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Abstract

The Paneitz operator is a fourth order differential operator which arises in conformal geometry and satisfies a certain covariance
property. Associated to it is a fourth order curvature — the Q-curvature.

We prove the existence of a continuum of conformal radially symmetric complete metrics in hyperbolic space H", n > 4, all
having the same constant Q-curvature.

Moreover, similar results can be shown also for suitable non-constant prescribed Q-curvature functions.
© 2007 L'Association Publications de I'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The fourth order Paneitz operator arises naturally in conformal geometry, when one looks for higher order elliptic
operators enjoying some covariance property. We shall be concerned with a corresponding semilinear equation, which
comes up when searching conformal metrics with a certain prescribed fourth order curvature invariant — the so-called
Q-curvature.

Let (M", g) be a Riemannian manifold of dimension n. The objective of conformal geometry is the following: can
one change the original metric g conformally into a new metric # with prescribed properties? This means that one
searches for some positive function p such that 2 = pg and the conformal factor p has to satisfy an elliptic boundary
value problem.
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E.g. forn > 2 let Ly := —c, Ay + R, be the conformal Laplacian, where A is the Laplace Beltrami operator,

¢y =4 —1)/(n —2) and R, is the scalar curvature. If one sets the conformal factor p = u ﬁ, u > 0 then it is well
known that L has the following conformal covariance property:

2
Yo e C¥(M):  Ly(up) =ur=2Ly(p).

If one prescribes the scalar curvature Rj, for the metric & then u has to satisfy the second order equation
n+2 n+2
Lg(u)=un2Lp(1) = Rpunr=2. (1

In the case Rj, = const. this is the so-called Yamabe problem. In the case Ry, is a prescribed function it is called the
Nirenberg problem.

It turns out that there are many operators beside the conformal Laplacian L, on general Riemannian manifolds of
dimension greater than two which enjoy a conformal covariance property. A particularly interesting one is the fourth
order operator P, on n-manifolds discovered by Paneitz in 1983, which can be written for n > 4 as:

. . n—4
Py = A + divg(ay Ry 1d —b, Ricy) Vy + —— Qs
D=2 b, = —n472. Here Ric: TM — T M is the (1, 1)-tensor given by Ric{ = g/k Ricy;, the op-
erator Vg produces the gradient vector-field of a function and div, the divergence of a vector-field. Further, the
Q-curvature is given by

)
where a, = 2(” 244

nd —dn®+16n—16 , 1
R2 — A
8n—12m—2)2 "¢ 2(n—1)

2 . 2
Q¢ =———=|Ricg|” +

(n —2)? sk

with |Ric|2 :=Ric;; Ricyy g”‘ gf ¢ In weak form the Paneitz operator may be written

. n—4
/(Pgu)go dvg = / <AguAg<p —anRg(Vou, Vo) — by Ricg (Vou, Vo) + Tngp) dvg
M M

for all ¢ € C3°(M). In the case n > 4, the conformal factor is usually chosen in the form p = u* =%y > 0 and the
conformal covariance property of the Paneitz operator reads as follows:

M
VYo e C(M):  Py(up) =ur=Py(p).

If one prescribes the Q-curvature for the metric ~ by a function Qy, this leads to the equation

s
INES

n+4 n—4 n
Pg(“)=u”_4ph(1)=TQhM"_ , (2)

which is a fourth order analogue of (1).

Natural generalizations of problems from second order conformal geometry like the Yamabe problem, the Niren-
berg problem or also existence, uniqueness and regularity for equations involving the Paneitz operator or biharmonic
mappings are obvious and interesting questions are to be studied. We refer to the survey articles of Chang [2] and
Chang, Yang [7] and to the lecture notes [3] for more background information on the Paneitz operator

In the present paper the manifold (M", g) is the hyperbolic space H" with its standard metric. We focus on finding

a complete metric h = U = g on H" such that 4 has prescribed Q-curvature. We give conditions on Q (which include
the case Q = const.) such that an entire continuum of mutually distinct complete radially symmetric conformal metrics
exists all having the same prescribed Q-curvature. In the case where Q = %n(n2 — 4) this family contains in its
“center” the explicitly known standard hyperbolic Poincaré metric, and at least a sub-continuum of these metrics has
negative scalar curvature.

