METHODS AND APPLICATIONS OF ANALYSIS. (© 2014 International Press
Vol. 21, No. 2, pp. 265-282, June 2014 005

LIOUVILLE THEOREMS FOR THE POLYHARMONIC
HENON-LANE-EMDEN SYSTEM*

MOSTAFA FAZLY'T

Abstract. We study Liouville theorems for the following polyharmonic Hénon-Lane-Emden
system
(=A)"™u = |z|%P in R",
(=A)™v = |z|bu? in R”,
when m,p,q > 1, pqg # 1, a,b > 0. The main conjecture states that (u,v) = (0,0) is the unique

nonnegative solution of this system whenever (p,q) is under the critical Sobolev hyperbola, i.e.

g—i‘f + % > n — 2m. We show that this is indeed the case in dimension n = 2m + 1 for bounded

solutions. In particular, when a = b and p = ¢, this means that v = 0 is the only nonnegative
bounded solution of the polyharmonic Hénon equation

(=A)"u = |z|*u? in R"

in dimension n = 2m + 1 provided p is the subcritical Sobolev exponent, i.e., 1 < p < 1+ 4m + 2a.
Moreover, we show that the conjecture holds for radial solutions in any dimensions. It seems the
power weight functions |z|* and |x|* make the problem dramatically more challenging when dealing
with nonradial solutions.

Key words. Henon-Lane-Emden system, Liouville theorems, entire solutions, polyharmonic
semilinear elliptic equations.
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1. Introduction and main results. We examine the following weighted system
known as the polyharmonic Hénon-Lane-Emden system

(1) { (=A)"u = |z|*P in R,

(=A™ = |z|’u? in R",

where m,p,q > 1, pq # 1, a,b > 0. This is the statement of the Hénon-Lane-Emden
congecture for polyharmoic system (1).

CONJECTURE 1. Let (u,v) be a nonnegative solution of system (1). Suppose (p,q)
is under the critical hyperbola, i.e.,

n+a n+b

+ >n—2m.
p+1 qg+1

(2)

Then u=v = 0.

Note that it is very straightforward to give a positive answer to Conjecture 1 in
all dimensions 1 < n < 2m. This is in fact a quick consequence of L' estimates given
in Lemma 1. Therefore, in this paper, we focus on higher dimensions n > 2m + 1.

Liouville theorems for system (1) are very widely studied for the past few decades.
In what follows we briefly review some of the related known results. We divide the
introduction into two different cases. We first consider the case a = b = 0 and then
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the other case that is when one of the parameters a or b is not zero. In this paper,
we mainly focus on system (1) whenever there are weight functions |z|* and |z|’. As
a matter of fact, the weight functions make the problem much more challenging and
as a general statement, some standard techniques such as moving plane methods and
certain Sobolev embeddings cannot be applied anymore.

1.1. The case a = b= 0. System (1) when a = b = 0 is well studied and there
are many interesting results on classifying the solutions of this system for various p
and q.

We begin by the scalar case that is when p = ¢ > 1. For the Lane-Emden equation
(i.e., when m =1, p=¢ > 1 and a = b = 0) a celebrated theorem by Gidas-Spruck
[9, 10] states that there is no positive solution for the Lane-Emden equation

—Au=1vu’ in R"

whenever 1 < p < Z—J_r% for n > 3. This Liouville theorem is optimal as shown by
Gidas, Ni and Nirenberg in [8] under the assumption that u = O(|z|>~™), and by
Caffarelli, Gidas and Spruck in [2] without the growth assumption. See also Chen
and Li [4] for an easier proof based on the moving planes method. In the case of the
fourth order Lane-Emden equation (i.e., when m =2, p=¢ > 1 and a = b = 0) and

the polyharmonic Lane-Emden equation (i.e., when m > 1, p=¢>1and a =b=0)
(—A)"u=uP in R"

similar Liouville theorems are proved by Lin [13] and Wei and Xu in [29] for the
subcritical Sobolev exponent that is 1 < p < ngﬁ,n > 2m. Note that this exponent
appears in the Sobolev embedding W™2 — LP,

Now we focus on the case that the parameters p and ¢q are not necessarily equal.
Therefore, we are dealing with a system of equations. This case is much less under-
stood than the scalar case. For the Lane-Emden system (i.e., whenm=1,a=5b6=0
and p,q > 1 when pg # 1)

