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Abstract

We extend the classical Pohozaev’s identity to semilinear elliptic systems of Hamiltonian
type, providing an alternative and simpler approach to the results of E. Mitidieri [8],
R.C.A.M. Van der Vorst [15], and Y. Bozhkov and E. Mitidieri [2].
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1 Introduction
Any solution u(z) of semilinear Dirichlet problem on a bounded domain Q C R™
Au+ f(u) =0in Q, u=0 on IN (1.1)

satisfies the well known Pohozaev’s identity

/ 2nF (u)+ (2 — n)uf(u)] dx:/ (z - v)|Vul|*dS . (1.2)
Q

o0

Here F(u) = [’ f(t)dt, and v is the unit normal vector on <2, pointing outside. (From the
equation (1.1), [, uf(v)dz = [, |Vu|®dz, which gives an alternative form of the Pohozaev’s
identity.) A standard use of this identity is to conclude that if Q is a star-shaped domain with
respect to the origin, i.e. x-v > 0 for allz € 9Q, and f(u) = u|u|P~!, for some constant p, then
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the problem (1.1) has no non-trivial solution in the super-critical case, when p > Z—Jjg In this
note we present a proof of Pohozaev’s identity, which appears a little more straightforward
than the usual one, see e.g. L. Evans [3], and then use a similar idea for systems, generalizing
the well-known results of E. Mitidieri [8]. After completing this work, we found out that this
result appeared previously in Y. Bozhkov and E. Mitidieri [2]. However, our proof is different,
and it appears to be much simpler. Similarly, we derive Pohozhaev’s identity for a version of
p-Laplace equation.

Let z =x - Vu = X7 2;u,,. It is easy to verify that z satisfies
Az + f(u)z = =2f(u). (1.3)

We multiply the equation (1.1) by z, and subtract from that the equation (1.3) multiplied by
u, obtaining

m;<wm—mmm+m£;%mwwﬂw>:wwm. (1.4)

Clearly,

n 8 . n
Ei:lxia_xi(2F —uf) = 21‘:18_:61_

[:(2F —uf)] — n(2F — uf).
We then rewrite (1.4)
SI (2t — ) + (2P () — uf ()], = 20F () + (2 — )uf(u) (15)

Integrating over 2, we conclude the Pohozaev’s identity (1.2). (The only non-zero boundary
term is X7 [, 2uq,v; dS. Since 09 is a level set of u, v = :I:lg—zl , l.e. ugy, = £|Vul|y;. Then
z ==x(z - v)|Vul|, and 37" ju,,v; = £|Vul.)

It appears natural to refer to (1.5) as a differential form of Pohozaev’s identity. For radial
solutions on a ball, the corresponding version of (1.5) played a crucial role in the study of
exact multiplicity of solutions, see T. Ouyang and J. Shi [9], and also P. Korman [6].

2 Non-existence of solutions for a class of systems
The following class of systems has attracted considerable attention recently

Au+ Hy(u,v) =0 in Q, u=0 on o

Av+ Hy(u,v) =0 inQ, v=0 on 9N, (2.1)

where H(u,v) is a given differentiable function, see e.g. the following surveys: D.G. de
Figueiredo [4], P. Quittner and P. Souplet [13], B. Ruf [14], see also P. Korman [5]. This
system is of Hamiltonian type, which implies that it has some of the properties of scalar
equations.

More generally, we assume that H(u1,ug, .. ., Um, V1, V2, . . ., Uy ), with integer m > 1, and
consider the Hamiltonian system of 2m equations

Aup+ Hy,, =0inQ, up =0 on o, k=1,2,....m

Avp+H,, =0inQ, vy =0 0n0Q, k=1,2,....,m. (2.2)
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We call solution of (2.2) to be positive, if ug(z) > 0 and vg(x) > 0 for all x € 2, and all
k. We consider only the classical solutions, with u; and vy of class C?(Q) N C*(Q). We have
the following generalization of Pohozaev’s identity, see also [2].

Theorem 2.1 Assume that H(u1,us, . . ., Um, V1,02, ..., 0p) € C2(RT x R™)NC(RT x RT).

For any positive solution of (2.2), and any real numbers aq, ..., anm, one has
Jo 2nH (u,v) + (2 = n)ZRy (akupHu, + (2 — ax)veHy, )] do (2.3)
=250 [oq(@ - v)|Vug|[Vui| dS . '
Proof. Define pr = - Vup = X1 Tiukg,, and g = - Vo = X7 120k, kK = 1,2,...,m.
These functions satisfy the system
Api + X7 Hopu;pj + X7 Hypoyq5 = —2Hy,,, k=1,2,...,m (2.4)
Agr + X7 Hupu;pj + B Hupoy @5 = —2Hy,,, k=1,2,...,m.

