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1. Introduction

This paper is devoted to the study of the asymptotic behavior of eigenvalues of resonant quasilin-
ear systems

—Apu=ralul*2ulv|?
[ plU = Aoe|u|*“ulv| ne. (1)

—Aqv = ABJul*|v|F—2y

with Dirichlet boundary condition
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ux)=v(x)=0 onas2. (1.2)

Here, £2 c RN is a bounded domain with smooth boundary 32, the s-Laplace operator is Asu =
div(|Vu[s~2Vu), the exponents satisfy 1 < p,q < +o0, and the positive parameters «, 8 satisfy

LA (13)
p

The study of resonant systems has deserved a great deal of attention in recent years, and we may
cite the works of Boccardo and de Figueiredo [5], Manasevich and Mawhin [24], Felmer, Manasevich
and de Thelin [16], Stavrakakis and Zographopoulos [26], among several others.

In several applications, such as bifurcation problems, anti-maximum principles, and existence or
non-existence of solutions (see, for example, [4,14,16,21,26-28]) it is desirable to have precise bounds
on the eigenvalues. In general this information is not well understood for elliptic systems, except for
the first or principal eigenvalue. Several properties of this first eigenvalue were analyzed (existence,
uniqueness, positivity, and isolation in bounded or unbounded domains, with different boundary con-
ditions and with or without weights) and we refer the interested reader to [1,12,17,28] among others.

Let us recall briefly that the existence of a sequence of variational eigenvalues for problem
(1.1)-(1.2) was proved in [10], and the values Ay are defined as

1 p 1 q
i inf sup pr|Vu| dx—l—qu|Vv| dx
7 CeCh wec o [ul*|v|P dx

)

where Cy is the class of compact symmetric (C = —C) subsets of WS’D(Q) X Wé’q(Q) of (Krasnosel-
skii) genus greater than or equal to k.

Throughout this work, the eigenvalues are counted repeated according to their multiplicity. We
say that Ay has multiplicity r if Ax—1 < Af = Ag+1 =+ = Aktr—1 < Akr- In this case, it is a well-know
fact that the set of eigenfunctions corresponding to A, has genus greater than or equal to r (see, for
instance, [23]).

In the case of a single equation the existence of a sequence of variational eigenvalues together
with the correct order of growth for these eigenvalues was first obtained by Garcia Azorero and Peral
Alonso in [23]. The constants in the asymptotic behavior were improved by Friedlander in [22]. Let us
note that for the one-dimensional problem, these bounds can be refined, see [19,20].

As for elliptic systems, the asymptotic growth of the eigenvalues is less understood even in the
linear case. We may cite here the work of Protter [25], and also the works of Cantrell and Cosner
[6-8] were lower bounds for the first eigenvalue were obtained. The exception for the lack of results
in this direction comes from linear and nonlinear elasticity theory (see the survey of Antman [3]).

For nonlinear elliptic systems, up to our knowledge, the first work where this problem was ad-
dressed was [11] where the authors obtained a generalization of the Lyapunov inequality together
with an upper bound of the variational eigenvalues in terms of the ones of a single p-Laplace equation
for the one-dimensional case. Later, in [18] we obtained lower and upper bounds for the eigenvalues
of problem (1.1)-(1.2) in terms of the eigenvalues of a single p-Laplace and g-Laplace equations in
any dimension N > 1. More precisely, for each k we prove that

k O\ W k O\ W
ol =) <m<cl—
|2] |$2]

for suitable positive constants ¢, C depending on p and q.
We refer the interested reader to the introductions of [11,18] for more information and references
about the eigenvalues of quasilinear elliptic equations and resonant systems.
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However, our previous bounds fail to reflect the coupling strength of the system which is given by
the parameters o and 8. Formally, by taking & = p and 8 =0, we obtain a single p-Laplace equation
replacing the system, namely

—Apu=AplulP~2u,

and similarly, for « =0 and 8 =q we have

—Aqv=kq|v|q_2v.

