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Kugkos I1. E. E5-2006-52
O cyIIecTBOB HUU IMOJIOXKUTEIBHBIX P U JIbHBIX PELICHUH I CUCTEM
CYNEPIMHEHHBIX JUTUIITUIECKUX YP BHEHUN BTOPOTO MOPSIK

P ccm TpuB ercd cucrem

—Au+cu = g(u,v) + v, u=u(x), v € BCRY, 0,

“|aB =

—Av+dv = h(u,v) +0%,  v=uv(x), v|aB =0,

e c,d>0,B-mipul <p,g<p*cp*=(N+2)/(N—2),ecu N > 3,ucp* =
+oo, ecit N = 1,2. Tlomumo npodero, npeamon r ercs, uro g(0,v) = h(u,0) =
9,,(0,v) = hl(u,0) = 0 u 9yr0 g U h — HeyObIB foume (YHKIUH K XKIOTO U3
CBOHMX PIYMEHTOB, IOXYMHEHHbIC ONPEACICHHBIM YCIIOBHSIM POCT H GECKOHEYHOCTH.
JIoK 3 HO CyLIECTBOB HUE P I¥ JIBHOTO PeIleHus (u, v), YIOBIETBOPSIOIIETO YCIOBUIO
u,v > 0B B.

P 6or Bemonnen BJI 6op Topuu Teopernyeckoii ¢puzrku uM. H. H. Boromo6os
OHiN.
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On the Existence of Positive Radial Solutions for Systems of Superlinear
Second-Order Elliptic Equations

The system under consideration is

—Au+cu=g(u,v) +uP, u=u(z), z€BCRY, 0,

“|aB =

—Av+dv = h(u,v) +0%,  v=uv(x), v|aB =0,

where ¢,d > 0, Bisaball and 1 < p,q < p* with p* = (N +2)/(N—-2)if N >3
and p* = +oo if N = 1,2. Among others, it is assumed that g(0,v) = h(u,0) =
9.,(0,v) = h! (u,0) = 0 and that g and h are nondecreasing functions in each of their
arguments obeying certain growth conditions at infinity. We prove the existence of
a radial solution (u,v) satisfying u,v > 0 in B.

The investigation has been performed at the Bogoliubov Laboratory of Theoretical
Physics, JINR.
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1. INTRODUCTION
We consider the problem
—Au+ cu =u 0 +uP,  u=u(z),

—Av+dv=u*20" + 09, v=u(z), x€ BCRY,

“|aB = ”|aB =0

and its generalizations. Here N is a positive integer, B = {z = (z1,...,2N)
2 2

9]
RV - 1L A A= -—5+...4+ =5
€ lz| < 1} 8x§+ +8m?\,

are constants in B, a; + b; < p = min{p;q}, a1,b2 > 1, as,b1 > 0 and

is the Laplace operator, c¢,d > 0

N +2
1 <pg< N+2 for N > 3 (to be interpreted as 1 < p,q < o0 if N = 1,2).

For this problem, we prove the existence of a solution (u,v) radial in B (that
is, depending only on r = |z|) and satisfying u(r), v(r) > 0, v/(r) < 0 and
v'(r) <0 for r € (0,1).

The problem above naturally arises as one of the simplest systems of super-
linear second-order elliptic equations. Studies of the scalar equations of this type
have a long history and the basic results in this direction are well known; we
mention the result by P. H. Rabinowitz [4] according to which a scalar equation
similar to the system above has a positive solution and, if the nonlinearity is odd,
an infinite sequence of pairwise different solutions. We also indicate monograph
[5] where some results on the existence of solutions for scalar equations in RN
are reviewed. As for systems of similar equations, to our knowledge, in the
literature there are only certain results for variational problems, i.e., for systems
for which there exist corresponding functionals whose critical points are solutions
of these systems. On the other hand, the system we consider and similar ones
seem to be not variational and at the same time, they have a lot of applications,
for example, in diffusion theory, physical and chemical kinetics, etc. Because the
problem seems to be difficult, we analyze one of the simplest cases.