We multiply the first equation in (2.2) by ¢k, and subtract from that the first equation in
(2.4) multiplied by vi. The result can be written as

27 [(Wkai Gk — PrwsUk)z; + (— Uk Qha: + Vka,Pkay)) (2.5)
+Hyqr — X7 Hyyu; ok — X5 Hypo; @0k = 208 Hy, - ’

Similarly, we multiply the second equation in (2.2) by pg, and subtract from that the second
equation in (2.4) multiplied by ug, and write the result as

20 [(Vkae Pk — Qha i)z, + (—VkaPhas + Ukz,Qka;)) (2.6)
+Huy,pr — XL Hypuyjue — X5y Huyoy qiue = 2uHy, - ’

Adding the equations (2.5) and (2.6), we get

Sy [k Gk — PhaVk + Vka, Dk — Qha k), + HuwDPr + Hop i — 370 Hypu; pju
—Z}”ZlHuwj qjur — Z}”Zlekujpjvk — E}”Zlewj qjvr = 2upHy, + 20, H,, .

We now sum in k, then switch the orders of summation in ¢ and k in the second group of
terms on the left (the ones involving H), putting the result into the form

S By ke, Gk — PhasVk + Uk, Dk — Qha;Uk)
1 @y (2H — S upHo, — S opHoy ), = 2550w Ho + 2550 0, Ho

Writing,

2?:1331'3%1-(211 - Sl ueHy, — XL v Hy,) = 2?:1,9%1. [z:(2H — X3 upHuy, — 531 vp Hy, )]
—n(2H — X0 yurHy, — 37 v Hy,) ,

we obtain the differential form of Pohozaev’s identity

221:12?:1 [ukxi qk — Pkx; Vk + Vkx; Pk — Qka; Uk + x; (2H - ZzlzlukHuk - Eznzlkavk)]
=2nH + (2 —n) (27 upHy, + 270 Hy, ) .

X4
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Integrating, we obtain as before

fﬂ [2nH (u,v) + (2 —n) (Z7upHy, + 370 Hy, )| de

=25, [ (e 1)Vl [V dS @7)

(Since we consider positive solutions, and 91 is a level set for both uj; and vk, we have
_IgZZI = _Ig—Z:I’ ie., up; = —|Vug|y; and vg; = |[Vogly; on the boundary 99.) From
the first equation in (2.1), [, vxHy, dz = [, Vug - Vg dz, while from the second equation

JourHy, dz = [, Vuy - Vop dz, i.e., for each k

/kav,c dr = / upH,, dx.
Q Q

Using this in (2.7), we conclude the proof. O

VvV =

Remark Here and later on, we consider only the classical solutions. Observe that by our
conditions and elliptic regularity, classical solutions are in fact of class C3(Q2), so that all
quantities in the above proof are well defined. Also, it suffices to assume that 2 is star-
shaped with respect to any one of its points (which we then take to be the origin).

As a consequence, we have the following non-existence result.

Proposition 1 Assume that Q is a star-shaped domain with respect to the origin, and for
some real constants aq, ..., 0y, and all ugp > 0, v > 0, we have

nH + (2 —n)X[L (apupHy, + (1 — ag)vpHy,) < 0. (2.8)
Then the problem (2.2) has no positive solutions.

Proof. We use the identity (2.3), with ax/2 = «ai. Then, assuming existence of positive
solution, the left hand side of (2.3) is negative, while the right hand side is non-negative, a

contradiction. &
Example Assume that m = 2, and consider H(uj,v1,us,v2) = %(’Uf + ) + ujus, with
p > %, and r + s > % Then the inequality (2.8) holds, with a1 = ag = % It follows

that the system
Aup+0P"'=0 inQ, w3 =0 ondf,
Avy +rui " us =0 in Q, vy =0 on 09,
Aug+v5' =0 inQ, uy=0 ondN,
Avg + su’iugfl =0 inQ, vg = 0 on 0N
has no positive solutions.
In case m = 1, we recover the following result of E. Mitidieri [8]. We provide some details,

in order to point out that some restrictions in [8] can be relaxed.

Proposition 2 Assume that Q is a star-shaped domain with respect to the origin, and for
some real constant o, and all u > 0, v > 0 we have

auH,(u,v) + (1 — a)vH, (u,v) > H(u,v). (2.9)

n
n—2
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Then the problem (2.1) has no positive solution.

Comparing this result to E. Mitidieri[8], observe that we do not require that H,(0,0) =
H,(0,0)=0.

An important subclass of (2.1) is

Au+ f(v) =0 inQ, u=0 on I (2.10)
Av+g(u) =0 in Q, v=0 on IQ, '
which corresponds to H(u,v) = F(v) + G(u), where as before, F(v) = fov f@)dt, G(u) =
fou g(t) dt. Unlike [8], we do not require that f(0) = g(0) = 0. The Theorem 2.1 now reads as
follows.

Theorem 2.2 Let f, g € C(R,). For any positive solution of (2.10), and any real number
a, one has

Jo 2n(F(v) + G(u) + (2 = n) (avf(v) + (2 = a)ug(u))] dz

2.11
=2 [, (x - v)|Vul| Vo] dS. (2.11)
We now consider a particular system
Au+vP =0 in Q, u=0 on 0 (2.12)
Av+g(u) =0 1in Q, v =0 on I, '
with g(u) € C(R,), and a constant p > 0.
Theorem 2.3 Assume that Q is a star-shaped domain with respect to the origin, and
n
nG(u)+(2—n (1—7>u u) <0, forallu>0. 2.13
W+ @=n (1= gy ) v (213)

Then the problem (2.12) has no positive solution.