We point out that it is surprising to find such highly non-unique solutions. In previous work on the second order
Yamabe problem, uniqueness of metrics with constant scalar curvature was found in the case of H" by Loewner—
Nirenberg [22]. In the case of S” uniqueness (up to isometries) was proved by Obata [26] and later by Caffarelli,
Gidas and Spruck [1] and Chen and Li [8]. In the fourth order Paneitz problem, uniqueness (up to isometries) of
metrics with constant Q-curvature on S" was found by Chang and Yang [6] for n = 4, by Wei and Xu [31] and
C.-S. Lin [21] for n > 4 and by Choi and Xu [9] in the exceptional case n = 3.
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In our setting we chose (M, g) to be a non-compact manifold. In contrast to this non-compact case, the literature
for the existence of solutions of the prescribed Q-curvature problem on compact manifolds is considerably bigger.
We only give a brief survey on results concerning fourth order Paneitz operators. In Chang and Yang [5], Wei and
Xu [30] and Gursky [19] existence results for the constant Q-curvature problem in compact 4-manifolds are given.
Recent work of Djadli and Malchiodi [13] provides further extensions and completions of these works.

On compact manifolds of dimension greater then 4 existence results were given for Einstein manifolds by Djadli,
Hebey and Ledoux [12] and in the case of invariance of both the manifold and Q-curvature function under a group of
isometries by Robert [29]. On the sphere S” we refer to results of Djadli, Malchiodi and Ould Ahmedou [14,15] and
Felli [16].

1.1. The main results

As a model for hyperbolic space H" we use the Poincaré ball, i.e. H" is represented by the unit-ball B = B{(0) C
R™ with standard co-ordinates x1, ..., x, and the Poincaré metric g;; =4/(1 — |x 1%)25; . Since H" is conformally flat

we may seek the metric & of the form h;; = U = gij=1u ﬁ&- ; and the corresponding differential equation (2) for u
reduces to

n—4
Ay = TQM<"+4>/<"—4>, u>0 inB, u|dB = co. (3)
The condition u|d B = oo is necessary (and as we shall show also sufficient) for completeness of the metric 4. For
U =1 we are at the Poincaré metric. In this case the conformal factor is given explicitly by

2 (n—4)/2
up(x) = <7> . “4)

1— x|

/ (”_4)8,~ 7)ij With ug as above has constant Q-curvature Q = %n(n2 —4).

The Poincaré metric (ug
1.1.1. Infinitely many complete radial conformal metrics with the same constant Q-curvature

Theorem 1. For every o > 0, there exists a radial solution of the prescribed Q-curvature equation (3) in the unit ball
with Q = %n(n2 — 4), infinite boundary values at 9 B and with u(0) = «. Moreover,

(1) the conformal metric (ut =9 dij)ijon B is complete;
(i1) ifu(0) > 0 is sufficiently small then the corresponding solution generates a metric with negative scalar curvature.

The existence proof is given in Section 2. Closely related results can be found in a recent and independent work of
Diaz, Lazzo and Schmidt [10]. Statement (ii) is discussed in Section 3.

According to forthcoming work [11] of Diaz, Lazzo and Schmidt, one has, for the solutions constructed in Theo-
rem 1, that asymptotically forr 7 1

u(r)y ~C(1 —r2)=m72

where C = C(n) does not depend on the solution. Furthermore, the derivatives of u exhibit a corresponding uniform
behavior. This is an even more precise information than just completeness of the conformal metric. However, for the
less far reaching statement (i) of completeness, we provide a relatively simple and elementary independent proof in
Appendix A.

Eq. (3) is invariant under Moebius transformations of the unit ball. But the only solution which is invariant under
all Moebius transformations of the unit ball is the explicit solution (4). Hence, we also have infinitely many distinct
non-radial solutions, which is again in striking contrast to the second order analogue of (3). The following is an open
problem, which we could not solve in this paper but hope to address in future work:

Find a geometric criterion, which singles out the explicit solution (4) among all other solutions of (3).

One might guess that among all radially symmetric metrics the explicit Poincaré metric is uniquely characterized by
a condition of the kind

1
—C<R,<—=<0
C
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with a suitable constant C. This is, however, wrong, since it follows from the result of [11] that for every radial
solution u of (3) one has that the scalar curvature of the generated metric satisfies lim,_.1 R, = —n(n — 1). It is,
however, trivially true that the Poincaré metric is the only one with R, = —n(n — 1).