—Au = P in R",

{ —Av = u? in R",
Conjecture 1 is known as the Lane-Emden conjecture and the curve ﬁ + qul = "T_Q
is the critical Sobolev hyperbola. Proving such a nonexistence result seems to be very
challenging problem. However, there are many interesting papers that cover certain
dimensions. The case of radial solutions was solved by Mitidieri [15] in any dimension,
and both Mitidieri [15] and Serrin-Zou [24] constructed positive radial solutions on and
above the critical hyperbola, i.e. p—}rl + qul < "7_2, which means that the nonexistence
theorem is optimal for radial solutions. For nonradial solutions of the Lane-Emden
system, certain Liouville theorems are proved for various parameters p and g by Souto
n [27], Mitidieri in [15] and Serrin-Zou in [23], that in a particular case they give a
positive answer to the Lane-Emden conjecture in dimensions 1 < n < 2. In dimension
n = 3, Serrin-Zou [23] gave a proof for the nonexistence of polynomially bounded
solutions, an assumption that was relaxed later by Poldcik, Quittner and Souplet
[21]. See also [1, 7]. More recently, Souplet [26] completely settled the conjecture in
dimension n = 4, while providing in dimensions n > 5, a more restrictive new region
for the exponents (p, ¢) that insures nonexistence. The Lane-Emden conjecture is an
open problem for dimensions n > 5. For the polyharmonic case m > 1, it is known
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that ﬁ + q% = "*nzm is the critical Sobolev hyperbola. Conjecture 1 for the case of
radial solutions was solved by Liu et. al. in [14] in any dimensions and as far as we
know only some partial results are given for the nonradial solutions in [14, 28, 12].
Note that Caristi, DAmbrosio and Mitidieri in [3] have proved Liouville theorems for
supersolutions of system (1) and also they have explored the connection between (1)

and the Hardy-Littlewood-Sobolev systems (HLS).

1.2. The case a # 0 and or b # 0. The power weight function has been of
interest in this context and it was introduced by M. Hénon [11] in equation

3) —Au = |z|*u?P for |z| <1,
u=0 on |z| =1,

to model and study spherically symmetric clusters of stars. This equation is now
known as the Hénon equation for a > 0 and the Hénon-Hardy equation for a < 0.
Ten years later, Ni in [18] explored properties of positive radial solutions of the Hénon
equation on the unit ball and observed the fact that the power profile |z|* enlarges
considerably the range of solvability beyond the classical critical threshold, i.e., p <
2*—1= Z—J_rg top < 2*—1—|—% = % where 2* is the critical Sobolev exponent for
the Sobolev embedding W12 < LP. On the other hand, as it is shown by Smets, Su
and Willem in [25] and references therein, equation (3) also admits nonradial solutions
for p < 2* — 1. The existence of nonradial solutions for the full range p < %
is still an open problem. Note that since the function |z| — |z|® is increasing, the
classical moving planes arguments given by Gidas, Ni and Nirenberg in [8] cannot be
applied to prove the radial symmetry of the solutions of (3). Therefore, the existence
of nonradial solutions for this equation is natural and it is studied in many interesting
papers.

Regarding Liouville theorems, Phan and Souplet [20] for the first time attacked
the problem and showed among other results that conjecture for the scalar case, that
ism =1and a = b and p = g > 1, holds for bounded nonnegative solutions in
dimension n = 3. Here is the result,

THEOREM A. (Phan-Souplet [20]) Letn=3, m=1,a=b> -2 and p =q > 1.
Assume (p,q) satisfies (2) that is 1 < p < 5+ 2a, then there is no positive bounded
solution for the Hénon equation, i.e.,

(4) —Au = |z|*"uP in R".

For the case of systems (1) when m = 1, the author with Ghoussoub in [6] have
also proved the conjecture in dimension three for bounded solutions. See also [19]
for dimensions three and some partial results for dimension four. In this note, we
shall first extend the result of Fazly-Ghoussoub [6] and Phan-Souplet [20] to the full
polyharmonic Hénon-Lane-Emden system by showing the following.

THEOREM 1. Conjecture 1 holds in dimension n = 2m + 1 for nonnegative
bounded solutions of (1).

THEOREM 2. Congjecture 1 holds in all dimensions for nonnegative radial solu-
tions of (1).

For the special case p = ¢ and a = b, we have the following weighted equation
known as the polyharmonic Hénon equation

(5) (=A)"u = |z|*wP in R",
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where p > 1 and a > 0. Note that under the critical hyperbola (2) turns into the
following subcritical Sobolev exponent
(6) 1<p<w where n > 2m.

n—2m
As a consequence of Theorem 1, v = 0 is the unique nonnegative bounded solution
of (5) in dimension n = 2m + 1 provided (6) holds that is 1 < p < 1+ 4m + 2a.
Also, Theorem 2 implies that u = 0 is the unique nonnegative radial solution of (5)
provided (6) holds in all dimensions. Let us mention that very recently, Cowan in [5]
following ideas developed in [20, 6] considered the fourth order Hénon equation, that
is (5) when m = 2, and proved that in dimension five there is no bounded positive
solution for (5) provided 1 < p < 9+ 2a.

