solution provided in ((1.5)) and (1.6]) recovers in the limit the one obtained for the wave
equation via Fourier methods.

Lemma A.1. Ifu € C*(R) N L®(R), then
lim (1 - a)K(u) = CkAu,

a—1~

for a suitable constant C' > 0.

Proof. By the definition of K (u) in (1.3), and exploiting [11, equations (3.1) and (4.3)], we have that
for all a € (0,1),

u(t,z —y) —u(t,z K(u u(t,z —y) —u(t,z
A _(_A)QUZCQ/R( o )dyzca[ ()JF/R\(_”)( Iylgi)““( iy,

for some C\, such that
(A.2) lim Ca _ Cs,
(6]

for a suitable constant C, > 0.
Furthermore,

U t,w — — U t7w 2 u oo t+oo 4 u oo 2 u oo
/ |u( lﬁm ( )‘dyg/ [ ||1122R)dy:/ | 1Hf2a(R)d?J: | ”LZa(R)
R\(—5,0) Y| R\(=5,6) |Vl 5 Y ad
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and consequently

lim (1 —« / dy = 0.
a—>1*( ) R\(=5,0) ly|1+2e

Using this, (A.1), (A.2)) and [I1, Proposition 4.4(ii)], we conclude that

Au= lim —(=A)*u = lim Ca (1-a) [K(U) +/ u(t,z —y) — u(t,x)dy
o R\(~3,6)

a—1— a—s1-1— 2K |y|1+2a
Cy
=— lim (1 —a)K(u),
2K oHl—( JE ()
as desired. O

Lemma A.2. We have that

: CVr ¢
lim —ow = —=
Jim VT w(e) = =

for a suitable constant C > 0.

Proof. In view of the parity of w, we can suppose that £ > 0. Also, by [11, equation (4.3)], we know
that .
— COST
lim (1 — ———dr = (4,
o O‘)/R [z T
for some C, > 0.

Thus, from (|1.6])

lim (1 —a)w?() = lim

2(1 — a)k /1 1- cos(féz)dz

a—1- a—1-  po« 1 |z[it2a
2(1 — 2o €01
(3) iy A Lol
a—1- p g5 T[HRe
2 _ 2a +o0 1 _
_ 26C, €] + lim 4(1 — a)kl¢| </ 1 1co2s(7')d7_>'
P a—1- p ¢ it
Additionally,
+o00 1— +oo 2c
/ 1(:025(7) ir S/ 122 dr = (£0)
¢ 7142 € 714+2a a
This and (A.3|) entail that
. 2 2kC5 ‘§|2
lim (1 -a)w*(§) = —""—,
a—1— P
from which the desired result follows. O

APPENDIX B. AN ELEMENTARY PROOF OF ([2.15))

We use an ad-hoc and rather delicate modification of a classical argument used in complex analysis
(see e.g. [32, page 44]). For this we use a contour integration as in Figure|12] with v = v; U~y Uy Uy,
oriented counterclockwise.

We observe that, by Cauchy’s Theorem,

e — 1
/7 i72a =0
and therefore

) eiz -1

R—+o00
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FIGURE 12. A closed curve for a complex analysis argument.

Thus, since

: e” —1 : Reit 1 : B cost —1 "0 cost — 1
tin ([ ) = o ([ ) = [ [ S

R—+o00 R—+ R—+o00
we deduce from (B.1)) that
T 1 — cost % _
0 t e—0+ ~aUy3Uys z

R—+o00

We also point out that if z =z + iy with x € R and y > 0 then
€] = Y] < 1.

Hence, since v, is the quarter of circle (traveled anticlockwise) of the form {z = Re®, t € (0,7/2)},

we have that if z € «5 then jlzfzi = E;f:;a' < Rﬁm- Accordingly,
e —1 R
. i - < lim — =Q.
33) i R ([ St ae)| < i g =0
R—4o00

Now we note that 74 is the quarter of circle (traveled clockwise) of the form {z = ee®, t € (0,7/2)}.
Also, if z € 74, for small € we have that

e — 1 i 1o
- —zal
Slt2a L2 +0(e )

and therefore

%(/Y Md2>:§)%</y Z%‘dz>+0(622):€12%<A 6220¢dt>+0(622)
4 4

/2 12« _
(B.4) = 5120‘/ cos((2ac — 1)t) dt + O(e*72%) = ¢ sin Qo= L +0(e27%)
0 200 — 1 2
617204
=51 cos(ma) + O(e272%).

As for the integral on v3 = {z = it, t € (¢, R)} (oriented downwards), using that

i

(B5) Z~2a — (67)2(1 — eiﬂ'a
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we have

e —1 (R oet -1 ire [Fet—1
R (/ 212 dz) =R (Z/ J1+2a1+2a dt) =R (e / 2 dt)
73 € €

_ 1 " d —t 1 —2a —t,—2x d
—%cos(wa) E %((e — DY) + et t

1 [ R
a €

1 B R
=5 cos(mar) | €72 + / e it dt} + O(R™2*) 4+ O(*29)

«

- R
1 cos(mar) €' 72 4 ! / ( d (e 72) + ett12a) dt] + O(R™2%) + O(e*72%)

2a 1-2a dt
. cos(ma) _617204 + o e e "’ e T2dt ) | + O(R™2%) + O(e*72)
2a i 1-2a ¢

1 [ 1 R
=5 cos(may) _61_20‘ + T 90 (61_20‘ + /€ et dt>} + O(R™2*) 4+ O(*72%)

1

R
— -9 1-2« / —t;1-2c —2a 2—2a )
) cos(ma) [ Qe + ) e 't dt| + O(R ™) + O(e"™ %)

As a result, recalling (B.4)),
cos(ma)

eiz -1 R
li d — i —tt1—2a dt —2« 22«
ot R (/73U74 z1+2a Z) ot [20[(1 —2a) / ¢ +O(RT) +0(e )

R— 400 R—+4o0 €
_ cos(ma) I'(2 — 2av)
201 -2a)

By inserting this information and (B.3]) into (B.2), we thereby obtain the desired result in (2.15]).

= —cos(ma) I'(—2a).

ApPPENDIX C. A SHORTER (BUT LESS ELEMENTARY) PROOF OF ([2.15)

From Ramanujan’s Master Theorem (see e.g. Formula (B) in Section 11.2 on page 186 of [21] or
Theorem 3.2 in [1), if a complex-valued function f has an expansion of the form

+o0
1) =3 A
k=0
then

+oo
(C.1) / 257 f(2)dz = T'(s) £(—s).
0
We take s := 1 — 2 and £(s) :=sin (%?). In this way,
0 if k € 2N,
Uk)=1<1 if ke AN +1,
-1 ifke4N+3,

thus
—+o00 —+o00

f(z) =— Z b AR Z ;x‘lj‘*'g =— —i:.o ﬂ552"“'1 = —sinz
= (45 +1)! = (47 + 3)! = (2m +1)! '
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Then, we deduce from ((C.1]) that

+o0 T
—/ 7 sinrdr = I'(1 — 2a) sin (5(1 - 20‘)> = —2al'(-2a) cos(ra).
0

This and (2.17)) entail (2.15).

1]
2]
3]

(4]
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