1.1.2. Infinitely many complete radial conformal metrics with the same non-constant Q-curvature
For smooth positive radial functions Q : B — R we give suitable assumptions on Q such that the conformal metric
=9, 7)ij has Q-curvature equal to the given function Q. We can prove a result, which is analogous to Theorem 1.

Theorem 2. Let Q € C 110, 1] and assume that there are two positive constants Qo, Q1 > 0 such that 0 < Qg <
Q(r) < Q1 on [0, 1]. Suppose further that there exists q € [0, 1) such that rQ'(r) = —q Q(r) on [0, 1], i.e., r1Q(r)
is monotonically increasing. Then, for every a > 0, there exists a radial solution of the prescribed Q-curvature equa-
tion (3) in the unit ball with infinite boundary values at 9 B and with u(0) = a. Moreover,

() the conformal metric (u*/ (”_4)8,:,'),1/ on B is complete;
(ii) ifu(0) > 0 is sufficiently small, then the corresponding solution generates a metric with negative scalar curvature.

Infinitely many solutions have also been observed by Chang and Chen [4] in a different conformally covariant
fourth order equation in R* with exponential nonlinearity.

R. Mazzeo pointed out that perturbation methods developed by F. Pacard and him [24] might also apply in the
present situation in order to construct neighbourhoods of non-radial solutions close to our radial ones.

2. Shooting method
2.1. Constant Q-curvature

Here we look for radial solutions of (3). By means of a shooting method we shall construct infinitely many distinct
solutions. Applying the special Moebius transforms

Beb = e 2)) ?
¢a:B =B, ga) =@ — (et =Dr—rrss (X~ op

we even find non-radial solutions by setting
0= Jé:“‘)/(zn) ‘U0,

where Jy, is the Jacobian-determinant of ¢,. All these conformal metrics have constant Q-curvature %n(n2 —4) and
a continuum of them has negative scalar curvature.
In order to construct solutions of (3) with Q = %n(n2 —4), we do this for the simplified problem

A%y =y /=Dy S0 in B, u|0B = oo.

By a simple scaling argument both boundary value problems are equivalent. For radial solutions we study the initial
value problem

d a\\?

Alu(r) = (rl_"a (r"_l 5)) u(r) =u(r)tH/=H 50, ©)
u@0=a, u'0)=0, Au0)=p, (Au)(0)=0,

where o > 0, B € R are given. If necessary, um /(=4 will denote also the odd extension to the negative reals;

however, we mainly focus on positive solutions. It is a routine application or modification of the Banach fixed point

theorem or the Picard-Lindelsf-result to show that (6) always has unique local C*-solutions.
It is a simple but very useful observation that the initial value problem enjoys a comparison principle, see [25]:

Lemma 1. Let u, v € C*([0, R)) and Q € C([0, R)), O > 0 be such that

{Vr €[0,R):  A%u(r) — Q(r)u(r) /=D > A2y(r) — Q(r)v(r) T/ (=), 7
u(0) >v(0), w'(0)=v'(0)=0, Au(0)>Av(0), (Au)(0)=(Av)'(0)=0.
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Then we have
Vrel0,R): u(r)zv(r), uw'()=v'(), Au@r)=Avr), (Aw)'(r) = (Av) (). ®)
Moreover,
(i) the initial point O can be replaced by any initial point p > 0 if all four initial data at p are weakly ordered,

(i1) a strict inequality in one of the initial data at p > 0 or in the differential inequality on (p, R) implies a strict
ordering of u,u’, Au, Au' and v,v', Av, Av' on (p, R).

The problem (6) has the following entire solutions
[n(n? = 4)(n — H]'T

(V2 = 4)(n — 4) + (@2/ =92 "7

of (6) with o > 0 and suitably chosen By := fo(«) := AUy (0). It is known that these solutions are the only positive
4

Ug(r) = 9

entire solutions of (6), cf. [21,31]. The metric & = Uam d;; arises as the pullback of the standard metric of the sphere
S™ under a stereographic projection to R” .

For our purposes it is enough to show the following result: the solution Uy, is a separatrix in the r—u-plane, i.e., if
we fix @ > 0 and consider 8 as a varying parameter then U, separates the blow-up solutions from the solutions with
one sign-change, which lie below U, .

Lemma 2. Let o > 0 be fixed. Then, for > By, the solution u = uy g blows up on a finite interval, which we denote
by [0, R(«, B)). The blow-up-radius R(«, B) is monotonically decreasing in .