Here is the organization of the paper. In Section 2, we prove Theorem 1 via
applying various methods developed in the theory of elliptic regularity. In Section 3,
we prove Theorem 2 via certain ODE arguments. Our methods of proof are strongly
motivated by the ideas developed by Souplet in [26], Phan-Souplet in [20], Mitidieri
et. al. in [16, 15, 17], Wei-Xu in [29], Fazly-Ghoussoub in [6] and references therein.

2. Liouville theorems for nonradial solutions via elliptic estimates. We
start with the following standard L!(Bgr) estimate on the right hand side of system
(1). Similar estimates for the second order case are given in [17, 22, 23].

LEMMA 1. For any nonnegative entire solution (u,v) of (1) and R > 1, there
holds

(7) / |I|a’Up S C ]_zn—27n_(b+2mif;¢7
Br

(8) / |x|buq S C ]_%71—2771_(a+2m£;z¢7
Br

where the positive constant C = C(n,m,t,s,a,b,p,q) does not depend on R.

Note that (7) and (8) imply that if (u,v) is a nonnegative entire solution of (1)
then v = v = 0 in dimensions

(b+2m)p+ (a +2m) (a+2m)q+(b+2m)}
pg—1 ’ pg—1 '

n—2m<max{

In particular this proves Conjecture 1 in dimensions 1 < n < 2m. However this does
not cover under the critical hyperbola mentioned in Conjecture 1 for n > 2m + 1. In
other words, (2) is equivalent to the following when pg > 1

o om < L2+ D)+ (at2m)(g +1)

pg—1

Proof. Fix the following standard test function ¢p € C°(R™) when 0 < ¢p <1
and

[ 1, if|z| < R;
Or(z) = { 0, if |z| > 2R;
where ||Digg||pmn) < 5 for i =1,---,2m. For any t > 2m, we have

0 if |2| < R or |z| > 2R;
m 4t < ’ ’
|A™ @R ()] < C{ R™2mgt=2m it R < || < 2R.
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Now test the first equation of (1) by ¢% and integrate to get
/ |z| %P gly < CR72m/ uqﬁ’;{Qm.
Bar Bar\Br

Applying the Holder’s inequality we get

1/q
/ je|evrgly, < ¢ R ( / |x|buq¢§;2m>q> :
B2R B2R\BR

By a similar calculation for s > 2m, we obtain

P
/ jePuty, < ¢ ROTE < / leavp¢§§‘2m’p> :
Bar B2r\Br

where % + i = 1. Since pq > 1, for large enough s we have 2m + 3 < (s —2m)p. So,

we can choose ¢ such that 2m + 2 <t < (s — 2m)p which means that ¢ < (s — 2m)p
and s < (t — 2m)q. Therefore, ¢$72m)q < ¢% and ¢§§72m)p < ¢l Now, by collecting

the above inequalities for pg > 1 we get

a,,p pt " [(n—2¢") & —2m]pq b,q s !
/ |z|“vP P < C R“"a% / |z]Puloh
Bar B2r\Br

(9) <C R(n—2m)(pq—1)—[(b+2m)p+(a+2m)]/ PR
Ba2r\Br

and

Pa , 4
([ tauso)” < o gt ami ( / |x|av%fR>
Bar Ba2r\Br

(10) <C R(n72m)(qul)f[(a+2m)q+(b+2m)]/ |I|buq¢§%
Bar\Br
0

By using the Hélder’s inequality, we can now get the following interpolation esti-
mates on u and v.

COROLLARY 1. With the same assumptions as Lemma 1, the following holds.
(i) For any 0 <t <gq and any 0 <s<p

_ (at+2m)q+(b+2m) _ (b+2m)p+(at2m)
/ v? < CR" pg—1 * and / ul <CR" pa—1
Br\BRr/2 Br\BRr/2
(ii) For any 0 <t < .t and any 0 < s < P

(at+2m)at(b+2m) (b+2m)p+(at2m)

/ v < CR"™ pa—1 and / ut < CR"™ pa—1 !
Br Br

t
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where C = C(n,m,t,s,a,b,p,q) is independent of R > 1.

We now recall the following fundamental elliptic estimates. We shall apply these
estimates frequently for the solutions of (1).

LEMMA 2. (Sobolev inequalities on the sphere S"~1) Let n > 2, integer s > 1
and 1 <t <1 <oo. For z€ W*'(S" 1), we have

[12]| L~ (sn-1y < ClIDgz||e(sn-1) + Cllz|[L1(5n-1y,

where

%:%—nil, ifst+1<n,
T =00, if st+1>mn,

and C = C(s,t,n,q) >0 does not depend on R > 1.

LEMMA 3. (Elliptic L™-estimate on Br). Let 1 < 7 < oo and m > 1. For
2z € WPT(Byg), we have

[ prmarzc apa R [
BRr\BR/2 B2r\BR/4 B2r\BR/4

where C = C(n,m,7) > 0 does not depend on R > 1.

