PROCEEDINGS OF THE FIFTH INTERNATIONAL CONFERENCE ON
DYNAMICAL SYSTEMS AND DIFFERENTIAL EQUATIONS
June 16 — 19, 2004, Pomona, CA, USA pp. 1-8

ON LANE-EMDEN TYPE SYSTEMS

Philip Korman

Department of Mathematical Sciences, University of Cincinnati
Cincinnati, OH 45221-0025, USA

and
Junping Shi

Department of Mathematics, College of William and Mary,
Williamsburg, VA 23187-8795, USA
and, School of Mathematics, Harbin Normal University
Harbin, Heilongjiang 150080,, P.R.China

Abstract. We consider a class of singular systems of Lane-Emden type
1
&g + AuPivit =0, x €D,
+ AuP2v?2 =0, x e D,
u=v=0, x € 0D,
with p; <0, p2 >0, g1 >0, g2 <0, and D a smooth domain in R™. In case the

system is sublinear we prove existence of a positive solution. If D is a ball in R™, we
prove both existence and uniqueness of positive radially symmetric solution.

1. Introduction. In this paper we study the existence and uniqueness of the pos-
itive radially symmetric solutions of the semilinear elliptic system:

1
@_F)‘uplvql =Oa xEBla
+ \uP20®2 =0, z € By, ¢))
T=v=0, x € 0By,

where B; is the unit ball in R", n > 1, and p;,¢; € R, i« = 1,2. (1) is called a
generalized Lane-Emden system.

We notice that a transformation U(y) = u(A~/2y), and V(y) = v(A™/2y) will
convert (1) into ]
&Y +UnV® =0, ye Bg,

+ P2V =0, y € Bg, 2
=V = 07 Yy € 8BR,

where By, is the ball in R™ with center at y = 0 and radius R, and R = v/A. Thus
the structure of the solution set of (2) is same as that of (1). We shall study (1)
instead of (2) in this paper since the domain is a ball with fixed radius.
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Our approach to the uniqueness is based on two ingredients: (a) the parameter-
ization of the set of all solutions; and (b) the scaling of the homogeneous equation
(1). To illustrate the ideas, we consider the positive radial solutions of scalar equa-
tion:

Au+ P =0, z€B;, u=0, x€dB. €))
Similar to (2), the solutions of (3) are equivalent to those of
AU +UP =0, ye Bg, U=0, ye€ dBg, 4)

via the same change of variables above. Then from the uniqueness of the initial
value problem of ordinary dilerential equation, the radius R in (4) is uniquely
determined by U(0) = maxyﬁU(y), and so is A = R2. Thus the solution set of
(4) is parameterized by a single parameter U(0). On the other hand, if u;(x) is
a solution of (3) with A = 1, then u,(z) = \/(=P)y,(x) is a solution of (3) for
general A\ > 0, and the range of {u,(0)} is R™. The curve = = {(\,uy) : A > 0} is
monotone, hence we obtain the uniqueness of the solution for each A > 0. (Here we
assume the existence of u1, which in fact can also be proved.)

We follow a similar approach for the uniqueness of solutions to the system (1).
While the scaling of homogeneous nonlinearities can still be done, the parametriza-
tion of the solutions for system is not simple, and it may not be always possible
that the solution set is parameterized by one parameter. We generalize an idea
of Dalmasso[3] to prove that the solution set {(\,u,v)} of (1) (or equivalently
{(R,U,V)} of (2)) can be parameterized by a single variable «(0) (or U(0) respec-
tively) under certain conditions on the nonlinearities. (For a particular system this
was also observed by Korman [5].) In particular we prove the unigueness of the
solution of (1) for any fixed A when p;,¢2 < 0 and ps,¢; > 0, which generalizes
results of Dalmasso[2, 3] and Korman [4]. We also prove a new existence result for
(1) with general bounded smooth domain when py,¢2 < 0 and ps,¢; > 0 and also
satisfying some extra conditions by using sub-supersolution method, thus obtaining
the existence and uniqueness for that case.

We will prove a general parametrization result in Section 2, and apply it to the
uniqueness problem in Section 3. In Section 4, we prove the existence result for the
singular case of p1,q2 > 0 and p2, g1 < 0. After submitting this paper, we learned
that Maniwa [7] proved the uniqueness of positive solution to a higher dimensional
version of (1) for general bounded domain when the exponents are sublinear (see
below and [7].) Our uniqueness is for all exponents, and our approach is quite
di Cerent.