Hence, the order of growth of our upper (resp., lower) bound given in [18] is sharp for the case ¢ = p
(resp., B =q), since coincides with the true upper (resp., lower) order of growth of the eigenvalues
(see [23]). On the other hand, both orders do not hold simultaneously even for those limit cases.

We can suspect that there exists a smooth transition for the order of growth of the eigenvalues
between both limiting cases, and the main result of this work is to prove it. Namely, our main theorem
is

Theorem 1.1. Let {A;}reny be the sequence of variational eigenvalues of problem (1.1)-(1.2). Then, there exist
positive constants ¢ < C depending on p, q, ., 8 and N, such that

a+p atp

() <<clia)
o\ — Sh<C|—
1£2] 421

Observe that if one considers linear operators, or even the same p-Laplace operator in both
equations (i.e. p =q), the coupling parameters o and 8 are not reflected in the asymptotics of the
eigenvalues since o + 8 = p in this case. We believe that this fact may be the reason why this phe-
nomenon was not discovered earlier.

The proof of Theorem 1.1 follows directly from Weyl-type bounds for the spectral counting function
N (i) which gives the number of eigenvalues less than a given value, that is

when k — oo.

N =#{k: A <A}

Theorem 1.1 is equivalent to the following asymptotic bound for N(i):

N N
C™IA@ 8 <NQ) <A@,
Up to our knowledge, this is the first case in the literature where the coupling parameters of
an elliptic system appear explicitly modifying the power on the asymptotic order of growth of the
eigenvalues.

1.1. Organization of the paper

The paper is organized as follows. In Section 2 we review some facts about the eigenvalue problem
for the single s-Laplace equation in one space dimension

—(|w[?u) =l 2,

which can be found, for example, in [13], or [15].
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In Section 3 we prove Theorem 1.1 by using a scaling argument as in [22]. The main drawback of
this approach is the fact that the constants on the asymptotic expansion remain unknown since they
depend on the first Dirichlet eigenvalue and the second Neumann eigenvalue of problem (1.1)-(1.2)
when 2 is the unit cube Qj.

So, we are left with the problem of finding lower and upper bounds for those eigenvalues, which
is a problem of independent interest. Thus, we consider the one-dimensional problem
-2

—(Jw [P w 0) = rarlul*2ulvif, (14)
—([v|" V') = aplul®|vIF -2

on the interval (a, b), and we will focus on the Dirichlet boundary condition.
In Section 4 we prove the following lower bound for the first Dirichlet eigenvalue 11(p, q) of the
one-dimensional problem (1.4):

Theorem 1.2. Let A1 (s) be the first Dirichlet eigenvalue of

/’5*2 /

—(|¢']" ) = AlpI %

on (a, b). Then,

a p._ 2 (HﬂA +
(2 ) e

The proof follows by using the Lyapunov inequality obtained in [11].

In [11] we obtained an upper bound of the first eigenvalue of the one-dimensional problem (1.4) in
terms of the first eigenvalue of the single p-Laplace equation. Moreover, upper bounds were obtained
for all the variational eigenvalues, namely

g+1
he < —A"lf" ) [1 + <§> (Ax() 4P ”]. (15)

Here, Ak(p) stands for the kth eigenvalue of the p-Laplace with Dirichlet boundary conditions. Let us
note that (1.5) holds for the one-dimensional problem. In the N-dimensional case, (1.5) holds only for
the first eigenvalue.

In this paper we improve this explicit upper bound for the first eigenvalue, and we use it to obtain
asymptotic bounds for the kth eigenvalue of a system in £2 ¢ RN depending on the eigenvalues of the
(o + B)-Laplace operator.