LEMMA 4. (An interpolation inequality on Br). Let 1 < 7 < oo, m > 1 and
1 <¢<2m —1. For sufficiently reqular z, we have

/ |Diz|” < OR<2mﬂ'>7/ |AT 2| + CR*”/ 2|7,
Br\Bpg/2 Bar\BRy4 B2r\BRr/4

where C = C(n,m,7,i) > 0 does not depend on R > 1.

By applying Lemma 1, Corollary 1, Lemma 3 and Lemma 4, we obtain the fol-
lowing estimates on the derivatives of v and v.

LEMMA 5. Let m > 1 and suppose that either 0 < ¢ < 2m — 1 and € > 0 or
1 =2m and ¢ > 0. Then, for a bounded nonnegative solution (u,v) of (1) we have

j i (bt2m)pt (at2m) .
/ |-D;u|1+6 S o Rn v pq—1 +e(2m Z+a)7
B2r\Br
i _,;_ (at2m)g+(bF2m) i
/ |DZIU|1-"_6 S C Rn t pg—1 +e(2m Z-‘,—b)7
B2r\Br

where the constant C = C(a,b,n,m,p,q,i,€) > 0 does not depend on R > 1.

Proof. For the case ¢ > 0 and 0 <7 < 2m — 1 we apply Lemma 1, Lemma 4 and
Corollary 1 and for the case € > 0 and ¢ = 2m we apply Lemma 1, Lemma 3 and
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Corollary 1 to get the following

/ |D;u|1+e
B2r\Br

< CR(2m—i)(1+e) /

|Amu|l+e+c R—i(l-i—e)/ ul—i—e
Bir\BRr/2

Bir\BRr/2

SCR<2m7i)(l+E)+a€/ |$|avp(1+e)+CR7i(l+e)/ u1+e
B4r\BRr/2 Bs4r\Br/2

< CR(Qm—i)(l+e)+ae/ |I|avp +C R—i(1+e)/ u
Bir\BRry2 Bir\BRry2
(b+2m)p+(at2m) (at2m)q+(b+2m)

< CR(2m_i)(1+E)+a€Rn_2m_T +C R—i(l-l—e)Rn— a1
< C Rn7i7 (b+27n;1;t(la+27n) +e(2m+a7i)'
Note that we have used the boundedness assumption on v and v in the above when
€ > 0. The proof of the other integral estimate on the gradients of v is quite similar.
d
To prove our main results we apply the following Pohozaev identity.

LEMMA 6. (Pohozaev identity). Suppose N,y € R satisfy A+~ =n —2m. If
(u,v) is a nonnegative solution of (1), then it necessarily satisfy
1. Form =2k + 1 where k > 0,

<n+a_)\>/ |x|“v”“+<n+b—7>/ i
p+1 Br g+1 Bg

-t lz|*vP e v+ b P u e v — VAR - VA vz - v
p+1/om, q+1 Jomg, 9BpR
+A+m-—1) AFvd, AFu+ (v +m —1) AFud, ARy
dBR OBRr
+ VA u vz VAR + VAR vz VAFu
8BR O0BR

+A (u,v) +vI(v,u) + J(u,v) + J(v, u).

2. For m = 2k where k > 1,

b
<7’L+a _/\)/ |x|avp+1 + <n+ _’7>/ |x|buq+1
p+1 Br g+1 Br

- — lzPu?™ e v — AfuAFvz - v
p+1JoB, ¢+ 1 Jopy, 9Br

=AM (u,v) = yI(v,u) — J(u,v) — J(v,u),

|z|“vP T e - v+

where
k—1
I(u,v) := / (A9, A™ "y — AT g, Aly)
i=0 Y9BR
k—1
J(u,v) = / (AN (z - V)3, A" — AT g, Al (- V)
i=0 /9Br
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Proof. The proof is quite standard. We mention few technical facts that facilitates
the computations. Suppose z,w are smooth functions then for any i € N
Az -Vz) = 2iA'2 + - VA2
Vz-V(zx -Vw)+Vw-V(z-Vz)=2Vz-Vw+z - (Vz-Vw).

Also for any A, € R the following equalities hold

A+7) VAFu - VAR = )\/

Bg B

(n—2m) VAFu - VAR = / (A™uz - Vo + A"z - Vu)

Br Br

|| *oP T —|—fy/ |z|>u?™" + M (u,v) +~vI(v,u) and
R Br

+ VAFu - VA vz v — J(u,v) — J(v, u)
oBR

when m = 2k + 1 and for the case m = 2k we have similar equations as
A+ ”y)/ AkyAFy = /\/ |z|“oP Tt + 'y/ |z[Pu?™t — NI (u,v) — yI(v,u) and
BR BR BR
(n— 2m)/ AFyAFy = —/ (A™ux - Vo — Aoz - Vu)
BR BR

+ AfuA* vz v+ J(u,v) 4+ J(v, ).
OBRr

Finally for either m = 2k or m = 2k + 1 we have

/|x|avpx~Vv+/ 2P ulz - Vu
BR BR

b
_ _TL + ?/ |£C|a’l)p+1 _ i/ |x|buq+1
p+ Br q+ 1 Br

1 1
— x v+ —— lz|Pudt e - v,
P+1.JoBg q+1JoBg

|x|“vp+1

0

We are now in the position to prove Theorem 1. The main technique here is

to apply the Pohozaev identity that Lemma 6 and then taking the advantage of the
elliptic regularity theory and in particular the lemmata mentioned before to get certain

decay estimates on each boundary term appeared in the Pohozaev identity.

