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S. M. Bak, H. M. Kovtoniuk. Subsonic periodic traveling waves in Fermi—Pasta—Ulam type
systems with nonlocal interaction on 2d-lattice, Mat. Stud. 62 (2024), 184-191.

The paper is devoted to Fermi—Pasta—Ulam type system that describe an infinite system
of nonlinearly coupled particles with nonlocal interaction on a two dimensional integer-valued
lattice. It is assumed that each particle interacts nonlinearly with several neighbors horizontally
and vertically on both sides. This system forms an infinite system of ordinary differential
equations and is representative of a wide class of systems called lattice dynamical systems,
which have been extensively studied in recent decades. Among the solutions of such systems,
traveling waves deserve special attention. The main result concerns the existence of traveling
waves solutions with periodic velocity profiles. Note that the profiles of such waves are not
necessarily periodic. The problem of the existence of such solutions is reduced to a variational
problem for the action functionals. We obtain sufficient conditions for the existence of such
solutions with the aid of the critical point method and the Linking Theorem for functionals
satisfying the Palais—Smale condition and possessing linking geometry. We prove that under
natural assumptions there exist subsonic traveling waves. While in our previous paper [12], the
existence of supersonic periodic traveling waves in this system was established using variational
techniques and a corresponding version of the Mountain Pass Theorem for action functionals
that satisfy the Cerami condition instead of the Palais—Smale condition.

1. Introduction. Recently, considerable attention has been paid to models that are discrete
in the spatial variables. The discrete Klein—-Gordon type equations and the Fermi-Pasta—
Ulam type systems are examples of equations that describe such models. We note that these
systems are representative of a wide class of systems called lattice dynamical systems, which
extensively studied in recent decades. These systems are of interest in view of numerous
applications in physics ([1,15-17,21]).

Among the solutions of such systems, traveling waves deserve special attention. The
existence of periodic and solitary traveling waves in discrete Klein-Gordon type equati-
ons with local interaction on 1D and 2D-lattices is studied in [4-6, 14, 19,22-24]. Periodic
and solitary traveling waves in Fermi-Pasta-Ulam type systems with local interaction on
1D-lattice is studied in many works, but a comprehensive presentation of existing results on
traveling waves is given by A. Pankov in [26]. While in papers [7-9, 11| traveling waves in
Fermi-Pasta—Ulam type systems with local interaction on 2D-lattice are studied.
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However, the existence of traveling waves in such systems with nonlocal interaction is not
well-studied. Sufficient conditions for the existence of supersonic periodic traveling waves in
discrete equations of the Klein-Gordon type are established in [10]. The existence of periodic
and solitary traveling waves in Fermi-Pasta—Ulam type systems with nonlocal interaction on
1D-lattice is studied in [25] and [28]. G. Friesecke and K. Matthies (|20]) showed the existence
of solitary traveling waves for a two-dimensional elastic lattice of particles interacting via
harmonic springs between nearest and diagonal neighbors. While in the present paper we
study the Fermi-Pasta—Ulam type system that describes an infinite system of nonlinearly
coupled particles on a two dimensional lattice with nonlocal interaction, i.e., each particle
interacts with [ neighbors horizontally and vertically on each side. The equations of motion

of the system considered are of the form
l

éjn,m(t) = Z (Wllj (Qnﬂ',m(t) - Qn,m<t)) - Wllj(Qn,m(t) - anj,m(t))"i_

W5 (Gnamt5 (1) = Gnn () = Wai (Gnm(t) = gnm—;(t))) , (n,m) € Z2, (1)

where g, (t) is the coordinate of the (n, m)-th particle at time ¢, Wy, Wa; € C*(R;R) are
the potentials of interaction (j € {1,2,...,1}), in particular, Wy, Wy, are the potentials of
the horizontal and vertical interaction, respectively, of the (n,m)-th particle with nearest
neighbors, Wis, Why with second nearest neighbors, and so on. In the case [ = 1 we obtain
the Fermi-Pasta-Ulam type system on a two dimensional lattice with local interaction.
Equations (1) form an infinite system of ordinary differential equations.

We are interested in classical solutions of system (1) in the form of traveling waves

Gnm(t) = u(ncosp + msinp — ct), (2)
where the function u(s), s € R, is called the profile function, or simply profile, of the wave,

the vector [ (cos p,sinp) defines the direction of wave propagation, and the constant ¢ # 0
is called the speed of the wave. If ¢ < 0, then the wave moves to the opposite direction
corresponding ¢ > 0. Therefore, we always assume that ¢ > 0.