Section 5 is devoted to the proof of the following upper bound of the first Dirichlet eigenvalue of
problem (1.4):

Theorem 1.3. Assume q < p. Then, with the notation of Theorem 1.2, we have

1 1
M(P,Q)<A1(a+ﬁ)[5+_

(wir i rarmon) |
I\ (@ +p—1) [y« sing B0y dt )

Here sing(x) is defined implicitly as

sing (x)
dt

X= (1 _tS)l/S

o
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and 7t is given by

1
dt
ﬂs=2/7(_l _t5)1/5'
0

See Section 2 for more details and see also the paper [13].
For the N-dimensional problem we prove the following

Theorem 1.4. Let 11 (p, q) be the first eigenvalue of (1.1) in the unit cube Q1 C RN. Assume again that q < p.
Then we have the explicit upper bound

N 1 1 —N(1—q/s)
r(p.q) < C<%n§’ +(s— 1)‘”%"( f’¢s(t)|sdt> )
0

where s = o + 8, C = max{1; NP=2/2;, N@=2)/2} qnd ¢(t) is the first eigenfunction of the one-dimensional
s-Laplace operator with Dirichlet boundary conditions in the unit interval, that is

¢s(t) = sing(7st).

Finally, in Section 6 we close this paper with some remarks on possible improvements on our
result and some open questions.

2. Some known facts
In this section we recall some previous results which will be needed in the rest of the paper.
2.1. Variational setting
The variational characterization of eigenvalues follows from the abstract theory developed by

H. Amann (see [2]). In [15] the authors showed the existence of infinitely many eigenpairs, i.e.
(u,v) e Wg,’p(.Q) x W(l,’q(.Q) and A € R such that

/IVuV’*ZVuw + VT2 VV vy dx:kf(aIU|“*2u¢|v|ﬂ + Blul|vIP2vyr) dx
2 2

for any test-function pair (¢, ) € WP (2) x Wy (£2).
It is convenient to work with the variational characterization of the eigenvalues, defined through
the Rayleigh quotient,

1 1
= [o|VulPdx+ - [, |Vv|9dx
Ax = inf sup pf'q qu

, (2.1)
CeCr (u,v)eC Jo lul¥|v|? dx

where Cy is the class of compact symmetric (C = —C) subsets of W(;’p(.Q) X W(l)’q(.Q) of (Krasnosel-
skii) genus greater than or equal to k.
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2.2. One-dimensional case

For the one-dimensional s-Laplace operator in £2 = (0, L)
(| TPw) = A, (22)
with Dirichlet boundary conditions, we have

b /s
u'|sdx
Ag(s) = inf supfa|7|

, (2.3)
CeCy uec fab |ulsdx

with u € Wy (0, ).
Here, all the eigenvalues and eigenfunctions can be found explicitly (see [15]):

Theorem 2.1. (See Del Pino, Drdbek and Mandsevich [13].) The eigenvalues Ay (s) and eigenfunctions us y of
Eq. (2.2) on the interval [0, L] are given by

ik’
s’
Us k(%) = sins (7rskx/L).

Ap(s) =(s=1)

Remark 2.2. It was proved in [15] that they coincide with the variational eigenvalues given by
Eq. (2.3). However, let us observe that the notation is different in both papers.

The function sing(x) is the solution of the initial value problem
—(|u’|3_2u’)/ = (s — D]ul*2u,
u(0) =0, u'(0)=1,
and is defined implicitly as

sing (x)

dt
1- tS)]/S !

Moreover, its first zero is s, given by

1
dt
7Ts=2/7(_1 —t5)1/3.
0

Let us note that both sins(x) and sin(x) satisfy

lsing()| <1, [sinj(x)] <1,

due to the Pythagorean-like identity

]sins(x)]s + ‘siné(x)!S =1. (2.4)
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Finally, let us observe that the following integral is a constant depending only on s:

Ts

/sinﬁ(t) dt = K(s).
0

2.3. The spectral counting function

Given the sequence {Ay}ren, We introduce the spectral counting function N()) defined as

N =#{k: A <AL

To avoid confusion, we will use Ngys(1) or Ng(1) to denote the eigenvalue counting functions of
the system and the s-Laplace respectively. If necessary, we will write N(, £2) to denote explicitly the
set £2 where the eigenvalue problem is considered, and even NP (1) or NN (1) to indicate the Dirichlet
and Neumann boundary conditions.