2. Parametrization of the solution set. We consider a system of semilinear
equations:

1
E&d+ A f(u,v) =0, z€ By,
+ A\g(u,v) =0, =z € By, (%)
u=v=0, x € 0By,
where f,g: RT x Rt — R are C! functions. We assume that f and g satisfy

df(u,v) f(u,v) dg(u,v) dg(u,v)
<
ou ~ 0 Ov >0, ou >0, Ov

<0, foranyu>0,v>0.

(6)
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Lemma 1. Assume that f(u,v) and g(u, v) satisfy (6), and (uy,v1) and (uq,v2) are
two radially symmetric solutions of (5) with the same parameter A. If u;(0) = u3(0),
then ’Ul(O) = ’UQ(O).

Proof. Suppose not, we can then assume v;(0) > wv,(0) without loss of general-
ity. Then v1(x) — v2(z) > 0 in a neighborhood of 0. Since A(u; — u3)(0) =
ALf (u2(0), v2(0)) — f(u1(0),v1(0))] < 0 and u1(0) — uz(0) = 0 and Vu (0) =
Vuy(0) = 0, then ui(x) — ua(z) < 0 for x € Bs\{0} for some § > 0. (Keep
in mind, both solutions are radially symmetric.) We define ro = sup{r > 0 :
v1(x) — va(x) > 0,u1(x) — ua(x) < 0,0 < |z| < ro}. From the above, ro > 0. Sup-
pose that ry < 1, then either vy () — va(z) = 0 or uy(z) — ua(z) = 0 when |z| = ro.
We assume that u;(z) — uz(x) = 0 when |z| = ro. Then for x € B,,, A(u1 — ug) =
ALf(u2,v2) = f(ur, v1)] = ALf (u2, v2) — f(u2, v1)] + ALf (u2, v1) — f(u1,v1)] < O using
that v; —ve > 0 and u; —uz < 0 in B,,. Since we also have u; —uy = 0 on
0B,,, then u; —uy > 0 in B,, by the maximum principle, which contradicts with
up(x) —uz(x) < 0 for x € Bs\{0}. We can reach a similar contraction if we assume
that vy (2) — va(z) = 0 when |z| = ro. Hence ro = 1. When ro = 1, we have
vy —vg =0 and u; — us = 0 on 9B; because of boundary conditions. But then we
reach the same contradiction by the above arguments. O

Proposition 1. Assume that f(u,v) and g(u, v) satisfy (6). Then the set of positive
radial solutions of (5) can be parameterized by d = u(0), i.e. for each d > 0, there
exists at most one solution (A, u,v) such that «(0) = d; The set of solution is a
di Cerkntiable curve

> = {(\d), u(-,d), v(-.d)) : d € T}, )
where T is an open subset of R, and «(0,d) = d.

Proof. Let d > 0. From Lemma 1, there is at most one e = v(0) such that (5) has a
solution with (u(0),v(0)) = (d, e). If such a solution exists, A can also be uniquely
determined since via a change of variables, we have

@+f(U7V):07 yEBR7

+ g(U7 V) = 07 RS BRa (8)
=V =0, (VRS 0Bg,
where R = v/A. R can be determined from the shooting problem of the initial value
problem; 1
-1
- ”TUD+ fU, V) =0, t>0,
-1
%ﬁ SV U Y) =0, t>0, ©)
0)=VY0)=0, U@Q)=d, V(0)=e.

Note here Lemma 1 also implies that there is at most one ¢ = v(0) such that U
and V in (9) will hit 0 at simultaneous R. Since f and g are C!, then we can
di Lerkntiate (9) with respect to d, thus (\(d), U(d), V(d), R(d)) is di Lerentiable, so
is (A(d), u(d), v(d)). O

Remark. The results above are motivated by Dalmasso[3], but our proof is simpler
and it could be generalized to some other problems like p-Laplacian equations. We
also notice that it is well-known that X\ in (5) can be uniquely determined by the pair
(u(0),v(0)) for any f and g (see e.g. Korman[4], Lemma 4.1), which follows from
the unigqueness of solution to initial value problem of ordinary di Cerential equations.
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It would be interesting to know if there are examples of f and g so that the solution
set of (5) cannot be determined by «(0) alone, but must depend on both «(0) and

v(0).

3. Uniqueness. In this section we consider the uniqueness of radially symmetric
solution of (1), assuming that

p1 <0, p2>0,¢ >0, g2 <0. (10)

Here we assume the existence of a radially symmetric solution of (1) for some Ay > 0,
and study the uniqueness based on this assumption. We will prove one existence
result in Section 4.

