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PICONE’S IDENTITY FOR A SYSTEM OF FIRST-ORDER
NONLINEAR PARTIAL DIFFERENTIAL EQUATIONS

JAROSLAV JAROS

ABSTRACT. We established a Picone identity for systems of nonlinear partial
differential equations of first-order. With the help of this formula, we obtain
qualitative results such as an integral inequality of Wirtinger type and the
existence of zeros for the first components of solutions in a given bounded
domain.

1. INTRODUCTION

The purpose of this article is to establish a Picone-type identity for the nonlinear
differential system

Vu = uA(z) + B()[lv] v,

1.1
divo = ~C(@)[ul"~*u ~ D() -v, (1)

where p > 1 is a constant, ¢ = p/(p — 1) is its conjugate, A(z), D(z) € C(Q;R"),
C(z) € C(Q,R), B(x) = diag{Bi(z),...,Bn(z)} is a diagonal matrix with the
positive entries defined and continuous in a bounded domain 2 C R™ with a piece-
wise smooth boundary 02 and u and v denote real- and vector-valued functions
of x = (x1,...,x,), respectively, which are continuously differentiable in their do-
mains of definition. Here div and V are the usual divergence and nabla operators,
|| - || is the Euclidean length of a vector in R™ and the dot is used to denote the
scalar product of two vectors in R".

If the special case A(z) = 0 in 2, the system is equivalent with the second-
order half-linear partial differential equation

div (P(2)||Vul[P~*Vu) + R(z) - [|Vul[P~*Vu + Q(z)|ulP?u = 0, (1.2)

where
P(x) = B(z)'""?, R(z)=B(x)'"D(z), Q(z)=C().

If the coefficient P(z) is a scalar function, then (|1.2)) reduces to the equation studied
in [9] where the following theorem was proved.
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Theorem 1.1. Suppose that there exists a nontrivial function y € C*(Q;R) such
that y = 0 on 0N and

Mol = [ [P@ITy =3 5l - Q@ <o. (3

Then every solution u of (1.2) must have a zero in Q.

The proof of the above theorem was based on an identity which says that if u is
a solution of ([1.2) satisfying u(z) # 0 in Q and y € C1(;R) is not identically zero
in €, then

. [VulP~?
- __ ¥ P _ _ Y D
= P@)[Vy - A= R@)| = Q@lal? ~ P [Vy - =R (14
—p(Vy - %(I)R(x)) N Evul Evu+ (o - D)L v
Moreover, if D(z) =0 in Q, then reduces to
div [P(z)||Vu|P2Vu] + Q(z)[ul’u = 0. (1.5)

Identities of Picone type for (or its special case where P(x) = 1 in Q) were
established by several authors including Allegretto [I], Dunninger [3], Kusano et al
[6] and Yoshida [10] who obtained a variety of qualitative results based on these
formulas. For an extension of Picone’s identity to the case of pseudo-p-Laplacian
and anisotropic p-Laplacian see Dosly [2] and Fisnarové et al [4], respectively. As
was demonstrated in Maitk [7], an alternative approach to and can be
based upon Riccati-type equations and inequalities.

While comparison and oscillation theory for equations of the type and
(1.5) is well-developed, there appears to be little known for general systems such
, particularly in the case where A(z) # 0 or A(x) # D(zx) in Q (for some
results concerning the case p = 2 see Wong [11]).

The purpose of this article is to generalize Picone’s identity for nonlinear partial
differential systems of the form and illustrate its applications by deriving
Wirtinger-type inequalities formulated in terms of solutions of the system
and obtaining results about the existence and distribution of zeros of the first
component of the solution of . Our results involve an arbitrary continuous
vector-valued function G(x) and particular choices of this function lead to different
integral inequalities or criteria for the existence of zeros of first components of
solutions of . They are new even when they are specialized to the case of the
damped equation (1.2).

This article is organized as follows. In Section 2, the desired generalization of
Picone’s formula to nonlinear system is derived and some particular cases of
this new identity are discussed. Section 3 contains some applications of the basic
formula which include the integral inequalities of the Wirtinger type and theorems
about the existence of zeros for components of solutions of system (L.1)).