Proof. It is useful to have the explicit solutions

-\ 2\ —(1=4)/2
Va(")=0€<1—(k—> ) , (10)

of (6) at hand, where Ay = a2/ H[n(n? — H)(n — 4)]1Y/*. We fix any o > 0, some B8 > fo(«) and look at the
corresponding solution u = uy g of (6). In order to see that u'(r) — U} (r) is strictly increasing, note first by Lemma 1
that Au(r) — AUy (r) is positive and strictly increasing. Since u'(r) — U, (r) = fol rt" Y (Au — AU)(rt) dt it follows
that u’(r) — U/ (r) is also strictly increasing. So u(r) cannot converge to 0 and hence has to become unbounded as r
is increasing. By integrating successively the differential equation of u# we find R large enough such that

u(R)>0, u'(R)>0, Au(R)>0, (Auw)(R)>0.
Since limg_, o V() = 0 locally uniformly in C 4, we can find a sufficiently small & > 0 such that

u(R) > Vz(R), u'(R)>Vi(R), Au(R)>AVz(R), (Au)'(R)> (AVy)(R).

But then, the comparison principle Lemma 1 shows that Vr > R: u(r) > V5(r) and hence, blow up of u at some
finite radius R(«, 8). The monotonicity of R(w, 8) is also a direct consequence of Lemma 1. O

Lemma 3. Let o > 0 be fixed. The blow-up radius R (o, B) is a continuous function of B € (8o, 00).

Proof. Let 8 > By be arbitrary but fixed and let denote u = u,, g the corresponding solution of (6). The continuity
from the right

BB = R pi)— R p)

follows directly from the monotonicity of R(«, ) in § and continuous dependence on initial data. Only continuity
from the left has to be proved.

First we show that for r close enough to R = R(«a, B) the functions u, u’, Au and (Au)’ are finally strictly increas-
ing. For u, ", Au and r"! (Au)’, this follows from successive integration of the differential equation, since the
relevant quantities become — at least finally — positive. It remains to consider u’(R — 0) and (Au)' (R — 0).
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We observe that
R

oo=R""1W'(R-0) =/r"_1Audr; (11)
0
R R
oo:R”—l(Au)’(R—0):/r"—1A2udr:fr”—1u<"+4>/<"—4> dr. (12)
0 0

From this we conclude for r /' R:

1

. n—1
(M) (r) = / (5) w5y ds = r / () "V gy,
r
0 0

1 1
_ 4 _
(Au)”(r)=/(u(rt))(n+4)/(n 4)t"*1dr+r%/(u(n))8/‘” Y (rt)t" dt — +oo by (12);
P

0 0
r 1

n—1
u’(r)=/(£> Au(s)ds:r/t”_lAu(rl)d[,
r

0 0
1 1

u'(r) = /t"_lAu(rt) dt +r / t"(Au) (rt)dt — +oco by (11).
0 0
Moreover, for later purposes we note that for r ,/ R
1 1
u”(ry=2 / "(Au) (rt)dt +r / "N AW (rt) dt
0 0

-
1

/s"(Au)'(s)ds —-C> EAu(r) —C — +o0.

0

Z o+l

Here, C denotes a constant which depends on the solution u.
Now, we consider a sequence fB; /' 8. By monotonicity we have R(«, ;) > R(«, ). For #; > 1, which will be
adequately chosen below, we define the function

v (r) =1, g (i) (13)

Tk
which solves the same differential equation as uy, g. We find values ro — § < rg < R(«, B) such that
ug,p(ro) >0, M&,g(ro) >0, Augp(ro) >0, (Augp) (ro) >0,

and all these quantities are strictly increasing on (r9 — &, R(«, 8)). By continuous dependence on data, for S close
enough to 8 we also have

o (70) > 0, g g (r0) >0, Autg g, (r0) >0,  (Aug,p) (r0) > 0.

For suitably chosen #;, we conclude that

4-n))2 ro 4—n))2
vk(ro)=l;§ "/ Mﬁ(g) <t,§ m/ Ug,p(ro) < ug,p (ro),

2-m)/2 ro 2-m)/2
vpro) =1 “&ﬁ(g) <yt U, p(ro) < g g, (ro),
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ro

—n/2 —n/2
Avi(ro) = I nf Aua,ﬂ(;) < I n Auo{,ﬁ(r()) < Aua,ﬁk (ro),

—n— ro —n—
(Avg) (ro) =1 " M(Aua,ﬂ)/(g) <P (Aug p) (r0) < (Aug,p,) (o).