We consider the case of periodic traveling waves. The profile function of such wave satisfies
the following condition

u'(s+2k) =d'(s), s €R, (3)
where £ > 0 is a real number. Note that the profile of such wave is not necessarily peri-
odic. But the wvelocity profile u/(s) is periodic. Therefore, such waves are also called peri-
odic (see [26]).

An important role is played by some quantity ¢y called the speed of sound in this system
(see [26]). The sufficient conditions for the existence of periodic traveling waves with the speed
¢ > ¢, i.e., the case of supersonic periodic traveling waves, were obtained in [12]. This was
done using the critical point method and a suitable version of the Mountain Pass Theorem
for functionals satisfying the Cerami condition instead of the Palais-Smale condition. While
in the present paper we study periodic traveling waves with the speed 0 < ¢ < ¢y, i.e., the
case of subsonic periodic traveling waves with the aid of the Linking Theorem instead of
the Mountain Pass Theorem. We note that in [13] sufficient conditions for the existence of
supersonic solitary traveling waves in (1) are established.

2. Formulation of the main result. We assume that:

(i) Wi(r) = %2]'7“2 + fi(r), where ¢;; € R, fi; € C'(R;R), moreover, f;;(0) = f;(0) =0
and fl;(r) =o(r) asr —0,i € {1,2}, j € {1,2,... 1}
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(ii) there exists y > 2 such that 0 < pfi;(r) < rfj;(r) forr # 0,47 € {1,2}, j € {1,2,...,1}.
Note that the last condition is called the Ambrosetti- Rabinowitz condition.
For example we consider the following functions fi;(r) = d;|r|#, where di; € R, p > 2.
It is easy to see that the functions f;;(r) satisfy the assumptions (i) and (ii).

We define ¢y by the equality

. 1/2
co = co(p) == (Z(ci cos? p + cgj sin? gp)jQ) :

j=1
The main result of this paper is the following theorem that establishes the existence of
subsonic periodic waves.

Theorem 1. Assume (i) and (ii). Then for every ¢ € (0,c| there exists a nonconstant
traveling wave solution of (1) with profile u(s) satisfying (3).

3. Auxiliary statements. To obtain the main result, we will need the Linking Theorem.

Let I: H — R be a C''-functional on a Hilbert space H with the scalar product (-,-) and
corresponding norm || - ||. We say that I satisfies the Palais-Smale condition, if the following
condition is satisfied (see [26,27,29]):

(PS) If the sequence {u,} C H is such that {I(u,)} is convergent and I'(u,) — 0, n — oo,
then {u,} contains a convergent subsequence.

Let H=Y @& Z, p>r>0and z € Z be given such that ||z|| = r. Define
M,:={u=y+Xz: y€Y, A >0, [Jul| <p}
and OM, ={u=y+Xz: yeY, A >0and |jul|ly =p, ory €Y, A =0and |Jul|x < p}, ie.,
OM. is the boundary of M,. Let N :={u e Z: |u|]| =r}.

We suppose that § := inf I(u) > « := sup I(u). In this situation we say that [
ueN uEIM.
possesses the linking geometry.

Next, we will need Linking Theorem, which we will present in a form convenient for us.

Proposition 1 (Linking Theorem, [26,27,29]). Suppose that a C'-functional I: H — R
satisfies the Palais-Smale condition and possesses the linking geometry. Then there exists a
nontrivial critical point uw € H of the functional I.

4. Proof of the main result. Substituting (2) into (1), we obtain the following equation
for the profile function
l

Au(s) =) [Wij(Afuls)) = Wi;(A7 u(s) + Way(Bfuls)) = Wa(Bu(s))], - (4)

j=1
where s = ncosp + msin g — ct,
- ._ ; - - :
Aju(s) == u(s + jcosp) —u(s), Aju(s) :=u(s) —u(s — jcosy),
+ R . . — R . .
B u(s) := u(s + jsing) —u(s), B;u(s) = u(s) —u(s — jsinp).
Thus, our problem is reduced to problem (4), (3). It is easy to see that if we have a solution

u(s) of (4) satisfying (3), then u(s) + C' is also a solution of this problem. Therefore, to
obtain the main result, we impose an additional condition

u(0) = 0. (5)

In what follows, a solution of (4) is understood as a function u(s) from the space C?(R; R)
satisfying (4) for all s € R.
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We denote by Fj, the Hilbert space Ey = {u € HL (R): u'(s+2k) =/(s), u(0) = 0}

with the scalar product (u,v) = ffk W/ (s)v'(s)ds and corresponding norm ||ul; = (u,u)z.
The norm in the dual space Ej} is denoted by || - ||x«. By the embedding theorem, £, C C(R),
where C'(R) is the space of continuous functions on R.