2. PICONE’S IDENTITY

Define ¢,(s) := |s|P72s, s € R, and ®,(¢) := [|€[|P72¢, € € R". Let &,np € R"
and B be a diagonal matrix with positive entries B;, ¢ = 1,...,n. Define the form
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Fpl¢,n] =& B'7P®,(&) — p& - BT P0,(n) + (p— 1)n- BP0, (n). (2.1)

where B'~P = diag{B; ”,..., B}"?}. The next lemma establishes the generaliza-
tion of Picone’s identity for the nonlinear system (L.1]).

Lemma 2.1. Let (u,v) be a solution of with u(x) # 0 in Q. Then, for any
y € CY(4R) and G € C(Q,R"),

div [Iylpﬁ] = [Vy = yG(2)] - B()" " 70,(Vy — yG(2)) = Cla)lyl’
- [p(Aw) - Ga)) + Do) = Aw)] - 4o 22)
— Fp[Vy — yG(2), B(x)y®(v)/ul.

Proof. If (u,v) is a solution of (I.1]) with u(z) # 0 and y € C*(Q, R), then a direct
computation yields

¥p(y) lyl” Yl
=P Vu.v +

op(u) ] ep(u) |ul? op(u)

Using (L.1)), adding and subtracting the terms [Vy—yG(x)]-B(z)' 7 ®,(Vy—yG(z))

and pyG(z).B(z)' 7P®,(B(z)L®,(v)) (=pyG () - “apgz; v) on the right-hand side of

(2.3), we obtain

div [|y|? Vy-v—(p—1)7— divov. (2.3)

div |lyl” (p:éu)] = [Vy = yG(2)] - B()""70,(Vy - yG(2))
C@lyP = [p(Aw) - Gla) + Dla) = A(w)] - s
—{[Vy—yG(x)] - B(x)'7®,(Vy — yG(x))
~p[Vy = yG(@)] - B(x)' ", (B(x) 20, (v))
(b= D)B(@) 2, (v) - B(2)' 79, (B(2) 20, (v)) },
which is the desired identity (2.2). O

Remark 2.2. If we put y(z) = 1 in (2.2) and denote w = v/p,(u), then (2.2)

becomes the generalized Riccati equation
divw + [pG(z) + (p — 1)B(z)®q(w)] - B(z)' P, (B(z)®q(w))

+ [p(A(z) - G(2)) + D(z) — A@)] - w+ Clx) = (2.4)

Moreover, if G(z) = 0 and B(x) is a scalar function, then the Riccati-type equation
(2.4) reduces to
divw + (p— 1)B(z)||lw||? + [(p — 1)A(z) + D(z)] - w+ C(z) = 0. (2.5)

In the particular case where A(z) = 0 and B(z) = 1 in Q, Equation (2.5) has
been employed by Maiik [§] as a tool for studying oscillatory properties of damped
half-linear PDEs of the form (1.2)).
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Remark 2.3. If G(z) = 0 in Q, then (2.2)) simplifies to

div [luP 5] = Vo B2, (y) = Gl
- [(r=1)A@) + D] - 250 = FolT0. B) Lo, 0]
(2.6)

In the particular case p = 2, the identity (2.6) reduces to the formula used (implic-
itly) by Wong [I1] in establishing an integral inequality of the Wirtinger type and
comparison theorems based on this inequality for the linear system

Vu =uA(z) + B(x)v, dive=—-C(z)u— D(z)-wv, (2.7)
and its Sturmian minorant
Vy =ya(x) +b(x)z, divz=—c(z)y —d(z)- z, (2.8)

where the coefficient functions satisfy the same assumptions as above with the only
difference that because of the linearity of the problem the matrices b(z) and B(x)
are not necessarily diagonal, but are allowed to be any continuous symmetric and
positive definite matrices.

The choice G(z) = (1/¢q)A(z) + (1/p)D(z) in yields

div [y’ 5]
= [y (22 2]y re, (v -y (B2 - 22)) g
—c@lul - Fa[vy (22 + 22), o) L, ).

Under the further restriction A(x) = 0 and By(x) = --- = B,(v) =: B(z) in Q,

the identity (2.9) reduces to the following Yoshida’s formula for partial differential
equations with p-gradient terms (see[d, Theorem 8.3.1]):

div [|y[? %jéu)]

= B@)' | Vy~ S D@)|" = C@)lyl” ~ Fi[Vy — 7 D(a), Bla) y 24(v)]
which was used in proving Theorem [1.1

3. APPLICATIONS

In what follows, for simplicity we restrict our considerations to the “isotropic”
case where Bi(x) = -+ = By(x) =: B(z). In this special case it follows from [6]
Lemma 2.1] that the form Fg[€,n] defined by is positive semi-definite and the
equality in F5[€,n] > 0 occurs if and only if £ = 7.