2. PRECISE STATEMENT OF THE PROBLEM. RESULT
In fact, we consider the problem

—Au+cu = g(u,v) +uf, u=u(zx), (1)



—Av+dv = h(u,v) + 07, v=uv(z), € BCRY, (2)

ulyp =]y =0. 3)
Here N > 1 is integer and B = {z € RY : |z| < 1}. Hereafter, all quantities
we consider are real. We consider classical C?(B) N C(B)-solutions of (1)~(3).
Our assumptions are the following:

(hl) c,d are nonnegative constants in B;
]]z—’_;for]\f}?)andl<p,q<ooifN:1,2;

(h3) the functions g, h are locally Holger continuous in [0,00) x [0, 00);

(h4) there exists C > 0 such that |g(u,v)] < C(|ulP + |[v|P) and |h(u,v)| <
C(|ulP + |v|P) for all u,v > 1;

(h5) the functions g and h are nondecreasing in [0,00) x [0,00) in each of two
arguments;

(h6) for any A > 0 there exists a function v(s) — +0 as s — +0 such
that g(u,v) < y(u)u for all v € [0, A] and all sufficiently small v > 0 and
h(u,v) < y(v)v for all u € [0, A] and for all sufficiently small v > 0.

Denote 7 = |z|. Our main result is the following.

(h2) 1 <p,q <

Theorem. Under assumptions (hl)—(h6) there exists a radial solution (u(r),
v(r)) of problem (1)—(3) that satisfies u(r) > 0, v(r) > 0, u/'(r) < 0 and
v'(r) <0 forall v € [0,1).

This result admits a natural generalization for systems of n equations, n > 3.
Our method of its proving is mainly based on two points. First, we obtain
a priori estimates in C(B) for positive radial nonincreasing in r solutions of
(1)—~(3). For this aim, we apply (and partly modernize) the approach by
D. G. de Figueiredo, P.L.Lions and R. D. Nussbaum [2]. In particular, we estab-
lish a simple derivation of the Pohozaev identity for our system for which we
proceed in the way well known in physics. Then, to prove the existence of a
solution, we apply an abstract result presented in [1] and based on the concept of
the index of a compact operator in a Banach space.

Everywhere in the following it is accepted that assumptions (h1)—(h6) are
valid. We also continue the functions g and h by O for negative values of their
arguments.

3. A PRIORI ESTIMATES OF SOLUTIONS

In this and the next sections, we assume in addition to hypotheses (h1)—(h6)
that the functions g and h are continuously differentiable. In the class of radial



solutions, problem (1)—(3) reduces to the following:

-1
= 2 eu = gl o) P, = (), )
" N-1 1
—v = ——v +dv = h(u,v) +v?, v=uv(r), re(0,1), )
u'(0) =" (0) = u(l) =v(1) =0, (6)
where the prime denotes the derivative in r. Denote by Ly (B), s > 1, the

1/s
standard Lebesgue space with the norm |w|; = { Ik |w(m)9da:} and by Hi(B)
B

the usual Sobolev space of functions in B equal to zero a.e. on the boundary

1/2
0B, equipped with the norm ||w|| = {f Vw(m)de} ; for radial u € L4(B)
B

rN = u(r)|*dr and ||v||* =

o

and v € H}(B) one has respectively: |ul$ =

rN =1/ (r)|2dr, where we omit a positive coefficient Ciy depending only on

o, .