By continuous dependence on data, we may achieve
'\l (k— ).
The comparison result of Lemma 1 yields for r > rg:
Ug, g (r) = v (r).
This gives finally
R(a, B) < R(e, Br) < R(vg) = R(e, B) -ty — R(w, B) as k — oo,

where R(vi) denotes the blow-up-radius of vg. The proof is complete. O

Lemma 4. Let o > 0 be fixed. Then, for the limits of the blow-up radius R(«, 8), one has:
lim R(a, B) = o0, lim R(a, 8) =0. 14
Jm (a, B) s (a, B) (14)

Proof. The first claim is just a consequence of the global existence of the solution for 8 = By and continuous depen-
dence of solutions on the initial data. The proof of the second statement relies upon some rescaling arguments. First
we note that the same argument as in the proof of Lemma 2 shows that R(0, 1) < co. By the comparison result from
Lemma 1 we conclude that

VYo' >0: R(a’,1) <R(0,1) < oo. (15)

For g > 0 we find the relation

o o \ Y=
s (oo ((2)) w

where o is chosen such that

n/(n—4)
B= (ﬁ) ie. o =a.-pémI/n
- , le. .

o
Obviously, o’ \ 0 for 8 /' 0o. We read from (16) and (15) that

I\ 2/ (n—4) I\ 2/(n—4)

—Ra. DL « — —2/n

R(a, B) = R(c', 1) < RO, 1) =R, D",
o o

whichtendstoOas 8 — co. O

Theorem 3. For every a > 0 there exists a radial solution of (6) with u(0) = « which blows up at r = 1. Moreover,

(1) ifu,u are two such solutions with u(0) < uu(0) then Au(0) > Au(0),

(i) if 0 < u(0) < [n(n* — H)(n — 4)]% then the corresponding solution generates a metric with negative scalar
curvature.

Proof. Let a > 0 be fixed, and denote by uy g the solution of (6). According to Lemmas 3 and 4, we find a suitable
B > Bo(a) such that for the blow-up-radius, we have precisely R(«, 8) = 1. Property (i) is a consequence of Lemma 1.
To see property (ii) note that under the hypothesis 0 < u(0) < Vq,(0) with g = [n (n2 —4dH(n—4)] at we find by (i)
that Au(0) > AV,,(0) > 0 and hence Au > 0 on [0, 1). Thus by Lemma 8 below the solution u generates a metric
with negative scalar curvature. 0O

In order to conclude the proof of Theorem 1, it remains to prove the completeness of the induced metrics. Indeed,
these metrics are complete, see Appendix A.
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2.2. Nonconstant Q-curvature

To obtain radial solutions of (3) for a prescribed smooth radial Q-curvature function Q: B — R we also use the
shooting method. For simplicity let Q := % Q. We then study the problem

APu=Qumt¥/ =" >0 inB,  uldB=o0, a7

such that the conformal metric (u®/®=%§; 7)ij has Q-curvature equal to the given function Q. In all of our discussion
we make the following assumptions on the function Q:

(Q1) there are two positive constants Qq, Q1 such that 0 < Q¢ < Q(r) < Qpon][0,1], Q e Clo, 1],
(Q2) there exists ¢ € [0, 1) such that 7 Q'(r) > —g Q(r) on [0, 1], i.e., ¥4 Q(r) is increasing.

We extend Q as a C!-function to [0, co) which is bounded on [1, co) and satisfies (Q1), (Q2) on [0, c0).

Theorem 4. Let Q satisfy (Q1), Q(2). For every a > 0, there exists a radial solution of the prescribed Q-curvature
equation (17) in the unit ball with infinite boundary values and with u(0) = «. Moreover,

(1) if u,u are two solutions with u(0) < uu(0) then Au(0) > Au(0),
(ii) ifu(0) > 0 is sufficiently small then the corresponding solution generates a metric with negative scalar curvature.

The initial value problem for (17) takes the form

2
Azu(r) = (rl_"% (r”_l Ba_r>> u(r) = Q(r)u(r)(”+4)/(”_4), r >0, (18)

u@ =ca, u'©0)=0, Au(0)=p8, (Au)(0)=0,

where & > 0, 8 € R are given. Existence and uniqueness of local C*-solutions denoted by g 1s standard.
We recall from (9) the definition of 8y = Bo(a) = AU, (0) < 0.