Theorem 1. We assume that p;, ¢; satisfy (10), and there exists A\q > 0 such that
(1) has a positive radially symmetric solution (u,,,v»,). Then

1 1f (1—q)( —p1) — q1p2 # 0, then for each A > 0, there exists exactly one
positive radially symmetric solution (uy,vy);

2. If (1 — )@ — p1) — q1p2 = 0, then (1) has no positive radially symmet-
ric solution for any A > 0 and A # Ag, and (1) has infinitely many pos-
itive radially symmetric solutions at A = )g, which can be represented as
{(kur,, K0v,) 1k > 0}, with 0 = (1 —p1)/q1 = p2/(1 — a2).

Proof. First we assume that (1 — ¢2)(1 — p1) — ¢1p2 # 0. Suppose that there
exists a Ao > 0 such that (1) has a solution (uy,,v,), then it is easy to verify
that (u17'U1) — ()\él_QQ+‘Z1)/[(1—q2)(1_p1)_‘hp2]u)\o7A(()I_Pl+P2)/[(1—q2)(l—pl)—qlpz]v/\o)
is a solution of (1) with A = 1.

For each A > 0, we define

(ur,vy) = ()\—(l—qurql)/[(l—qz)(l—m)—qlpz]ul7 >\—(1—pl+pz)/[(1—112)(1—171)—%172]Ul)7

(11)
then it is a solution of (1) with the given A. Clearly {(ux,v)) : A > 0} is a
smooth curve, and the map P : A — u,(0) is also smooth and monotone. Indeed
P(\) = \I—eta)/[(1=e)A=p1)=ar] p(1), thus it is strictly increasing when (1 —
q2)(L—p1) —q1p2 > 0, and it is strictly decreasing when (1 — ¢2)(1 —p1) — q1p2 < 0.
Moreover the range of the map P is (0, o). From Proposition 1, for each d > 0, there
is at most one solution of (1), with u(0) = d. Therefore (1) has no other solutions
besides the ones on the curve {(uy,v,) : A > 0}, which proves the uniqueness of the
solution for each A\ > 0.

If (1 — q2)(1 —p1) — q1p2 = 0, then we can see that (kuy,, k%vy,) is a solution
of (1), where & > 0, and ¢ = (1 — p1)/¢1 = p2/(1 — q2). We define the map
Q : k — kuy,(0) for £ > 0, then the range of @ is also (0, c0). From Proposition 1,
for each d > 0, there is at most one solution of (1), with «(0) = d. Therefore (1)
has no other solutions besides the ones on {(kuy,, k%vy,) : k > 0}. O

Remark. The special case of p; = go = 0 is proved in Dalmasso[3]. Similar to the
scalar equation case, when (1 —g2)(1 —p1) — g1p2 > 0, we call the system sublinear,
and when (1—¢2)(1—p1) —q1p2 < 0, we call it superlinear. The bifurcation diagrams
for three cases are as in Figure 1. (The middle one is the case (1—¢2)(1—p1)—qip2 =
0, which we refer as “linear’due to the linear structure of the solution set.)
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Figure 1. Bifurcation Diagrams: (a) sublinear; (b)“linear”; (c) superlinear

4. Sublinear singular systems. In this section we prove an existence result for
the system in (1) on general domains, for the exponents satisfying (10) and being
sublinear (see the definition in Section 3.) We begin by recalling the following
well-known result, see [1], [6], [8].

Theorem 2. Consider the problem
Au+q(x)u? =0, z€ D, u=0, €D, (12)

with ¢(z) > 0 on D, and ¢(z) € C*(D), and p < 0. Assume that 0D is of
class C?**, 0 < a < 1. Then the problem (12) has a unique positive solution
u € C?T*(D) N C(D). This solution is monotone increasing in g(z). Moreover, if
D is a ball and ¢(x) is radially symmetric, then so is the solution u = u(|x|).

Consider the system

1
EAd +uPrvh =0, z €D,
u+uP202 =0, €D, (13)
u=v=0, x € 0D,

where D is a smooth bounded domain in R™. We assume that p; and ¢; satisfy
(10).
We make a change of variables ©« = aU, v = 8V, with constant « and 3, and

choose 3, which will equalize the coe [ciehts in front of the nonlinear terms of the
pP2—pi+1
resulting system, i.e. A\P171391 = oP2392~1 which implies that 5 = a@=e+1 The

system (13) transforms to
C1
&g + furva =0, zeD,

+a%Ur2V® =0, z€ D, (14)
u=v=0, x € 0D,
with
p=_(1-e)A-p)—ap: (15)
@ —gq+1
We call the original system (13) sublinear if # < 0 i.e.
(1= g2)(A —p1) — qip2 > 0. (16)

Theorem 3. Any sublinear system (13), satisfying (10), admits a positive (component-
wise) classical solution. Moreover, if D is a ball, there exists a positive radially
symmetric solution.

