Electronic Journal of Differential Equations, Vol. 2017 (2017), No. 55, pp. 1-7.
ISSN: 1072-6691. URL: http://ejde.math.txstate.edu or http://ejde.math.unt.edu

GLOBAL WELL-POSEDNESS FOR NONLINEAR NONLOCAL
CAUCHY PROBLEMS ARISING IN ELASTICITY

HANTAEK BAE, SULEYMAN ULUSOY

Communicated by Jerry Bona

ABSTRACT. In this article, we prove global well-posedness for a family of one
dimensional nonlinear nonlocal Cauchy problems arising in elasticity. We con-
sider the equation

ugr — 6Lugs = (B * [(1 — §)u+u?"H1))
where L is a differential operator, 8 is an integral operator, and § = 0 or 1.

(Here, the case § = 1 represents the additional doubly dispersive effect.) We
prove the global well-posedness of the equation in energy spaces.

zx’

1. INTRODUCTION

There is a new trend on nonlinear nonlocal differential equations , because there
exists a large class of problems in classical physics and continuum mechanics (clas-
sical field theories) that fall outside their traditional domain of application. The
nonlocal effect is closely connected to length scales. If the external length scales
(e.g. crack length, wavelength) are close to the internal scales (e.g. granular dis-
tance, lattice parameter), local theories fail and we need to rely on nonlocal theories
that can account for the long-range interatomic attractions; for example, (i) the en-
ergy balance law is postulated to remain in global form, and (ii) a material point
of the body is considered to be attracted by all points of the body, at all past times
[@].

In this article, we study a family of nonlinear nonlocal equations arising in elas-
ticity. Let u = u(t,z) = 0, X (t,x) of the displacement X (¢,z) in one-dimensional,
homogeneous, nonlinear and nonlocal elastic infinite medium. In general, u(t, z)
satisfies

uge = second derivative of the stress S(u).

We now introduce the scalar function (3, which is the attenuation or influence
function aimed to inject in the constitutive law the nonlocal effect at the field x
produced by the local strain at z':

S(u) = /Rﬁﬂa: — o No(ula’,1))da.
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By decomposing the (classical) local stress o(u) into its linear and nonlinear parts,
o(u) =u+g(u), ¢(0)=0,

we have the following model [5]:

Upy = (ﬁ*(u—&—g(u)))m, r€eR, t>0, (1.1a)
u(0,z) = ¢(x), (1.1b)
ut(O,x) = 1)/}(.%), (110)

where the subscripts denote partial derivatives and the symbol * denotes convolu-
tion in the spatial variable. It is clear from that the well-posedness of the
Cauchy problem depends crucially on the structure of the kernel 5. The choice
of appropriate kernel functions remains an interesting and hard open problem in
the nonlocal theory of elasticity, but some well known forms of kernel functions,
such as triangular or Dirac delta functions, are currently in use for engineering
problems, see [B] [0, @] for examples of frequently used kernel functions. For further
motivations on the consideration of nonlinear nonlocal equations in elasticity see
the papers [11, [3], [4}, 5, 6] [7, 8, [0, [12]. More recently, the global well-posedness of
investigated in [5] with the kernel 8 of the form

0<BE) <@+IEP)™2, r>3 (1.2)

and g(z) is a super-linear function satisfying a certain growth condition.
In this article, we provide another set of  and the nonlinearity g that provides the
global existence of solutions. More precisely, we assume the following conditions:
6n+7 6n 4 2
=gt f eN <r< .
g(x) =2z or some n ' n+3 T_Zn—i-l

The range of r will be computed in Section [2] We note that g is defocusing in the
sense

(1.3)

x2n+2

G(z) = /01 g(s)ds = o 12 >0 (1.4)

so that all the terms in the left-hand side of (2.3) are non-negative. Before stating
our result, we define the operator P:
“1/2..

Pu(€) = [¢]71(B(e))Tu(€). (1.5)
Theorem 1.1. Suppose r and g satisfy the conditions in (1.3). For any initial
data ¢, € HY(R) with additionally satisfying
By s= [PYlage + 10l +2 | Glole)ds < oo,
there ezists a unique global-in-time solution u € C*([0,00); H*(R)) of (L.1).

Remark 1.2. Let us compare our result with the global result in [5]. Although
the condition (1.4) is stronger than the condition G(u) > —ku? in [5], our result
improves the condition of r from r > 3 in [5] to the condition in (1.3) which is less
than 3.