The main tool in order to obtain the asymptotic expansion of N(A) is the classical Dirichlet-
Neumann bracketing introduced by Courant [9] in a version due to [19]:

Proposition 2.3. (See [19, Theorem 2.1].) Let U1, U, € RN be disjoint open sets such that (U U Up)™ = U
and U \ Uy UU;| =0. Then,

NP (1, U1) + NP, U2) =NP (1, U1 U U2)
<NPGLU)
< V@, U)
<NV(, U1 UUy)
=N"(, Up) + NN, Uo).
3. Estimates for the spectral counting function

Let us begin with the following scaling argument. We denote by Q; the unit cube in RN and by
Q; the scaled cube of side length t.

Lemma 3.1. Let A} (p, q) (resp., xﬁ (p, q)) be the first Dirichlet eigenvalue of problem (1.1) when 2 = Q1 (resp.,
2 = Q). Then,

Pl (p, @) = A (p, @)

Proof. First, observe that given any pair (u, v) € Wé’p(Q1) X W&’q(Ql), if we define

u—tux V_th
t— ts t— ty

then, (ue, vy) € W(;’p(Qt) X Wé'q(Qt). Also, it is clear that (u, v) — (u¢, v¢) is a bijection between
WoP(Q1) x Wo'(Q1) and Wy'P(Qe) x Wy Qo).
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Now, by simple change of variables, we get

1 1 1 1
5 Jo, IVuelPdx+ ¢ [, [Vve|9dx _ 1 5 Jo, IVulPdx+ 2 [o [Vv|idx
Jo, luel®lvel? dx toe+h Jo, lul®vifdx

Finally, the variational characterization of the first eigenvalue gives the desired result, namely

A (p.q)
M(p,g) = LYT'

This finishes the proof. O

Remark 3.2. The argument used in the proof shows that if (u, v) is an eigenfunction associated to
A%(p, q) then (ug, v¢) is an eigenfunction associated to Aﬁ (p, Q).

By applying the very same argument we obtain the following relation between the second Neu-
mann eigenvalues (recall that the first Neumann eigenvalue is ;Lﬁ (p,q) =0).

Lemma 3.3. Let ,u%(p, q) (resp., ,ug(p, q)) be the second Neumann eigenvalue of problem (1.1) when 2 = Q1
(resp., 2 = Q¢). Then,

1
¢ 1y (P, q)
Uy (P, q) = t"‘T
Proof. The proof follows exactly as the one in Lemma 3.1 and the variational characterization of the
second Neumann eigenvalue, namely

L IVuPdx+ 1 [ [Vve|9dx
. Q t 2 t
p(p.@) = inf sup P T (3.1)
CeeCa (uy,vp)eCy fg [ue|*|ve|P dx

The proof is now completed. O

Now we are ready to prove Theorem 1.1.
Proof of Theorem 1.1. For any X fixed, we take a lattice of cubes of side length t « 1 in RN with ¢
depending on A.

First we derive a lower bound for N(1) (equivalently, an upper bound for Ay). From Lemma 3.1,
A (p.q) =t~ @*P1l(p,q), and taking

1

A Tatp
=(oa)
N

we have

A (p.g) =

Hence, since the first eigenvalue Aﬁ (p, @) has multiplicity two (observe that (u, v) is an eigenfunction
if and only if (u, —v) is an eigenfunction), we have N? (%, Q;) = 2.
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By using the Dirichlet Neumann bracketing, a lower bound for N()) is given by 2M, where M is
the number of cubes of the lattice contained in £2. Since

t"NM — 2]

when t — 0, we have

N

N(L) > 2M 2|Q|—2|9|< » )M
- tN Mo/

The upper bound for Ay (p, q) follows since
1£2] N

2|82 N
— M.

k=N(h(p.q) > ; =
M (D, q)aFP

Let us find an upper bound for N(A). We use the bound for the second Neumann eigenvalue
proved in Lemma 3.3, it (p,q) =t~ @+ ul(p, q). Hence, taking

cA _ﬁ
(o)
Ky (p,q)

for any ¢ > 1, we have

Wy(p.q) =ch > A.
Therefore, for each cube we have NN(&, Q,) = 1.

