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REMARKS ON THE UNIQUENESS PROBLEM FOR
THE LOGISTIC EQUATION ON THE ENTIRE SPACE

Y1HONG Du AND LiSHAN LIiu

We consider the logistic equation —Au = a(z)u — b(z)u? on all of RV with
a(z)/|z|? and b(z)/|z|” bounded away from O and infinity for all large |z|, where
v > —2, 7 € (—00,00). We show that this problem has a unique positive solution.
This considerably improves some earlier results. The main new technique here is
a Safonov type iteration argument. The result can also be proved by a technique
introduced by Marcus and Veron, and the two different techniques are compared.

1. INTRODUCTION
We consider the logistic elliptic equation
(1.1) —Au = a(z)u — b(z)u?, z € RV,

where ¢ is a constant greater than 1, a(z) and b(z) are continuous functions with b(z)
positive on RY. Equations of this kind have attracted extensive study because of interests
in mathematical biology and Riemannian geometry. We refer to [1, 3, 6, 7, 9, 10, 15]
and the references therein for some of the previous research.

When the limits

0o = lim a(z) and by, = lim b(z)
{z|—=00 |zj— 00

exist and are positive numbers, it was shown in [9] that problem (1.1) has a unique
positive solution u, and moreover,

U(T) = (Boo/boo) /4" as |z| = 0.

In [7], this result was extended to cases where these limits may not exist. Suppose
that for some v > 0, there exist positive numbers a;, ap and B;, B2 such that

o= lim % o= fm AT
(1 2) |z|=00 |I|7 [z|—c0 IIP
Bi= lim b(z), B;= lim b(z).

jx| o0 lzj—+o0
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It is easily seen that under these conditions, (1.1) has at least one (weak) positive solution.
By standard regularity theory of elliptic equations ([11]), any W,,2(R") solution of (1.1)
belongs to C*(R").

It was proved in [7] that if u € C'(R¥) is a positive solution of'(l.l), and if (1.2) is
satisfied, then

lim _ulz) _ > (%21)1/(4_1), Tim u(r) < (ﬂl)ll(q—l)

- z|7/e-1) = |zl=oo |z} (a-1) =
|z| 00

If in addition, we suppose that

' ' ' a by
1.3 qg— > 1,
(13) Tty
then (1.1) has a unique positive solution. The techniques in [7] were partly motivated by

(3, 15].
In this paper, we shall show that this uniqueness result holds without the extra
condition (1.3). Moreover, we can relax condition (1.2) to the following:
There exist '
7> -2, 7 € (—00,00),

.and positive numbers a;, a2 and £, B2 such that

0y = lim M, ap = Tim ﬁl,

(1.4) jzl=o0 |Z]7 |z|—o0 |z|7
’ . b(2) — b(z)
= lim ——, =1 .

fr=Mm i P

Condition (1.4) was first used in [6]. It follows from [6, Corollary 3.5) that under
(1.4), equation (1.1) has a minimal and a maximal positive solution. Here, our uniqueness
result implies that these solutions coincide.

In section 2, we use an iteration argument motivated by one attributed to Safonov (in
an unpublished article) to prove the uniqueness result. For boundary blow-up solutions
over a bounded domain, various versions of this technique have been successfully used in
uniqueness proofs in [12, 4, 8, 5]. Here we show that this technique can also be used for
entire space problems.

We would like to remark that, in proving uniqueness results for boundary trace prob-
lems over a bounded domain, Marcus and Veron ([13]) introduced a different technique,
which can be used to prove, among other things, similar uniqueness results to those in
(12, 4, 8]. However, it seems difficult to apply to problems where the nonlinearity is not
necessarily convex, such as those treated in {5].

In section 3, we adapt the Marcus—Veron technique to give an alternative proof of
our uniqueness result, which turns out to be much shorter than the one given in section
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2. Nevertheless, our proof in section 2 (which is the one we found first) can be extended
to cases where the nonlinearity is not necessarily convex (see Remark 2.4), besides other
possible applications. So it seems worthwhile to publish that proof.

The assumption that ¥ > —2 in (1.4) plays an important role in our proofs. If
a{x) € Clz|" with v < —2 for some C > 0 and all large |z|, and a(z) is positive
somewhere in RY, and b(z) > 0 in RV, then the results in [10] apply and by Theorem 1
there, there exists a unique gy > 0 such that

—Au = da(z)u — b(z)u?, z € RV

has a unique positive solution u € H when A > 0;, and there is no such solution when
0 < A < 0y, where H denotes the completion of C}(R") under the norm

( /H ) |Vu|2dz) v

It is unclear whether there are positive solutions outside H, but for the special case
b(z) = 1 and ¢ = 2, it was shown in [1] that, indeed, there are no other positive solutions.

2. MAIN RESULT AND ITS PROOF

We first recall a comparison principle (see, for example, [9, Lemma 2.1}) which will
be used in the later proof.