We will prove this theorem by using monotone iterations. However, because of the
singularity, one cannot convert (13) to an system increasing in both « and v, by the
usual trick of adding a constant times « (or v). We introduce a modification, where
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on each step we solve two singular semilinear equations. We recall the following
definition.

Definition. We say that a pair of functions (ug,vo) € C%(D) x C%(D) is a subso-
lution of (13) if

1
Eady + uf'vi' >0, z €D,
+ubol >0, zeD, an
o, vo < 0, x € 0D.

A supersolution is defined by reversing the inequalities in (15).

Proof of Theorem 3. We present a pair of ordered super- and subsolutions of (13),
and then set up monotone iterations. Let D by any smooth domain, which contains
D as a proper subset, and let ¢(x) denote the principal eigenfunction of the minus
Laplacian on D, corresponding to the eigenvalue A; > 0. Then the pair (Uy, Vo) =

(a(;(x)7a’;fiﬁgif (;_5(;10)) is a supersolution of (13), if « is su [ciehtly large. Indeed,
Up, Vo > 0on 90D, and
1 - _
AUy + UG Ve = a(=M1¢ + o gpprta),
p2—p1+1 =~ — — -
AV + UPVE = qai=ait (= )\ ¢ + al¢p2taz),

where 6§ < 0 is defined by (15). Clearly the right hand sides are negative for large
enough «. Turning to the subsolution, let ¢(x) denote the principal eigenfunction
of the minus Laplacian on D, corresponding to the eigenvalue A; > 0. We construct
o4
a subsolution in the form (ug, vo) = (e¢(m)5,eg§*s;+1 ¢(x)7), with constants § > 1
and v > 1 to be selected, and e > 0 su Lciehtly small. We compute
—1
Dag +uf vf = e(=\10¢° + (5 — 1)¢° 2| V|2 + fgbrtrn),

- 18
Bug + e = B (A7 +9( = DoVo + Sy, O

Let us assume that
dp1 +yq1 < 0. (19)

This implies that near the boundary 9D the term ¢°"1 7% cannot vanish faster
than ¢°. Hence for ¢ small (i.e. €’ large) and § > 1, the right hand side of the first
equation in (18) is positive. Similarly if we assume that

dp2 + g2 <7, (20)

then for e small and + > 1, the right hand side of the second equation in (18) is
positive. It remains to show that we can select § > 1 and v > 1, satisfying (19)
and (20). The inequality (19) is satisfied by (d,~), which lie below the line L, :
N = %1“6. Similarly, (20) describes the region above the line Ly : v = _;;QH(S. We
need that the slope of L, is greater than the slope of L, which is exactly equivalent
to the sublinearity condition (16). Then there are infinitely many solutions of (19)
and (20). This concludes the construction of a subsolution. By decreasing e, if

necessary, we may assume that

ug < Uy, and vy < Vp forall z € D. (21)
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Starting with a subsolution (ug,vy) We now construct a sequence of iterates
(un,vy) by solving two scalar semilinear singular boundary values problems

Au, +ubrol =0, x€D, wu,=0, z€dD,
Av, +ul? 022 =0 ze€D, wv,=0, z€dD.

n—1

(22)

In view of the Theorem 2 there exist classical solutions (u.,, v,,) for these two prob-
lems. We claim that

up < up and vy < vy, (23)
Indeed, the function u; — ug is non-negative on the boundary 9D. If the first
inequality in (23) were false, the function u; —uo would achieve a negative minimum
at some xq € D, which implies in particular that u;(z¢) < ug(z), and hence

uf" (o) > up' (o), (24)
since p; < 0. From (22) and (17) we then have
A(ug — up) + of' (U —ub) <0.
At zq the first term on the left is non-negative, and the second one is positive by
(24), giving us a contradiction, which proves (23). By Theorem 2
Up—1 < Up, and v,—1; <wv, forall n> 1. (25)

Starting with the supersolution (Uyp, Vi), we construct a sequence of iterates (U, V),
similarly to (22). Since vy < Vp, we have u; < U; < Uy by the Theorem 2. Re-
peating this argument, since u; < Up, we conclude that u, < U; < Up, and in
general

Uy, < Uy and vy, < Vo
It follows that u,, — u, v, — v, and by standard arguments (u,v) is a classical
solution of (12). O

Combining Theorems 1 and 3, we have

Theorem 4. If D is a hall and the conditions of the Theorem 3 are satisfied,
then any sublinear system (13) admits a unique positive (component-wise) radially
symmetric classical solution.

Remark. Special case of Theorem 3 has been obtained in Korman[4], and Dalmasso[2,
3]. When the system is superlinear or “linear”, the only available result seems to
be the case of p; = ¢» = 0, for which a variational structure exists, see Dalmasso[3]
and references therein.
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