We next consider a general class of doubly dispersive nonlinear nonlocal model
[2]:
Upp — Lgy = (B* g(w))gs, = €R, t>0, (1.6a)
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ut(OaI) = 7/1(33)a (160)
where the symbols of the operators L and [ are given by
L) = (L+[eP)y?, 0<BE) < (1+[ef) /> (17)

The operator L is a differential operator which provides a regularity to the linear
term, while § is an integral operator for the smoothness of the nonlinear term.
This equation models the bi-directional propagation of dispersive waves in a one
dimensional, homogeneous, nonlinearly and non-locally elastic infinite medium. For
a background of this equation, see [2] and some of the references cited therein. In
[2Z, [Theorem 6.3], the authors proved the global existence of a solution under the
conditions p+r > 1 and p + 2r > 2 using the representation formula of u in the
Fourier variable.

In this article, we provide another set of p, r and the nonlinearity g that provides
the global existence of solutions. We assume that p, r and g satisfy the conditions

g(x) = x* ™! forsomen €N, p+r> 1. (1.8)
We fix the parameters as follows:
1
keN, 2k+1+p2p7”+1, % > g 5 <2%k+p<mil

Theorem 1.3. Suppose p, r and g satisfy the conditions in (L.8]). Then for any
initial data ¢ € H?kT1HP(R) and ¢ € H?**(R) with

Bo 1= [Pl + IVIF 0l +2 | Glo@)dr <oo (19
there exists a unique global-in-time solution
u € O([0,00); H*FHHP(R)) N CY([0, 00); H**(R))
such that
1Pue()I7 2y + IVLE u(t) |72 ) + 2/RG(u(t7x))dz = Eo,

Hut(t)”%]%(n&) + ||u(t)||%12k+1+,,(R) < C(Eo, ¢,%,1).

(1.10)

~

Notation. f(£) is the Fourier transform of f. H® is the energy space whose norm
is given by

lully-cay = [ (1 PP
All constants will be denoted by C' that is a generic constant depending only on
the quantities specified in the context.
2. PROOF OF MAIN RESTULS

We begin with a lemma dealing with the effect of composition by a smooth
functions.

Lemma 2.1 ([T1]). For g(z) = 2®"*! and 0 < s < 2n + 1, we have

lg(@)ll s r) < Cn, lull Lo @) 1l 2wy,
lg(u) = g(0) s ®) < C([lu]

L=®)s [Vl oy, Ul s ), [Vl o @)1 = vl o (R)-
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Proof of Theorem[1.1l Our analysis starts by rewriting (L.1)) as a H'—valued ordi-
nary differential equations:

ug = v, u(0,z) = ¢(x), (2.1a)

vy = K x f(u), v(0,z) = ¢¥(x), (2.1b)

where f(u) = u+ g(u) and K = ;.. We first note that IA((f) € L*°(R) from the
condition (1.3)) with r > 2. So, K = f3,, is a bounded operator in H*(R). Moreover,
Lemma plies that K * f(u) is locally Lipschitz on H'(R). Therefore, the
local well-posedness with initial data in H!(R) follows from the well-posedness of
the system of ordinary differential equations. Moreover, it is shown in [5, Lemma
3.9] that there exists a global solution in H!(R) if and only if for any 7' > 0

lims%p lu(t)|| Lo (r) < 00.

t—T
Therefore, we focus on the L> norm of u. To this end, we rewrite (1.1a)) as
P2ugs +u+ g(u) = 0. (2.2)

where P is defined in ([1.5)). Multiplying (2.2 by 2u; and integrating in x, we have
1Pue (D172 &) + 1)1 gy + Z/RG(U(t, z))dz = Eo. (2.3)
As shown in [B], the first term on the left-hand side of (2.3)) implies that
)51y < C(Eo).
By the Sobolev embedding, we have

[u@)l, 42

L3 (R

) < C(Ey) forr<3. (2.4)
Using this, we estimate the nonlinear term K xg(u). By Hausdorff-Young inequality,
1K g(u)l| Lo ®) < ClIK || Loy lg(w) | o) < CIE ]| La@llg(w)llLom), 1<g<2.

To bound || K| agy = [[1€]25]| Lar), we need

(r—2)g>1 (2.5)
On the other hand, to bound ||g(u)| £« (r) using (2.4), we also need
2
2 1)g < . 2.
(n+1)g < 5o (26)
By solving (2.5)) and (2.6]) for r, we have
6n+7 <
2n+3
Moreover, by choosing
6n + 2
r<
T 2n+1

we have ¢ < 2 from (2.6). Combining these two inequalities for r, we obtain that
6n+7 6n + 2
<r<
2n+ 3 2n+1
and under this condition, we have

1K * g() ]| L) < C(Eo) (2.8)

(2.7)
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Moreover, since
5 6n+7

2 < 2n + 3’
K € L*(R). Therefore,
K ul @) < K| 2®)llullze®) < C(Eo)- (2.9)

We now bound |[|ul| - (g) using (2.8) and (2.9). Integrating (L.1) twice in time, we
have

ult,z) = B(x) + t(z) + / (t = $)(K * f(u(s)))ds.