Proof of Theorem 1. Since (p, q) satisfy (2), then we can choose A and v such
that "—i‘f > )\ and "T"’f > 7. Now, for all R > 1 define the following positive function
of R that is in fact the left hand side of the Pohozaev identity

b
L(R) := (n+a _/\) / |z|20P ! + (i _7>/ || Pud L
p—|—1 Br Q+1 Br

From Lemma 6 and for either m = 2k or m = 2k 4+ 1 we have the following upper
bound on L

(11) L(R) < C> Ui(R),
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where C' = C(n,m, p, q) is independent of R and
Ui(R) := R"** /

v"T(R,0) + R / u" (R, 0)
Ssn—1

Sn—1
m—1

Ua(R) = RS0 [ (IDRROIDE (R 0)| + iR O)|IDE" 0 o(R.0))
j=0 75"

m—1

Us(R) :== R" z:(:) /

To get this upper bound we have used the following facts.

(12 (R, 0)1DF" 7 u(R, 0)] + D4 u(R, )| DF" 7 o(R, ) ).
1

n—

k—1
I(u,v) < kY - (1D DZ™ = | + [DE" =~ 2u|| DY o))
=0 R

2k—1
SkZ/ |DIv|| D27 ).
j=0 JOBr

Note that for any i € N we have A'(z-Vov) = 2iA%w+2z-VA%v and also v-V(z-VAiv) =
v- VAW + 37, 240, 2, (A). Using this we get

k—1
J(u,v) < CI(u,v) +k Z (z - VAW, ALy — A™=i71yd, (z - VAY))
i=0 7 9Br

k—1
gCI(u,v)+kRZ/ (|DZH || D2m=2 = y| 4 | D222y || D22y
i=0 /OBr

2k—1
< CI(u,v) + kR Z/ |DItLy||DFm i1y,
=0 JOBr

In what follows we find upper bounds on each U; when 1 < ¢ < 3. Let’s first
fix ¢ > 0 small enough now and then we pick the appropriate value later. Also,
for the sake of simplicity of notations, throughout the proof, we use the notation
||w|]¢ to show the L*(S™~1) estimates of w(R, #) on the sphere that is |Jw|[,+(gn-1) or

(fsn,l wi(R, 9))1/t. Here are the upper bounds.
Upper bounds for U;. Note that from Lemma 2 we have the Sobolev embedding
w2mlte(gn=1)y sy [°°(8"~1) in dimension n = 2m + 1. Therefore,

1
1
(/5 " “p“u%ﬁ)) = [ollp+1 < Ilolloe < CIDF™v]lvse + Cllly
< CR¥™||D2™v|[14c + C|[v]ls.

So, applying the same argument for u we get

n-—r+a m m 1

Ur(R) < CR™ (R*™||D2™v||14c + [v][1)""

(12) +CR™ (R*™|| D2 u| e + |Jul]) "

Upper bounds for Us. For any j = 0,---,m —1 we have 1 < j 4+ 1 < m and also
1<2m—-1<2m—j—1<m. So from Hdlder’s inequality we get

/ |DLw(R, 0)[|IDF" " u(R, 0)] < |DLvl| 2m [|DZ" 7l o
Sn—1 J

Tm—j—1
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Note that from Lemma 2 we get the embeddings W2m—i—11+e(gn=1) s 171 (gn-1)
and Withlte(gn=1) L5 (S™~1) in dimension n = 2m + 1. So,

2m < C||DE™ 7 Div||1e + C||Div|ly < CR*™ 7Y |ID2™  0||14c + C||Div||1
0

j+1

1Dl
L

and

ID2" |y am < OIIDFT DI ul [ + O IDE™ 1y

ITm—j—1 —

< CRY|IDY™ull14e + ClIDZ™ 7 uly

Therefore
m—1 )
Uz(R) < CR™L S (RFY| D214 + || D23 a1
j=0
x (R 77 DI" | |14e + || DJv]]1)
m—1
+CR™ Y T (RTYDI 0l [1ye + ID2" 7 0l
j=0
(13) x (R~ HDZ"  ull14e + || Dlullr) -

Upper bounds for Us. Similar arguments and embedding as for Us can be used for
this term as well. Holder’s inequality yields

/ DI (R, 0)[| DI (R, 0) < [IDLF | e [IDZ" M| o
Snfl L~7+1 L

Tm—j—1

Again from the embeddings W2m—i—Llte(gn—1) <  [FHT(S"1) and
Witli+e(gn=1) <y Lam5-1(S"1) we get

IDE ol 22 < CIDE™ 7 DL e + CIIDE oy

J+1 =
< CR*™ D214 + C||DI o]y
and

IDZ" | e < OIIDG DI ul [ + C||DE™ My

ITm—j—1 —

< CRMY|IDI™ul 1+ + C||DZ™ 7 1.