N. Denote by H} the subspace of H}(B) consisting of radial functions. We
identify this space with the space of functions w(r) of r € (0,1) equal to 0 at
r = 1 with the same norm. Introduce two quantities

1
I(u,v) = /erl {%U’Q(r) + §u2(r) - G(u,v) — pj_ 1u”+1} dr
0

and

1
1 1
S = [P {500 + 5020 = Hlw) - ot
0

where G(u,v) = [ g(s,v)ds and H(u,v) = [ h(u, s)ds. As one can easily verify

(and as it is well0 known, see, for example? [5]), for any fixed radial solution
(ug,vo) € C%(B) N C(B) of problem (1)—~(3) the functional I1(u) = I(u,vo(r))
taken with the fixed vo(r) is continuously differentiable in H! and ug(r) is its
critical point in this space; by analogy, the functional J;(v) = J(ug(r),v) taken
with the fixed uo(r) is continuously differentiable in H' and vy is its critical
point in this space.

Now, take two functions «, 8 € C3([0, 1]) satisfying o/(0) = 3'(0) = a(1) =
B(1) = 0 and consider the following problem:

—(rN T = o)) + eV (u—a) = 7N g (u, ) + u), @)



SN = B + Y o= B = ) 0, ®)
u'(0) =" (0) = u(1) = v(1) = 0. 9

As above, the corresponding functionals such that solutions of (7)-(9) are their
critical points are the following:

c 2 1 1
(v—PB)* — H(u,v) — q+—1Uq+ }dr.

&
—
<
=
O\H
<
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<
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The statement below is a variant and an extension of several results. The first
one was obtained by S. 1. Pohozaev [3]. Here, we apply another method to derive
it; in our opinion, our method is simpler.

Lemma 1. Let v € C?([0,1)) N C([0,
C([0,1]) and B) be fixed, let u € C*([0,1)) N C([0,1]) (resp. v € C*([0,1)) N
C([0,1])) be a critical point of Iz(u) = I,(u,v) (resp., of J2(v) = Jg(u,v))
in H and u'(r) < 0 in [0,1] (resp., v'(r) < 0 in [0,1]). Then, the following
relations hold:

1]) and « (resp., u € C%([0,1)) N

1
2 _ _

/ N=W* 4 eV ? — erV T law + u(rY la')'}drz

0

1
= /rN’l {ug(u,v) +uPt'}dr (10)
0

(respectively
1
/ N=1,72 | g .N=1,2 drN*15v+v(rN’1ﬂ’)’}dr:
0

— /erl {vh(u,v) + vq+1}dr)
0



and

1
2—N
/{ PN-1 ’2—|—(1—N)u(7"N_1o/)’—
0

N 2 cN
_ Eerla/ o ’LL(’I"NO//)/ —|—’I"Na/a// o 5 ,erl,LLQ_

cN
— 2 N ! 2+CN’I“N 1au+crNua —cr aa}dr—

1
N— p+1
r U +rg(u,v)u pdr (11
= [ - L o baran
0
(respectively

1
/ {2 SN (1 Nl ) -
0

N n_ dN
_ETN 1ﬁ/2 - U(’I"Nﬁ//)/ N/B ﬁ// . P12

N
SN NG NN gy 4 dr N o - drNﬁﬂ’}dr =

2
i N
= /rN*I {——q n lvqﬂ + rh(u,v)v'} dr).
0

Proof. We derive only the first equalities (10) and (11) because the sec-
ond ones can be obtained by analogy. To obtain (10), multiply Eq. (7) by u
and integrate the result from 0 to 1. To derive (11), we consider the parameter

€ (0,1] and the function w(a,r) equal to u(ar) for r € [0,1] and to O for
r € (1,a™]. Then, the mapping w(a,-) : (0,1] — H} is continuously differen-
tiable. Hence, since w is a critical point of I,,(u,v) with a fixed v, it must be
Ol (w, : - . .
% = 0. So, calculating the quantity in the left-hand side of this

a a=1-0

equality, after simple transformations with an application of the integration by
parts for several times, we obtain (11).0

Now fix functions ag, 3o € C3([0, 1]) positive in [0, 1) and satisfying oy (0) =
B34(0) = ap(1) = Bo(1) = 0. Denote by K the set of such positive nonincreasing
solutions of (7)-(9) taken with o = Aap and 3 = By that A\, > 0 satisfy the
inequalities Aag(r) < u(r) and pfBo(r) < v(r) for all r € [0, 1].