Note that the difference operators A;-t and Bj-E are bounded linear operators on Fj,
moreover, these operators satisfy the inequalities (see [3], Lemma 6.1)

AT ull gy < (k)72 Nulli, AT ull 2y < | cos@lillully,
1B ull pe gy < (k)32 ulle, 1 B5 ullz-rpy < | sineljulls, (6)
1AT ull i oy + 1B ullinrw < (G + 8)[ulli,

where

iy = Jleosely ] + 1 0<2k <1y o [lsinely/[5] +1 0<2k <1
| cos ¢, 2k > 1, | sin |, % > 1,

and [i} is the integer part of i
On the space Ej, we consider the functional

nw) = [ [ () - Z (WA u(s)) + Wy (B u(s)) Jds = [ [ (u(s)-

_ ; (%(A} u(s))? + %(B;ms))?) -y ( fij(Afu(s)) + fQj(B;u@»)]ds_ (7)

j=1

Remark 1. It is easily verified that, under the assumptions imposed, the functional Jj is
well-defined C'-functional on E},, and its derivative is given by the formula (see [12])

(W}, (AFu(s)) AT h(s) + Wa,(BFu(s)) B h(s)) }ds -

_ /_ Z [ () (5) -

=3 (1 (ATuls) AL h(s) + fo, (B u(s) B h(s)) |ds

j=1

M-

iy = [ [t -

1

J

MN

(¢, ATu(s)AFh(s) + 3B u(s) B h(s)) —

1

<.
I

for u,h € E}). Moreover, any critical point of the functional J; is a C?-solution of (4)
satisfying (3).

Thus, to establish the existence of solutions to (4) satisfying (3), it is suffice to prove the
existence of nontrivial critical points of the functional Jj.

Lemma 1. Under the assumptions of Theorem 1 the functional .J) satisfies the Palais-Smale
condition.

Proof. Let {u,} C Ej be a Palais-Smale sequence at some level b, ie., I(u,) — b and
I'(u,) — 0 as n — oo.
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Step 1. First we show that {u,} is bounded. Choose 8 € (u~!,271). Then for n large enough

we have
b+ 1+ Blun|lx > Jk(un) — B} (un), up) =

_ (% _ ﬁ) /_ Z [ ; (AT u(s) + & (B} u(s))?) | ds+

[ B (AT () AT uns) + 3B (o)) B ()~

—k i

— (A uas)) f2j<B;un<s>>] ds = (% - 5) / 2l ()

—f13(Afun(s)) = fo; (B un(s))] ds =

l
1 1
> (3- B) Pl = (5= 8) 3 [T sy + S IB wlam] +

=1

<.

0= DY [ A ual9) + Fo (B ua(s)] ds >

—k
1
> (3-8) i - (

+C(Bu—1)

<.
Il
-

l
= 8) X [l + B vl ) +

=1

l\:)ln—
.

MN

1A 0l iy + 1B 0] — o
1

J

Since p > 2, we have
AT unl o gy + 1B nllfe gy < C AT Ul gy + 1B tnll T gy | <
(= (=Fk)

< K(E) +e [HAjunHLH(_k’k) + HB;'FUTLHLM(—I@,I@)} ’

where K(g) — 0o as € — 0. Then
l

1 1 1
b1+ Bl 2 (- 8) @l - (- 8) ) - (5-9) 3 (1Al

l
B o]+ CO = 1) D (ATl gy + 1Bl o] = Co
7j=1

Choosing ¢ > 0 small enough, we obtain
l
b1+ Bllunlle > (5 = 8) Nl + OB = 1) S ATl sy + 1Bl ] — Co
7j=1

Since B —1 >0, b+ 1+ Bllun|x > (3 = B) |lun||z — Co. The last inequality implies that
{u,} is bounded.
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Step 2. Since {u,} is bounded in Hilbert space Ej we have, up to a subsequence (with the
same denotation), u, — u weakly in Ej, hence, AJu, — Aju and Bju, — Bju (j €
{1,2,...,1}) weakly in E}, and strongly in L?*(—k, k) and C([—k, k]) (by the compactness of
Sobolev embedding, [2,26]). A straightforward calculation shows that

k
g —ullf = /k (c*(up(s) = u'(5))* + ¢ (un(s) — u(s))?) ds =
!
= (Ji(n) = Ji(w),up —u) + Y [C?jIIA?un — ATullFa gy + 5| B un — B ullf2 g | +
j=1

Lok
—I—Zl/_k (f1;(Afun(s)) — f1;(ATu(s))) (Afun(s) — Afu(s)) ds+

+ Zl /_ k (fi;(Bf un(s)) — fi,(Bf u(s))) (Bf un(s) — B u(s)) ds.