Therefore
m—1 ) )
Us(R) < CR™ 3" (R D21 + || D29 L]y
§=0
x (R*™=371||D2™ 0|11 + || DI 1ol1)
m—1
+OR™ S (R D20 |1ge + [ D27 0] 1)
j=0

(14) x (R HIDE ull1ee + [1D3  ulln) -

Now we are ready to show that the upper bounds on each U;(R) converges to
zero for an appropriate sequence of R; when R; converges to infinity. To construct
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such a sequence, for any j = 0,---,2m — 1 and i = 2m — 1, 2m define the following
sets where M is a large constant that will be determined later.

Y () = {r € (R/2.R); | Divlls > MR
05 (R)i={r € (B/2,R); ||Djully > MR-

‘ ; _i_ (at2m)at(b+2m)
PP(R.0) = {r € (R/2,R): |[Divllie > MR 5 weemst-n)
(b+2m)p+(a+2m) Fe(2mta—i)

PO (R )= {r € (R/2, R); |Diullife > MR~ 25 }

Note that from Lemma 5 for either e > 0 and 0 <t <2m —1or ¢ > 0 and t = 2m we
have

_ (b+2m)p+(at2m) _
C>R n—+t+ pa—1 e(2m—t+a) / |D;’UJ|1+€
Br\Bry,2

_ (b 2m)p+(at2m) _
=R n+t+ pa—1 —e(2m t+a)/ ||Dtu||ii§ n— 1dT
R/2

So, for i = 2m — 1,2m we have

. (b+2m)p+(a+2m) -
C > R*"“JFT*E(Q’”*”“)/ || Diulli o™ dr
T (R,e)
_ 4 (b+2m)p+(a+2m) i 1 _ i (b+2m)p+(a+2m)
> MR n4i+ pa—1 e(2m Z+a)|rz(f) (R, €)|Rn lR i— Py +e(2m+a—1)

= MDY (R, )[R~

th@t is |F(i)(R €)] < ?VR. Similarly one can apply the same argument to show that
YR, )] < R T (R)| < SR and Y (R)| < Gl Therefore, we can choose M
large enough to make sure that

(4m +4)CR

L
M 3

(15) ZZ PR, e+

i=3 1=2m—1 i—1

9 <
r <

l

2 2m—
j=0

Hence, for each R > 1, we can find

(16)  Rie (R/2,R)\ { Ui,y UL, TO (R0, U205 U2 TV (R)] £ 6.

Now we use the sequence R; to get a decay estimate on each U;(R) where 1 <14 < 3.
Decay estimate on U;. From (12) we get

(—2m— (atzmatGrom) 4 gy 1 _ (at2m)a+(bt2m) \ PT1
Ui(R) < CR"™ | R{™R, pa=t T+ R, pa=t
(—2m— (2mpt(atam) | gy 1 _ (t2m)pt(atam) \ 4H1
+CR?+b (R?le pg—1 1+e + Rl pg—1 )
< C( (e) + R fi(e ))
where
2 b+ 2 1
pqg —

m
1+e p+1
1 n+b
—9m —
1+e€ g+1

i@ =+ 1| (2 +

(b+2m)p+ (a+2m) ae)
pg—1
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Decay estimate on Us. From (13) we get

m—1

(b+2m)p+(at2m) 1 . (b+2m)p+(at2m)
m— T tea —2mj1— E2mptlatam)
U (Rl < CR” 1 (RJ+1R Pa— ) Tte +Rl P
Jj=0
a+2m b+2m . a+2m b+2m
(Rzmle(—2m+1_<+ng+<l+>+e(b+1))ll+e + R_J_W>
l 1 :
= (i (—2m— let2matbe2m) 4y 1 Comji1 (at2m)at(br2m)
+CR?*1 Z R{JrlRl Pq < 4 Rl J =T
j=0
(R2m_j‘1R(2m“ e e ) e | i W)
l 1
(b+2m)p+(at2m) (b+2m) p+(at2m)
= 2mC RV (R(Qm (2PN fea) 1 n Rme pql)
= ' b

(at+2m)at(b+2m) (at2m)q+(b+2m)
(Rz(_2m e +eb) i “R) —2m— Dat( )