By using again the Dirichlet Neumann bracketing, an upper bound for N() is given by M, where
M is the number of cubes covering £2. As before, we have

N
N <M 2] _ |.Q|( ch )m
- tN wo.p)
The lower bound for Ay (p, q) follows since

1£2]

_N_
] —— (AP, @) 7.
Uy (P, q)ath

k=N(M(p.q) <

The theorem is proved. O

4. A lower bound for the first eigenvalue

In this section we restrict ourselves to the one-dimensional case and prove Theorem 1.2. For that
purpose, we use the following Lyapunov inequality for systems proved in [11]:

Theorem 4.1. (See [11, Theorem 1.5].) Let us assume that there exists a positive solution of the system

{ —(J' [P 2w 0) = folule2ulv|?,
—(v@|" ) = geou@|v|F-2v
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on the interval (a, b), with Dirichlet boundary conditions. Then, we have that:

b B

., b b q
2“+ﬂ<(b_a)7+§</f(x)dx> (fg(x)dx) . (41)

a

This result gives Theorem 1.2 after replacing f(x) = aA1(p,q) and g(x) = Br1(p,q). In fact, we
have

a B a Bia B
24P Cavpab—ayy 7P A(p,q), (42)
and let us note that
o o 1 1 1 1
—,—i—é/-i- +E=a(—+—>+ﬂ<—+—/>=a+ﬁ.
q p q 4
So,

a B
2P Lar Ba(b—a)*Pai(p,q).

The desired result follows from this inequality and the explicit formula for A;(@ + 8) in Theo-
rem 2.1, since:

20+p a+ﬂ—1<na+ﬁ>“+ﬁ_ 1 (2

a+p
= (=) A@+p),
(b—a) P a+pB—1\7arp a+p—1 naﬂg) 1@+ p)

and therefore
1 2 \**F o« p
m(m) A1+ B)<arBari(p,q.
This completes the proof of Theorem 1.2.
5. An upper bound for the first eigenvalue

In this section, we first consider the one-dimensional case and prove Theorem 1.3. Then, we extend
the bound to the n-dimensional case by means of comparing the eigenvalue of the p-Laplacian with
that of the pseudo p-Laplacian.

For the upper bound of the first eigenvalue, we need to improve the bound given in [11].

Given the variational characterization of the first eigenvalue,

1 L / 1 rL ’
5 Jo WIPdx+ ¢ [y 1v'|7dx

¥ lufe [v]? dx

AP, 9 <

We denote s =« + 8 and choose u = v = @1, which is a multiple of the first Dirichlet eigenfunction
of the single equation

—(|w’|s_2w’)/ = AW %w,

with Dirichlet boundary conditions, that is
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L .
1 (x) = Py sing(7sx/L).

N

Due to the Pythagorean-like identity (2.4) we have

loi0| < 1.
So, taking u = v = ¢ in the Rayleigh quotient we get

5 Jo 94 1Pdx+ § [ | 19 dx
Jo o1 dx

r(p,q) <

Now, as q < p we have that s =« + 8 < p. Moreover, as |¢](x)| <1, the inequality

lpio” < |ef ol
holds. On the other hand, by Hélder’s inequality we obtain

L

L q
/|<p{|qu< </|¢§|de> -f
0

0

Collecting all these facts, we have

Uolerldx | 10 leiFdos
Plolerfdxa J5lgnpdx

rM(p, @ <

©wia

L=

1 1
< —A1(5)+—A1(5)%L—]_g~
p a (Jo lerlsdx)'=s

Now we need an upper bound for

L -
(rpra)
f0|(ﬂ1|dx

Indeed, we can compute the integral explicitly, obtaining

L L
L S
/|¢1|de= <—) /sini(nsx/L)dx
TTs
0 0
TTs

s+1
= <ﬂi> /sing(t)dt
s 0
L s+1
= <;> K(s).
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Then,

DY

1 1 At
M@ < S ME+ M) (LSK(S)) '

Now, by using the explicit formula for A1(s), we have

q

M, q) <A (s)[l+1<L)ls]
R PRIy |

The proof of Theorem 1.3 is finished.