Obviously that all the terms on the right hand part converge to 0 (first, fourth and fifth
by weak convergence, second and third terms converge to 0 by strong convergence). Thus,
|tn, — ul|x — 0 as n — oo, and proof is complete. O

Lemma 2. Under the assumptions of Theorem 1 the functional Jj possesses the linking
geometry.

Proof. First we note that the space FEj splits into orthogonal sum of the 1-dimensional
subspace generated by the function hg(s) = s and the space H ,i}o of all 2k-periodic functions

from Ej with zero mean value (see [26]). Consider the operator L defined by
l

(Lu)(s) := *u”(s) — Z [cfj(A;ru)(s) + c%j(B;Tu)(s)} )
j=1
Elementary Fourier analysis shows that L is a self-adjoint operator in L*(—k; k), bounded
below and that L has discrete spectrum which accumulated at +oo (see [18,26]). All ei-
genvalues, );, with nonconstant eigenfunctions are double. Denote by hj[ € H ,170 linearly
independent pairs of eigenfunctions with the eigenvalues J;.

Let Z be the subspace of H ,;0 generated by the functions of the operator L with posi-
tive eigenvalues and Y be the subspace of E; generated by the functions with non-positive
eigenvalues and the function hg. It is readily verified that Y | Z and E, =Y & Z.

Step 1. Denote by () the quadratic part of the functional Jy

1k l
A = [ [ = 3 (@47 u(s) + (B o)) Jas.
_ =
Obviously, Qx(y + 2) = Qk(y) + Qr(2), where y € Y, z € Z.
Note that the quadratic form Q) is positive definite on Z, i.e., Qx(u) > of|ul|3, with
« > 0. Assumption (i) implies that, given € > 0, there exists 79 > 0 such that |f;;(r)] < er?
as |r| <o (i € {1,2};5 € {1,2,...,1}). Then, by (6),

| Jow) > Qulu)—
k k
—€ /k Z [(A;FU(S))Q + (B;Lu(s))Q] ds = Qr(u) — 5Z/k [(A;Lu(s))Q + (Bj—l—u(s))Q} ds >

I+ 1)20+1)

5 lull = olfullx,

!
> Qul) — ellull? 377 = Qulu) — ¢!
j=1
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where 0 > 0. Hence, Jg(u) >0on N = {u € Z: |jul|y = r} provided r > 0 is small enough.

Step 2. Now we fix z € Z, ||z||[r = land set M, ={u=y+Az: ye€¥Y, A>0, |ullx <p}.
We prove that Ji(u) < 0 on OM, provided that p is large enough. Recall that

OM,={u=y+Xz: yeY, A>0and ||u||p =p, ory €Y, A =0and |Jul|x < p}.

Since, by assumptions (i) and (i), there exist constants d > 0, dy > 0 (see [3], Lemma 3.1)
such that fi;(r) > d|r|* —do, p>2 (i € {1,2};5 € {1,2,...,1}), then, given that Q(y) <0,

o
Je(y 4+ X2) = Quly + Az) — / Z L1 (AT (Y + A2)) + fo;(Bf (y + Az))] ds =
< Quly) + NQu(2) Z/ [Fui( A (y+22)) + Foy (B (y + 12))] ds <
< X0(2) Z/ [T (y + M) + dIBH(y + Az) | — 2dg] ds =

= Ny + 4kldy — dz [HAj(y + AZ)H‘LLLM(—k:,k:) + ||B]+(y + /\z)|iu(_k7k)} ds,
j=1

where 79 = Qg(2). Since p? = |ly + Az||7 = ||y} + A2, then A\? < p?. Furthermore, on finite
dimensional spaces all norms are equivalent. Then ||y + Az|[zu—rr) > clly + Az|[x = cp.
Therefore, we have that Ji(y + \z) < vop* + 4kldy — Cp* with some C' > 0. Since p > 2, the
right-hand side part here is negative if p is large enough. Hence, Ji(y +A2) < 0. If uw € OM,,
|lul|lx < pand A =0, then w =y € Y and, obviously, Jx(u) < 0.

Thus, J; possesses the linking geometry, and the lemma is proved. O

Due to Lemma 1 and Lemma 2, the functional Jj satisfies all conditions of the Linking
Theorem (see Proposition 1). Hence, J;, has a nontrivial critical point u € Ej. By Remark 1,
u is a C%-solution of (4) that satisfy (3), and hence, (1) has a nontrivial periodic traveling
wave solution. This solution is nonconstant due to the condition (5). Thus, the proof of
Theorem 1 is complete.

Conclusion. In the present paper we obtain some result on the existence of non-constant
subsonic traveling waves with periodic velocity profiles in Fermi-Pasta-Ulam type systems
with nonlocal interaction on a two-dimensional lattice.
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