LEMMA 2.1. (Comparison principle) Suppose that Q is a bounded domain in
RY. Let uy, us € C'(Q) be positive in Q and satisfy (in the weak sense)

(2.1) Auy + a{z)uy — b(z)uy? < 0 < Aug + a(z)ug — b(z)uy?! in

and

lim (uz—1w)<0.
d(z,00)—0

where ¢ > 1, a(z), b(x) are continuous with b(x) positive on Q and ||a|| =) < co. Then
uy < uy in Q.

It should be noted that in Lemma 2.1, the assumption that u; and u, are positive
and satisfy (2.1) in 2 has hidden restrictions on a(z) and b(z). Moreover, from the proof
in [9] one easily sees that the restriction that u;,u; € C?(2) there can be replaced by
uy, up € CHQ).

It follows from [6, Theorem 1] that, if (1.4) holds, then any positive solution
u € C'(RN) of (1.1) satisfies

; u?(z) o — ui"}(z) @
oo [Z177T T B2’ dzlseo z[T T By

(2.2)

The following technical lemma is the core of our iteration argument to be used in
the uniqueness proof.
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LEMMA 2.2. Suppose that (1.4) holds and u,, u, are positive solutions of (1.1).
Then there exists R > 1 large so that, if z, € R satisfies, for some k. > k > 1,
lzo > R, ue(z.) > koui(z.),

then we can find y. € RY, and positive constants ¢y = co(R, k) and 1y = ro(R, k)
independent of z, and k., such that

23) bys = zul = rolz.| ™2, wa(y.) > (1 + co)kurnn(g).
Proor: By (1.4) and (2.2), for all large R > 1 and |z} > R,

(2.4) (1/2)enfz]" < a(s) < 202", (1/2)B1)2" < bz) < 2B)al",

and, for i = 1, 2,

(2.5) [TV < y(z) < pg|z|THED),

h
where = (1/2)(%)1/(414), p = 2(%)1/(4—1).

We now fix R > 1 large enough so that R~'~(7/2) < 1/2 and (2.4), (2.5) hold for all
z satisfying |z| > R/2. Then we define

QO = {1‘ € RN : Uz(Z) > k.’ul(f)} N Bf(xt)’

where
r= rolz'l‘”’/z, Br(ft.) = {x € RN : II - I.l < T},

and rq € (0, 1) is to be determined below.
Clearly z € Qp implies
[zu] ~r <zl <z + 1,

which in turn implies, due to |z.] > R and our choice of R,
(2.6) (1/2)|z.]| < |z} < (3/2)}z.].

We now consider us — k.u, in Qp. Using (2.4), (2.5) and (2.6) and the assumption
that us > k,u,; in Qp, we deduce, for z € €y,

Auz = ko) = —a(z)(ug — katy) + b(z)(ud — koui)

> —a(z)(uz - kow) + b(z) (Kuf ~ h,uf)

> —2a0f["(uz ~ kaw) + (/)82 (K - k)

> ~200]a["(uz — kow) + (1/2) By 0= (ke — k)
> ~Mlz.["(uz — ko) + mk. |z, [,
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where
M = 20, max{(1/2)",(3/2)"}, o =7 +q(y - 7)/(¢ - 1),
m = (1/2)Bu{(k*~" - 1) min{(1/2)°, (3/2)°}.
With these preparations, we now define
w(z) = (2N) " 'mk.|z.]° (r? - |z — 7.]%).
Clearly w(z) > 0 in B,(z,) and Aw = —mk,|z,|°. It follows thét, for z € Q,
(2.7) Aug — kg +w) 2 —Mlz,|"(u2 — kauy) 2 —Mlz,[”(uz — k.up +w).

If we denote by A;(Q) the first eigenvalue of —A over 2 under homogeneous Dirichlet
boundary conditions, we have

M(Q) = M(Bi(z.)) =2\ (Bi(z.)).

Therefore
(o) = 5%z A,

where A\; = A;(Bi(z.)) is independent of z,. We now choose ry € (0, 1) small enough so
that
To2A1 > M and hence A, (%) > M|z.|".

Then by the maximum principle (see [2]) , due to (2.7),

uz(z.) — kour(z.) + w(z,) € rraxda:((uz - k,u; + w).

We observe that the maximum of (u; — k.u; + w) over 8 has to be achieved by some
Y. € 8B, (z.) since any y € 9\ 9B, (z.) satisfies, by the definition of Qp, uz(y) = k.u; (y)
and hence

u2(y) — ko (y) + w(y) = w(y) < w(z.) < upfss) - kawn(z.) + w(z.).

Thus we can find y. € 8% satisfying |y, — z.| = r (hence w(y.) = 0) such that

ua(y.) — ke (y.) = ua(ye) — ke (ye) + w(va)
2 up(z.) — kaur(z.) + w(z,)
> w(z,) = (2N) 'mk,|z.]°r?
= (2N)“1mk.r§|a:.|(7")/("‘1)
> clk.|y.|("’“’)/("'1),

where
a = (2N)'mrd min{(1/2)~(—/@-Y (3/2)~0-"/e-1} 5
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and we have used (2.6). Making use of (2.5), we finally deduce
ua(ya) = katn(3a) > cakulyn |79 > eopr au (3)-
Therefore we can take co = c;u; " and the pfoof if complete. 0
THEOREM 2.3. Suppose that (1.4) holds. Then (1.1) has a unique positive so-

lution.