As the first application of the identity we establish an inequality of the
Wirtinger type.

Theorem 3.1. If there exists a solution (u,v) of (L.1)) such that u(z) # 0 in Q
and

[p(A@@) - G(x)) + D(x) - Ax)| - >0 (3.1)
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in Q, then the inequality
Jalyl = /Q [B(x)l_pHVy - yG(az)Hp — C(x)|y|’]dz >0 (3.2)

holds for any nontrivial function y € C*(;R) such that y = 0 on 2. Moreover,
if [p(A -G)+D- A] v/ pp(u) =0 in Q, then equality in (3.2) occurs if and only
if y(x) is a solution of

vy = [Gla) + B(@‘I’QT(“)} ). (3.3)

Proof. Assume that (1.1)) has a solution (u,v) with u(x) # 0 in  which satisfies
(3.1). Let y(x) be a nontrivial continuously differentiable real-valued function such
that y = 0 on 99. Integrating (2.2)) on © and using the divergence theorem we get

0= Jaly) = | [p(Ae) = Gla)) + Dla) = A(w)] so|y<|u> v

- / Fy[Vy — yG(x), B(x)y®,(v) /ulds.

Since the form Fg is positive semi-definite and the condition holds, we con-
clude that
0 < Jaly]
as claimed. Clearly, if [p(A -G)+D- A} v/pp(u) = 0in Q, then the equality holds
in if and only if Fp[Vy — yG(x), B(2)y®,(v)/u] = 0 in  which is equivalent
with the condition . O
As an immediate consequence of the above theorem we have the following result.

Corollary 3.2. Let (u,v) be a solution of (1.1) such that u(z) # 0 in Q and

[p(42) = G(@) + D) = Aw)| -

in Q. Then, for every nontrivial y € C*(Q;R) such thaty = 0 on OS2, the inequality
(3.2) is walid. Moreover, the equality holds in (3.2) if and only if

V(%) = L(6@) - Aw) (3.5)

=0 (3.4)

in €.

Proof. We need to show only that (3.5)) is equivalent to (3.3). Using the first
equation in ([1.1]), it is easily seen that

Vy - [G(@) + B@) 20,y = Vy — LVu+y[A@) - G()]

- uV(%) +y[A(z) — G()]

from which the assertion follows. O

In the case where G(z) = A(z) = D(z) in Q, condition (3.4) is trivially satisfied
and inequality (3.2)) reduces to

[ 159y -y - Coilas >0
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Clearly, in this special case the equality in (3.2) occurs if and only if y(x) is a
constant multiple of u(zx).
Another choice of G(z) which guarantees the satisfaction of (3.4) is
-1A D
Gy - (= DAW) + D)
p

The last result specializes as follows.

Corollary 3.3. If (u,v) is a solution of (1.1)) with u(z) # 0 in Q and a nontrivial
y € CY(4R) is such that y = 0 on 09, then

—1)A(x) + D(x
Jn[y]/Q[B(x)vayy(P 1) (p)+ ()

Furthermore, equality in (3.6) occurs if and only if
y(z) = Ku(z)exp{f(z)} on Q (3.7)

for some constant K # 0 and some continuous function f(x).
Proof. Tt suffices to prove (3.7). If (3.5) holds, then from [B, Lemma 2.3] if fol-

lows that there exists a continuous function f(z) such that y(x) is proportional to
u(z) exp{f(x)}. The proof is complete. O

" = C@lyl|dz = 0. (3.6)

The above result can be reformulated as the following theorem which generalizes
[9, Theorem 8.3.2].

Corollary 3.4. If for some nontrivial C*-function y(x) defined on Q and satisfying

y =0 on 0%, the condition
_ p—1A(z) + D(x
Jg[y]:/Q[B@)l 7wy -y (p) Sy -c

holds, then for any solution (u,v) of (1.1)) the first component u(x) must have a
zero in ).

@)yl ]dz <0 (33)
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