Now we go back to the N-dimensional problem and try to find an explicit upper bound for the
first eigenvalue A1(p, q) in the unit cube Q1. That is, we prove Theorem 1.4.

In order to do this, we recall the pseudo p-Laplace operator

N

A -2

Apu = Z('u"i P uxi)x,-
i=i

and consider the eigenvalue problem associated to Ap

1 P, 1 q
le 51Vulp + 51Vvigdx

V= inf
@wewlP@nxwiian o, [u¥IvIPdx

’

where [x|$ = Zl 1 1xil.
By the equivalence of norms

xlo SN2 x5 ifp>2,

Ix|2 < Ixls if1<p<2

we have that A1 (p, q) < Cvi, where C = max{1; N?=2/2; N@-2)/2} So we need to bound v.
Recall that the first eigenfunction of

—Asu=v1|ul*%u inQ;

with Dirichlet boundary conditions can be computed explicitly by separation of variables.
In fact, let ¢s(x) = sing(7r5x) be the first eigenfunction of the one-dimensional s-Laplace operator
with Dirichlet boundary conditions in the interval (0, 1), then

ws(x) =] s )

i=1

is the first eigenfunction of the N-dimensional pseudo s-Laplacian in the cube Q;.
Now, as in the one-dimensional case, we use (ws, ws), with s =« + 8 as a test function for v; to
get
1 —1 1
<%ﬁwwwmwlkawm+thwme1@@ﬂwm
1
(Jo lgs®FdDN (fo ps (D) dD)N
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By the Pythagorean-like identity
|sing(t)[° + |siny(0)[° =1
we conclude that | sing(t)|, | sing ()] < 1.

Also, as q <s < p we get |¢s(D)|P < s (D) and [p}(D)|P < w8 gy (017
So,

N(fo 1os17dDN T [ 1g4(0)19de
(o 9505 dr)N
NG, Y(fo lgs@1edyN=1 [} o1 de.
(o 95O dD)N

N ,_
n < Ensp Ss—Dmi+

To bound the other term, we use Hélder’s inequality to get

(N-T)g/s

1 N-1 1
(/|¢s<t>|"dr) < </|¢s(t>|sdr) ,
0 0
1 1 q/s 1
/\¢;<t)\th< </|¢;(t)ysdt> = ((s— 1)n§/\¢s(t)\sdt>
0 0 0

a/s

So,

N . 1 —N(1—q/s)
S —
1 < (T)rrf +(s— 1)‘7/57r3< f|¢s(t)lsdt>

0
which is an explicit bound for v;.
6. An explicit lower bound on the main theorem
In Section 3 we obtained the following asymptotic bounds for the spectral counting function:

2|82 N 12| N
ATF < N(R) < ——————(CA) TP,

1 _N_ 1 _N_
A(D, @) etP My (P, q)aFP

An explicit lower bound was given in the previous section by means of the explicit upper bound
for A} (p. Q).

Although the previous formula holds for any constant ¢ > 1, it is convenient to take c =1+ A1,
since in this case we can rewrite the upper bound as

2021 o~
A& 4 0(1).

n(p, @)%
We conjecture that a stronger result holds, namely,

N

NG) = c(2, @, Brad +0o(h7).
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Indeed, the proof follows immediately if it is true that

(P, q) =2u3(p, q).

For a single equation, the factor 2 does not enter since the first eigenvalue is simple. In this case, the
equality A = w2 holds for a single equation in dimension one. Up to our knowledge, it is not known
for systems, nor in the case N > 1 even for a single p-Laplace equation.
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