< CRl—fz(f)

where fo(€) is defined as

(17) f2(€)3——n+2m(1_€) (b+2m)(p+1) + (a+2m)(g+1) (a+be

1+e€ (pg—1)(1+¢) Cod4e
Similarly, from (14) one can show that
Us(R)) < CR; ™1,

From (28) and the upper bounds on each U; we have
3 ' .
L(Rl) < CZUi(Rl) <C (R;fz(e) —|—R;f1(é) —|—R;f1(€)> )
i=1

For each ¢ > 0 define f(e) := min{f1(e), fi(e), f2(€)}. So, L(R) < CR; 9. Now
to finish the proof we show that for ¢ > 0 small enough f(¢) > 0. Note that by a
straightforward calculation, one can see that erﬂll + Zﬁ’ > n — 2m is equivalent to
each one of the following inequalities.

(b4+2m)(p+1) + (a+2m)(qg+1)

(18) £2(0) = —n + 2m + pRSC -
(19) £0)=(p+1) ((a+2ml));]i—§b+2m) - ZI?) -
(20) f1(0)_(q+1)<(b+2m2)f;—_i-(1a+2m)_Zif)>O

Therefore, we can choose € > 0 small enough such that f(e) > 0. We now conclude
by sending R — oo that L(R;) =0 and then u =v =10. O

3. Liouville theorems for radial solutions via ODE arguments. In this
section we focus on the radial solutions of (1) and we prove Theorem 2. When we

)
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are dealing with radial solutions, the weight functions |z|* and |z|® would not change
the level of difficulty of the problem much. In other words, the methods and ideas
that are used for the case a = b = 0, can be directly adjusted. Therefore, we omit
some of the proofs. What we would like to emphasize in this section is how the radial
assumption make it easier to get decay estimates on solutions of (1), see Lemma 8
and Corollary 2. Since we do not need to apply Sobolev embeddings and regularity
theory, there will be no restriction on the dimension. The methods that we apply
here are strongly motivated by the methods used in [16, 15].

LEMMA 7. Suppose that (u,v) is a positive solution of (1), then (—A)'u > 0 and
(—A)w > 0 where i = 1,2,--- ,m.

Proof. The proof directly follows the methods given in [29] for polyharmonic
equations that is also used in [14] for polyharmonic systems. The idea is to define the
average function on dBp as it is defined in [18]. O

LEMMA 8. Letn > 3. Suppose that (u,v) is a positive radial solution of (1). Then
the following pointwise decay estimates hold for anyi =0,--- mandj=0,--- ,m—1
provided r > 0

2— (b+2m)p+(a+2m)

(=A)u(r) < Cpir™ pa—1
. . (a+2m)q+(b+2m)
(A1) € Oy g2 SR
. . (b+2m)p+(a+2m)
AT ()] < Crygmgr™ @77
. . (a+2m)q+(b+2m)
AT (1)] < Crpgr ™74 e
Proof. Define u; = (—A)*u where i = 0,---,m — 1. From Lemma 7 we have
u; > 0 and —Aw; > 0. Therefore, u, < 0. Note that from the definition of the
sequences (u;); we have u;41 = —Au; when i =0,--- ,m—1and r >0

r’ 1

T
_u;(r)rnfl — ;uile(T) — H/ u;+1(5)8"d$
0

Tn

> ;Ui-i-l(r)

that is ru;+1(r) < —nuj(r). On the other hand, since u; > 0 and —Awu; > 0 we have
ru} + (n — 2)u; > 0 that is —ru) < (n — 2)u;. Therefore,

_ o)\ it
71(”72)> u foralli=0,---,m—1.
,

(21) uir1(r) < (

In particular, w,(r) < (M)m u(r) and note that u,,(r) = (—A)"u(r) = r*v?(r).

7,2
Therefore,

(22) VP (r) < (n(n — 2))"r 2m =% (r).
Similarly, for v we get

(23) u?(r) < (n(n —2))™r 2" u(r).
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From (23) and (22) we get

u(r) < (n(n — 2))m(ppqt11)rfm+zmgw
w(r) < (n(n — 2))m )= SRR

Then from (21) and (23) we have for all i = 0,--- ,m

. p+1 i (a42m)+(b+2m)
wp = (—A)lu(r) < (n(n _ 2))l+m( +1 )’f‘imi +2 p;7bl+2 P

v = (—A)iv(r) < (n(n — 2))m(Far) pm2im S

IN

To get the other bounds on the derivative of u; and v; one can use 0 < —ru} < (n—2)u;
where 1 =0,--- ,m—1. 0

COROLLARY 2. Letn > 2m+1 form > 1. Suppose that (u,v) is a positive radial
solution of (1) and (2) holds. Then for any t,t =0,--- ,m and 5,5 =0,--- ,m—1
when R — oo
(24) R"A"W(R)||Afv(R)| — 0 where t +1=m
(25) )A%V'(R)| = 0 wheret+s=m—1
(26) R"YAW(R)||A%uW (R)| = 0 wheret+s=m —1
(27) R" A% (R)||A% (R)] — 0 where s +5 =m — 1.