Since
K f(u)|zoe®) < (K *ul g @) + 1K * g(u) ||~ @) < C(Eo),

we conclude that

[u(t)ll o= gy < Nllzoe ) + tlllL= @) + C(Eo)t>. (2.10)
Therefore, ||u(t)||~®) does not blow up in finite time. This completes the proof.
O

Proof of Theorem[1.3. We begin with the bounds of ||uz2@®) and |[ul|L®). To
this end, we rewrite (1.6a)) as

P?uyy + LB u+ g(u) = 0. (2.11)
Multiplying (2.11)) by 2u; and integrating in z, we have
POl + IVIF uage) +2 [ Gota)de =B (212

Since
LOGEO) 2> A +[1)F and ptr>1
Equality (2.12) implies
w2y < Eos  [u()||l e @) < Eo- (2.13)

We next obtain the energy estimates. Let v/—A = A. Then, we have

k

d d .

@Ilmllézk(u«) T Z 1A% \/ZUIHQL?(R)
=0 (2.14)

K
Z 1A% Bow  g(u)l|7 2y + llel Frar ey -
1=0

Since for p+r>1andi=0,1,2,...,k
(14 [EDFIEP (L + €772 < C+ [EDIENL + %)% < O+ [e)>F e,
by Lemma@we have

A2Z Tx 2 <C u 22k 14p
ZH B 900 32ay < Clo(u) sy o1s)

C(l[ull oy, ) [l et (r)-
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Therefore, by (2.14), ([2.15), [@.12) and (2.13),

e ()| 372k (ry + ()| Frzes 10 r)

t
< C(¢,9, Ep) +/O [t ()| F2n ) ds (2.16)

t
< 000, 50) + [ (1) oy + 1(5) s
and thus by Gronwall’s inequality, we obtain
e () 1372k gy + ()| Frzes 150y < C(05 9, Eo)e’ (2.17)

To obtain a unique solution u, we iterate the equation by defining u! as a solution
of

gy — Ll = Boo + g(u! ™), (2.18a)
ul(0,z) = ¢(x), (2.18b)
ug(0, ) = (). (2.18¢)
Let w! = u! — u!~!. Then, w' satisfies
why — Lwb, = oo [g(ul™Y) — g(u!72)] (2.19a)
WH0,2) =0, Wi(0,2)=0. (2.19b)

By following the calculation above, we have

d d _
%pri(t)H%Q(R) + @\\/Lﬁ‘lwl(t)\linn«) < C(Bo)|lw' ™ 72y + llwtllZz) (2:20)

and

d d
%”WM?{%(R) + %||Wl(t)||i12k+1+p(ﬂa)

< Ollg(u'=1) — 9(“1_2)||§12k+1+p(u@) + ||W:ls\|12q2k(R) (2.21)
< C’(¢,’(/},Eo)le_l”%Iszrler(R) + ||wi||%{2k(R).
This implies
sup [Hwi(t”ﬁ{%(R) + ||wl(t)||§{2k+1+p(R)]
0<t<T
< C(¢,9, E))T sup [llwi™ ()1 Fran(my + 0" () Fr2sro my] (2.22)
0<t<T

+T sup [llwy(O) ok ry + 10! (Ol v m) -
0<t<T
We take T' > 0 such that 7' < 1/2 and C(¢,v, Fo)T < 1/4. Then, {u!(¢) : I € N}

is a Cauchy sequence in Egy(T") with

ull By (ry = sup [llue ()| g2e ey + )| g2ssrsomy ] -
0<t<T

Therefore, there exists a unique local in-time solution in Fox (7). Moreover, the
solution does not blow up in finite time by the global bound (2.17). This completes
the proof. O
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Concluding Remark. The present article is part of a research program whose ob-
jective is the investigation of general models arising in elasticity. The well-posedness
of nonlinear nonlocal elastic equations is of great scientific interest, physically rele-
vant and presents new challenges in the analysis. In this paper, we have established
the global well-posedness of and for large data with defocusing nonlin-
earity throughout our analysis. We believe that we can apply our method to other
models, such as peridynamics [I2]; this equation is a model proposed to describe
the dynamical response of an infinite homogeneous elastic bar within the context
of the peridynamic formulation of elasticity theory.
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