Lemma 2. There exists Dy > 0 such that for any functions g and h contin-
uously differentiable and satisfying hypotheses (hl)—(h6) and for any (u,v) € K
one has |u|p+1 < Do and |v|g41 < Do, where we mean that the norms of the func-
tions uw = u(|z|) and v = v(|z|) in the Lebesgue spaces Lyi1(B) and Ly+1(B)
are taken.

We establish the Proof only for N > 3 and estimate only |u|,4+1 because in
all other cases the proof can be made by analogy. In view of the definition of A,
one has

1 1
0< )\/erlozo(r)dr < /erlu(r)dr,
0 0

hence,
0< A< Cluls (12)

for a positive constant C' because the function «p is fixed. Now, multiply (10)
by — and subtract the result from (11). Then, in view of (12) and since
ap and (3 are fixed, we obtain after simple transformations: Cj|ul3 > \u|§ﬁ

where C; > 0 does not depend on (u,v) € K. But by the Holder’s inequality
lul3 < Calul?,  and thus, |ul,;1 < Constant.0

Remark. Note that the constant Dy does not depend on the choice of the
functions g and h obeying hypotheses (h1)—(h6).

Now, we establish the main result of this section.

Proposition 1. Let {g»} and {h,}, where A\ € A, be arbitrary families of
continuously differentiable functions (A is an arbitrary set) that satisfy hypotheses
(hl)—(h6) and let in addition these functions satisfy hypothesis (h4) with the
same constant C' > O for all \. Then, there exists D > 0 such that for any
(ux,vr) € Ky, where K = K is the above-defined set of solutions of problem
(7)~(9) corresponding to (g,h) = (gx, hx), one has ux(0) = m[ax ux(r) < D

re|0,

and vy (0) = max vy(r) < D.
rel0,1]

Proof. By Lemma 2 one has |ux|p+1 < Do and |vy|q41 < Do for any
(ux,vx) € Ky and for a constant Dy > 0 independent of X and of (uy,vy) € K.
By these estimates and hypothesis (h4)

/UA(\JJ\)QA(UA(\JJ\%UA(IxI))dJJ <G
B



and

/WWWMMWMWWMW<Q

B

for a constant C;7 > 0 independent of A and of (uy,vy) € K. Hence, according
to Lemma 2 and (10)

luall < G and flua]l <

for a constant Cy > 0 independent of A € A and of (uy,vy) € K. Now, it can
be proved completely as in [5], section 2.2, by using well-known arguments that
lux(0)] < D and |v(0)] < D for a constant D > 0 independent of A and of
(U)\, 1}>\) c K,.0

4. PROOF OF THE THEOREM. THE CASE OF SMOOTH g AND h

In this section, we assume in addition to hypotheses (h1)—(h6) that g and h
are C! functions. Then, Proposition 1 holds. In the following, we apply results
presented by H. Amann in [1], sections 11 and 12. Let Cy([0,1]) be the space
of functions s(r) continuous in [0, 1] and satisfying s(1) = 0, equipped with the
uniform norm. Denote by X the set of functions s(|z|), where s € Cy([0, 1]), and
let R be the subset of X consisting of functions s(|x|) such that the corresponding
functions s(r) are nonnegative and nonincreasing in (0,1). Then, since R is a
closed convex set in X, according to [1] R is a retract in X which means by
definition that there exists a continuous function (retraction) 6 : X — R satisfying
9’ R= Id where Id denotes the identity. In addition, it is easily seen that R x R
is a retract in X x X with one of the retractions 6 x 6 where 6 is one of the
retractions in X.