Lemma 5. Let a > 0 be fixed. Then there exists a value B* € [/ Q1B0, v/ QoPol with the following properties:

(i) For —oo < B < B* the solution uq, g is decreasing and has a finite first zero.
(ii) For B > B* the solution uq g blows up on a finite interval [0, R(«, B)). For fixed «, the blow-up-radius is de-
creasing in B.
(iii) For B = B* the solution u g+ exists on [0, 00) and converges to 0 at co.
Proof. For simplicity we assume that 1 < Q(r) <2forr € [0, 00). As in the proof of Lemma 2 we find with the help

of the same subsolution V(r) (@ > 0 small enough) that for 8 > f the solution uy, g must blow up at a finite value
_ _ _ nt4
R(a, B). Likewise, we can use the functions U, (1) := Ua(f/ir) solving A20, =204~ on [0, 00) as supersolutions

to see that for 8 < /2 the solutions uqy, g have a finite first zero. Hence we can define
B* :=sup{B € R: uqy p has a finite first zero} = inf{8 € R: uy, g blows up at a finite value},

where it is easy to see that the two numbers coincide. Moreover, 8* € [ﬁﬁo, Bol. Finally, the solution u4, g+ must
exist on [0, 0o) and can therefore only decay to O at co. O

Lemma 6. Let o > 0 be fixed. Then, the blow-up radius R(a, B) is a continuous function of p € (8*, o0).

Proof. Let 8 > B* be fixed. Continuity of the blow-up radius from the right follows as before. For the continuity from
the left one shows first that for r close enough to R = R(«, B) the functions u, u’, Au and (Au)’ are finally strictly
increasing. For u, r"~'u’, Au and r"~'(Au)’, this follows from successive integration of the differential equation. To
see the strict monotonicity of u’, (Au)’ near the blow-up point one finds as before
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R
oo:R"flu’(R—O)zfr”*lAudr; (19)
0
R R
0o =R"(Au) (R —0) = / P IA2udr = / Lo u T/ =S gy (20)
0 0

From this we conclude for r / R:
r n—1 1
, s ~ a4 ~ ntd nel
(Au)'(r) = /(—) O )ur=2(s)ds = r/ Q@rtyun=3(rt)t" " dt,
r
0 0

n+4
n—4

1 1
(Au)”(r):/Q(rt)u%(rt)t”_ldt—l-r /Q(rz)un%(rz)u’(n)t"dt
0 0

1
+ r/ O (r)unst (rt)t" dt
0

— +oo by (20),

where we have used hypothesis (Q2). The same proof as in Lemma 3 shows that u” (r), u”’(r) — oo as r / R. The
actual continuity proof of Lemma 3 was based on finding a subsolution

—y r
VE(r) i==1, "uap E

with y = % and suitable #; > 1. For non-constant Q we need to choose a different positive y, since the condition
for vy being a subsolution is given by

2 —y =4yt o =A==
Av =1, O/ t)v T < Qv
n+4

To achieve this we use hypothesis (Q2). Hence we need to choose y > 0 such that —y — 4 + y 773 < —q. Since
q € [0, 1) one possible choice is y = 3(n — 4)/8. Then the rest of the proof of Lemma 3 goes through. O

Lemma 7. Let o > 0 be fixed. Then, for the limits of the blow-up radius R(«, B), one has:
lim R(a, B) = o0, lim R(a, 8) =0. 21
i, (a, B) s (o, B) 2D

Proof. For § = B* there exists a global solution tending to 0 at co. By continuous dependence on the initial data the
first statement follows. The proof of the second statement is adapted from Lemma 4. Let vy, g be the solution of A%v =

Qov% with v(0) = &, v/(0) =0, Av(0) = B, (Av)’(0) = 0. The argument of Lemma 5 shows that vg,; blows up at
the finite point S(0, 1). For &’ > 0 let us denote the blow-up point of v,/ | by S(¢/, ). Then S(/, 1) < S(0, 1) < oo.
For positive § we find the relation

o o\ 20—
= (2o (2, -

where o is chosen such that

n/(n—4)
B= (ﬁ) ie. o =a.plé-m/n
. , ie. )

o

We see that vy g is a subsolution to uy, g. The blow-up positions therefore satisfy

o o

o 2/(n—4) o 2/(n—4)
R(a, B) < S(a, B) = S(e', 1)( ) < S0, 1)( ) =S50, DB,

which tendsto O as 8 — oco. O
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4—n
Proof of Theorem 4. The proof follows from Lemmas 6 and 7. Let us prove property (ii). If we define V := Q, ¥ Vo

with ag = [n(n2 — 4)(n — 4)]"F" then A2V = 0, V71, Therefore, if 0 < u(0) < V(0) then Au(0) > AV(0) > 0 by
an argument similar to (i), and hence Au > 0 on [0, 1). Thus by Lemma 8 below the solution u# generates a metric
with negative scalar curvature. 0O