Proof. We use Pohozaev’s identity (2.11), with f(v) = vP. We select the constant a, so that
2nF(v) + (2 —n)avf(v) =0,
2n

= =2)(p+D)-
(2.11) is negative, while the right hand side is non-negative, a contradiction. &

ie., a Then, assuming existence of a positive solution, the left hand side of

Observe that in case p = 1, the Theorem 2.3 provides a non-existence result for a bihar-
monic problem with Navier boundary conditions (in E. Mitidieri [8], a separate identity was
used to cover the biharmonic case)

A?u=g(u) inQ, u=Au=0 on . (2.14)

Proposition 3 Assume that Q) is a star-shaped domain with respect to the origin, and the
condition (2.13) holds. Then the problem (2.14) has no positive solution.
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Finally, we consider the system

Au+vP =0 inQ, u=0 on 0N

Av+u?2=0 inQ, v=0 on 0. (2.15)

The curve ﬁ + qJ%l = "T*Q is called a critical hyperbola. We recover the following well

known result of E. Mitidieri [8], see also R.C.A.M. Van der Vorst [15]. (Observe that we relax
the restriction p, ¢ > 1 from [8].)

Proposition 4 Assume that p, ¢ > 0, and

<2, (2.16)

Then the problem (2.15) has no positive solution.

Proof. Condition (2.16) is equivalent to (2.13), and the Theorem 2.3 applies. &

In case p = 1, we have the following known result, see E. Mitidieri [8].

Proposition 5 Assume that Q is a star-shaped domain with respect to the origin, and q >
"—Jjj Then the problem

n

Au=u? inQ, u=Au=0 on I

has no positive solutions.

3 Pohozhaev’s identity for a version of p-Laplace equa-
tion

We consider the following version of p-Laplace equation

DI (;zw(ux) + f(u) =0 in§, u=0 on IN. (3.1)

Here ¢(t) = t[t|P72, with a constant p > 1. This is a variational equation for the func-
tional / [l (lug, [P+ ...+ |ug, |P) — F(u)| dz. This equation is known to the experts, see P.
Lindqvigslt [17)], but it has not been studied much.

Observe that p(at) = aP~1p(t), for any constant a > 0. Also, ¢/(t) = (p — 1)[t|P72, i.e.,

te'(t) = (p—1)e(t) . (32)
Letting, as before, z = - Vu = X7 x;u,,, we see that z satisfies
. 0
Eiig W (we)ze] + f1(w)z = —pf(u). (3.3)

To derive (3.3), we consider u®(x) = u(sz), which satisfies

. 0
Y 87‘%’(

0 s\ D s
(?sciu )= —sPf(u’). (3.4)
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2

(To see that, it is convenient to write (3.1) as Z?le’(aiu)%u + f(u) =0.) Then differ-
XL Ty

entiating (3.4) with respect to s, and setting s = 1, we obtain (3.3). (Alternatively, to derive
(3.3), one could differentiate (3.1) in z;, then multiply by z;, and sum in j.)

Proposition 6 Any solution of (3.1) satisfies

/ [pnF () + (p — n)uf(w)] dz = (p—1) / (& - v)|Vul Sy 0| Vulv)vs dS,  (3.5)
Q o0

where v; is the i-th component of v, the unit normal vector on 0X), pointing outside.

Proof. Multiply the equation (3.1) by z, and write the result as

(p— 1%, i [20(ue, )] = (p = D1 () 20, + (p = 1) f(u)z = 0. (3.6)

=1 83:1

Multiply the equation (3.3) by u, and write the result as

a / n / /
Ticr g e (e 20, ] = By e, ¢ (s, )2, + f'(w)uz = —puf(u). (3.7)

We now subtract (3.7) from (3.6). In view of (3.2), we have a cancellation, and so we obtain

O (o= Drplun,) — g () 20,] + [(p — 1) () = uf ()] 2 = puf(u)

P
=1 83:1
As before,
(0= 1) () = wf ()] 2 = Sy (F () — uf(w)) 6s)
=21 g0 [wi(pF (u) — uf(w))] — n(pF(u) — uf(u)).
This gives us a differential form of Pohozaev’s identity
Sy gy (0 = Vzp(us,) — up! (ue,) 20, + 2i(pF (u) — uf(u))] (3.9)
=pnF(u)+ (p —njuf(u).
Integrating, and using the divergence theorem, we conclude the proof. &

For star-shaped domains, the right hand side of (3.5) is non-negative, so if
pnF(u)+ (p—n)uf(u) <0 for all u,

then the problem (3.1) has no non-trivial solutions.

Example For star-shaped domains, the problem
9 r—1 :
Ei:l%w(umi) +ulul"7 =0 inQ, u=0 on IN

has no non-trivial solutions, provided the constant r satisfies r > W%:l:p.
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