PROOF: As mentioned before, by [6], under condition (1.4), equation (1.1) has at
least one positive solution and any such solution satisfies (2.2). Suppose by way of
contradiction that (1.1) has two different solutions u; and u,. Let
uy (z) — uz(z)

k; = lim , ko= lim .
! |z|—o00 uy(x) 2 Jz| =00 ul(a:)

By (2.2) we know that both k; and k; are finite. If k; < 1 and k; < 1, then for any € > 0
there exists R, > 0 such that for all = satisfying |z| > R,,

u1(7) < (1 +€)ua(z), uz(z) < (1+€)ui(z).

Since (1 + £)u; and (1 + €)u, are upper solutions of (1.1), we apply Lemma 2.1 over
Q = Bg(0), R > R., and deduce

u(z) < (1 + €)ua(z), us(z) < (14 €)us(x), Vz € RV,

Letting € — 0 we obtain u; = u;, contradicting our assumption that they are different
solutions.

So necessarily max{k;, k;} > 1. Without loss of generality we may assume that
k2 > 1. Therefore there exist a constant k € (1, k;) and a sequence {z,} such that

|Zp| = 00, ua(Zn)/ui(z,) >k, n=12,....

We are now in a position to apply Lemma 2.2. Let R, ry and ¢p be determined by
Lemma 2.2. We recall that R satisfies R"1-0"/2 < 1/2. We first find an integer j > 1

such that

(1 4 co)’k > sup uz(z)

lei>k ¥1(Z)
Since |z,| = oo, we can then find ng large enough such that
IZno](1/2) > R.

Taking z, = Z, and k, = k in Lemma 2.2, we can find y, = y, such that

[y1 — Ta| = rolza| 72, ua(3n) > (1 + co)kus (11)-
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Clearly
] 2 |2] = rolza| ™% 2 |@ao|(1 — RT1-O7D) > |z,,[(1/2) > R.

We now take z, = y; and k., = (1 + ¢o)k in Lemma 2.2, and we can find ¥, such that
ly2 — w1l = ol ™2, ua(y2) > (1 + co)2kuy (y2)-

Let us note that
lyal > 1311(1/2) > |24,l(1/2)* > R.

We can repeat the above process until we obtain y;, which satisfies
uz(y;) > (L + o) kur(y3), |yl = 1zaol(1/2) > R.

Therefore

u2(y;) ; ux(z)
—= > (1 4+ )k > sup ——=.
ul(yj) ~ |z]>R uy(z)
This contradiction completes our proof. a

REMARK 2.4. The arguments in this section can be extended to cases where the right
hand side of (1.1) is more general. For example, suppose that, for v > 0, f(u)/u is
increasing and ¢; € f(u)/u? £ ¢ for some positive constants ¢, and cp, and suppose
furthermore that ‘ltl_r’r(l) f(u)/u? exists when v > T, ..ll.rf,lo f(u)/u? exists when v < 7, and
¢ = ¢z when v = 7. Then Theorem 2.3 remains true if u? is replaced by f(u) in (1.1).

3. AN ALTERNATIVE PROOF BY THE MARCUS-VERON TECHNIQUE

In this section, we provide an alternative proof of Theorem 2.3 by making use of a
technique introduced by Marcus and Veron in [13, page 226] (see also [14]), which relies
on the convexity of the nonlinearity and hence does not seem easily extendable to cases
as discussed in Remark 2.4. However, this proof is considerably simpler.

Suppose that (1.4) holds. By Lemma 3.1 and Proposition 3.4 of [6], we know that
for all large R, the problem

(3.1) —Av = a(z)v — b(z)v?, vlesa) =0

has a unique positive solution vg, and as R increases to infinity, vg increases to a positive
solution u, of (1.1). By Lemma 2.1, it is easily seen that u, is the minimal positive
solution of (1.1), namely, any positive solution of (1.1) satisfies u > ..

Arguing indirectly, we assume that (1.1) has a positive solution u such that u # u,.
By the strong maximum principle, we easily deduce that u > u. in R¥. Due to (2.2), we
can find a constant k > 1 such that u < ku. in RV.

We are now ready to apply the Marcus-Veron technique. Define

v=u, — (2k)"(u-u).
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Clearly

> 21
(3.2) U,y >v 2‘ Uy,

Denote f(z,t) = —a(z)t + b(z)t?. We find

i T oErIe T U

%f(z,t) >0

for all z € R" and ¢ > 0. Therefore f (:L‘,t) is convex in t for ¢t > 0, and by (3.2),

f@,w) < o= f(@,v) + o= f(z,u).

2k+1 2k+l

It follows that
—Av = —(1+ )f(x w)+ f(z u) > —f(z,v),

that is,
—Av 2 a(z)v - b(z). -

We now apply Lemma 2.1 with Q = Bg(0), u; = v and u; = vg, where vg, is the unique
positive solution of (3.1). It follows that vg < v in Bp for all large R, from which we
deduce u, < v in R". But this is a contradiction to (3.2). This proves the uniqueness
result.
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