Proof of Theorem 2. The idea is to apply the Pohozaev identity as in the proof

of Theorem 1. Since (p, ¢) satisfy (2), then we can choose A and 7 such that Zi? > A
n+b

and > v. Now, for all R > 1 define the following positive function of R that is
the left hand side of the Pohozaev identity

b
L(R) := (n—i—a — ,\) / |$|avp+1 + (ﬂ —”Y> / |x|buq+1,
p—|—1 Br Q+1 Br

From Lemma 6 and for either m = 2k or m = 2k + 1 it is straightforward to observe
that the following upper bound on L holds

(28) L(R) < OY Ui(R)

where C' = C(m,n, a,b,p,q) is independent of R and
Ui(R) := R”*“vp“(R) + R"ToudtH(R)

Uz(R) := R"™ 12 | A u(R)||A™ T (R)] + [A™ T u(R)|| AT (R)])
Us(R) := R"" IZ |ATu(R)||A™ T (R)| + [A™ T T Hu(R)|| AT (R)))
k—1 ‘
R”ZlN R)[|A™ 7 (R)| + R Y |A™ I u(R)|| AT o(R)]
7=0
k—1
R”ZIN R)[|A™ 7/ (R)| + R™ Y |A™ T u(R)|| AT u(R)).

J=0
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Not that to get this upper bound we have used the following facts. Suppose w, z are
radial functions defined on a ball then 0, w = d,w, Vw-Vz = w,z, and - Vw = rw,.
Therefore, for any R > 1

. |z 2 - v < CR™ T 0P TH(R)
p+1Jsp,
. lz’ut e v < OR™MPuTTH(R)
q+1 /o,

VAR Y- VAR vz - v < CR™| AR (R)|| A%/ (R)|

9BR
AFvd, AFu < CRM AR (R)|| AR (R)|
9BR

VA u - v - VAFu < CR™AM (R)|| AR (R)|

OBRr
I(u,v) < CR™ 7 (JA70(R)|A™ 774 (R) 4 |A™ 7 u(R)|A7 (R)])
§=0

To find an upper bound on J(u, v) we apply the fact that A/ (z-Vv) = 2jAJv+2-VAIvy
and then

k—1

J(u,v) < CpI(u,v) + Z/ ((:c VA D), AT — AT 9, (- VAjv))
j=0”/9Br
k—1 k—1
< Cnl(u,0) + R" Y AT (R)[|A™ 7/ (R)| + CR™ Y |A™ " u(R)|| AT o (R)|

j=0 Jj=0

k—1

+CR" Y AT u(R)|| AV (R)).
7=0

Note that in the above we have also used the fact that

O, (z - VAIv) = (RAVW(R)) = RATV'(R) + Al (R)

= RAVY(R) + (n — 1)AYW/(R) — (n — 2)A%/(R)

= RAT" 9 (R) — (n — 2) A%/ (R)

< OR|ATT'w(R)| + C|ATV (R)).
In what follows we apply Corollary 2 to show that L(R) — 0 as R — oo. Note that
Ui(R) < CR™|A™u| + CR™u|A™v|. Then applying (24) when ¢t = m and ¢ = 0 and
also when t = 0 and t = m, we get U;(R) — 0 as R — oo. From the decay estimates
(26) and (25) whent and saresettobe0 < j < kand0 < m—-k—1<m—j—1<m-1

we get Uz(R) and Us(R) — 0 as R — oo. Similarly, from the decay estimates (24)
and (27) we get Us(R) and Us(R) — 0 as R — co. Therefore,

(29) L(R) »0 as R— .

On the other hand, multiplying both equations of (1) with v and u we have

/ || P T :/ v(—=A)"u
BR BR
/ ||bvatt :/ u(=A)"v
Br Br
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m—1
/ vA™y — / uA"y = Z (A%&,Am_i_lu — Am_i_lu&,Aiv)
Br Bgr i=0 OBRr

m—1
< CR™' S AW AT (R)| 4 AT (R A (R)).
=0

Now applying Corollary 2 and in fact the decay estimates (26) when ¢t = ¢ and s =
m—i—1and also (25) whent =m—i—1land s =i weget [ vA™u— [ uA"™v =0
as R — oo. Therefore,

/ |;C|a’l)p+1—/ |z[’v9t - 0 as R — oc.
BR BR

From this, (29) and the fact that A + v = n — 2m we get the following as R — oo

b
(n—i—a + nto (n— 2m)) / |z Pt — 0
Br

p+1 qg+1

b
i—|—n+0b—(n—2m) / |z[budtt — 0.
qg+1 p+1 Br

From this and the fact that (2) holds we conclude that u = v =0. O
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