For s,t € X, consider the operators S,(s) = (=A + ¢)~ts, S,(t) =
(—A+d)7 ', S =8, xSy, (u,v) =T(s,t) == S((g(s,t) + sP), (h(s,t) + t9))
and (ux,vx) = Th(s,t) := S((Ag(s,t) + sP), (Ah(s,t) + 7)), where X € [0, 1]
is a parameter. Clearly, Top = Ty, x T, with T,,(s) = (A + c) L(sP) and
T,(t) = (—A 4 d)~*(t9). Denote also B, = {u € R: |julcp) < p} where
p > 0. By Proposition 1, Tx(u,v) # (u,v), Ty,(u) # u and Tv(v) # v for any
u,v € OByp and X € [0, 1] where the boundary dBsp is taken in the topological
space R with the induced topology.

Now, consider three sets A, B C R and F' C R x R bounded respectively in
X and in X x X and open in the induced topologies of the spaces R and R X R,
respectively. According to [1], sections 11 and 12, if T}, (u) # u for any u € A,
v # T, (v) for any v € B and/or Ty (u,v) # (u,v) for any (u,v) € OF, then the
indexes of the operators T,,, T, and T are determined: (7, A, R), (T}, B, R)
and/or i(Ty, F, R X R), respectively. In fact, indexes take integer values and by



definition, for example, i(T), A, R) = deg(Id—T, 00,07 (A), X), where  is an
arbitrary retraction in X corresponding to the retract R (the index does not depend
on the retraction 6). In addition, ¢(7y, A x B,R x R) = (T, A, R) -i(T,, B, R)
provided T, (u) # u and T,(v) # v for any v € OA and v € OB and if
Ty (u,v) # (u,v) for all A € [0,1] and for all (u,v) € OF, then i(T, F, Rx R) =
i(To, F, R x R).

Proposition 2. For any \ € [0, 1], the operator T\ transforms R X R into
R x R.

Proof. We prove this statement for A = 1 to make the notation simpler.
Let s,t € R and (u,v) = T(s,t). Since S, and S, are bounded as linear
operators from L¢(B) into the Sobolev space W2(B) for any s > 1 and due to
the compactness of the embedding of W2(B) into C*(B) for sufficiently large s,
one has u,v € C*(B) and (u(r),v(r)) is a solution (maybe, a weak solution) of
the problem

/\
._.
<
\.7
Q, (‘3
@
(I
<
0
—_
>
—~

s(r),t(r)) +1(r)]; (13)
u' (0 ) = 1/(0) u(1) =v(1) = 0.

It is well known that u,v € C?((0,1]). Therefore, by the maximum prin-
ciple, u(r) > 0 and v(r) > 0 for all » € [0,1]. We have also to prove
that «/(r) < 0 in [0,1). On the contrary, suppose that u'(ry) > 0 at some
r1 € (0,1). Denote by [rg,r1] C [0,71] the maximal left half-interval such that
w'(r) = 0 for all » € [ro,71]. Then, u”(rg) > 0 and hence, in view of the
differential equation cu(ro) = g(s(ro),t(ro)) + sP(ro). Therefore, it is clear that
cu(ry) > g(s(r1),t(r1)) + sP(r1) and so, it is easy to see from the equation
that «'(r) > 0 everywhere in [rq, 1] which contradicts the boundary condition
u(1) = 0. So, our proposition is proved.O

Proposition 3. For any A\ € [0,1] one has i(Tx,B, x B,,R x R) =
i(Ty, By, R) = i(Ty, B,, R) = 1 if p > 0 is sufficiently small and i(T, Bap X
BQD,R X R) = i(Tu, BQD, R) = i(Tm BQD, R) =0.

Proof. This result is, in fact, a variant of Lemma 12.1 in [1]. In view of
Proposition 1, the second claim immediately follows from this result. Further,
since according to hypothesis (h6) [Ag(s,t) + sP] = o(s) as s — +0 uniformly
in t € [0,2D] and [Ah(s,t) 4+t = o(t) as t — 40 uniformly in s € [0,2D]
and in A € [0,1], for any A € [0, 1], sufficiently small p > 0 and s,¢ € B, one
has |luxllcsy < p/3 and |luallcs) < p/3 where (ux,va) = Ta(s,t). Hence,
by Lemma 12.1 in [1], (T, B, x B,,R x R) = i(Tx,B, x B,,R x R) =
i(Tw, By, R) - i(Ty, By, R) = 1 for the same p and A\.O



In R x R, consider the set

A= ((((Bap x B2p) \ [(B2n \ By) x By]) \ [B, x (Bap \ By)}) \ (By x By))

where p > 0 is sufficiently small. By Proposition 3, the arguments above and the
results in [1], section 11, one has: i(T, (Bap \ B,) x B,, R x R) = i(To, (B2p \
B,) X B,,R x R) = i(Ty, Bap \ By, R) - i(Ty, By, R) = (0 — 1) x (+1) = —1.
By analogy, i(T, B, x (Bap \ B,), Rx R) = —1. So, we have: i(T, A, Rx R) =
0—(-1) — (-=1) — (+1) = 1. Therefore, the operator T has a fixed point
(u,v) € A. By construction u # 0 and v # 0, u(r) and v(r) are nonnegative
and nonincreasing functions in (0,1) and (u(|z|),v(|z])) is a C%(B) N C(B)
solution of problem (1)—(3). By standard arguments u(r) > 0 and v(r) > 0 in
[0,1) (because otherwise u(rg) = u'(rg) = 0 or v(rg) = v'(ro) = 0 at some
point r € (0,1), but this relations imply w(r) = 0 (resp., v(r) = 0) in (0,1) by
the uniqueness theorem). Our theorem is proved in the case when g and h are
continuously differentiable functions.O

5. PROOF OF THE THEOREM. THE CASE OF NON-SMOOTH g AND h

Take two sequences {g,} and {h,} of smooth functions g, and h, con-
verging to g and h, respectively, uniformly in [0,00) x [0,00) and satisfying
hypotheses (h1)—(h6) uniformly in n (that is, with the same function 7 in (h6)
and the constant C' > 0 in (h4) for all n). Note that the constant D > 0 introduced
in Proposition 1 can be chosen the same for all g,, and h,,. For each n, by (u,,, vy,)
denote an arbitrary radial solution of (1)—(3) taken with g = g,, and h = h,, such
that wy, (r), v, (r) = 0 and u/,(r),v,,(r) < 0in (0,1). Then, we have u,(0) < D
and v, (0) < D, therefore, |lun||w2py < Cs and |Jv|lw2(p) < Cs for all s > 1
and for constants C; > 0 independent of n. Hence, the sequence (u,,,v,) con-
tains a subsequence still denoted (u,,,v,) that converges in C'(B) x C*(B).
Denote by (u,v) its limit. Let us prove that v #Z 0 and v Z 0. On the contrary,
suppose that, for example, v = 0 in [0, 1]. Then, u,, — 0 in C*(B). But we have
from hypothesis (h6) and (10) by the Sobolev embedding:

1
Cl‘“n‘fﬂrl < C2'Y(“ﬂ(0))|un|;2;+1 + ‘“n‘gil

with constants C7,Cy > 0 independent of n. This relation easily implies
[tn]pt1 = Cs > 0 with a constant C'3 independent of sufficiently large n, and we
get a contradiction. So, it is proved that v # 0 and v # 0. In addition, obviously
w and v are radial functions, u(r),v(r) > 0 and u/(r),v'(r) < 0 in (0,1) and
(u(|z]),v(|z|)) is a fixed point of T"in R x R, hence, a C?(B) N C(B) solution
of system (1)—(3). The fact that u(|z|),v(|«|) > 0 in B is well known and can
be proved as in the previous section. So, our theorem is completely proved.O
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