In order to finish the proof of Theorem 2, it remains to show the completeness of the induced metrics. See
Appendix A.

3. Subharmonicity and negative scalar curvature
Let us recall that we consider conformal metrics of the form
hij =ut 95, (23)
In order to compute the scalar curvature it is more convenient to write the conformal factor as
hij=v¥ "2,

i.e. we set v 1=y =2/ =4 1y — 1=H/(1=2) The scalar curvature R, of the metric (hij)ij is then given by

R, = 207D -2 gy = AT D a4y p 020

T -2 (n—2)
4(n—1 2

The following lemma is an immediate consequence of this formula:

Lemma 8. Let u: B — (0, 00) be a C*-function such that —Au < 0 in B. Then the conformal metric h given by (23)
satisfies

R, <0 inB.

For radially symmetric solutions, also the converse is true:

Proposition 1. Let u: B — (0, 00) be an unbounded smooth radially symmetric solution of the perturbed Paneitz
equation (17) for the hyperbolic ball with Q > 0. Assume further that R, <0 in B. Then

—Au<0 inB.
Proof. Since A%u > 0, the function —Au is superharmonic. So, if we assume that —Au > 0 somewhere, then in
particular

—Au(0) > 0.
Since u is assumed to be radially symmetric, we also have

Vu(0) =0.

Now, formula (24) would give R, (0) > 0, a contradiction. O

Appendix A. Completeness of the conformal metric

4
Completeness of the metric & = u"=4§;; on B means that every maximally extended geodesic curve has infinite
length. However, the following lemma reduces this to a property, which is simpler to check.



H.-Ch. Grunau et al. / Ann. I. H. Poincaré — AN 25 (2008) 847-864 857

Lemma 9. Let u be a radial solution of (17). The induced metric u "474& i on H" is complete if and only if
1
/u(r)z/(”_4) dr = o0.
0

Proof. To see necessity of the above condition note that for fixed z € R" \ {0} the curve y (r) =rz/|z| forr € (—1, 1)
is a maximally extended geodesic and its length is given by

1 1
zf(y/(r),y/(r)ﬁ/zdr=z/uﬁ dr.
0 0
Next we prove sufficiency. Let y be a maximally extended geodesic in (B, h) parameterized over R. Then
lim;— 400 |y ()| = 1. Clearly y has infinite length if §(¢) = dist; (¥ (), 0) becomes unbounded for  — Fo00. Since
ly (@]
5(t) = / Wit (r) dr
0

the claim follows. O

We recall that according to forthcoming work [11] of Diaz, Lazzo and Schmidt, one has, for the solutions with
constant Q-curvature constructed in Theorem 1, that asymptotically for » /' 1

u(r) ~C(1 —r)=m72,
where C = C(n) does not depend on the solution. This gives in particular that
1

/ u(r)* "= dr = 0o

and so, the completeness of the conformal metric. This work covers a very general situation, is quite involved and
relies on deep work of Mallet-Paret and Smith [23] on Poincaré—Bendixson results for monotone cyclic feedback
systems. Moreover, we expect all these solutions to oscillate infinitely many times around the explicit solution (4) and
around each other.

In what follows we give an independent and relatively simple and elementary proof of the statement of complete-
ness by means of a suitable transformation and energy considerations. The proof applies in the same way both to the
case of constant and non-constant Q-curvature functions. The final statement of completeness is given in Theorem 5
in Section A.6 below.

Estimates from above and a first non-optimal estimate from below are deduced in the original setting of Eq. (17).
For the final conclusion that [ ! u(r)? =4 dr = co we have to perform a change of variables such that r 7 1 is
replaced by s — oo so that elementary qualitative theory of dynamical systems becomes applicable. This procedure
is somehow motivated by techniques recently developed for fourth order equations in [18,17].

A.l. Pohozaev’s identity for solutions of (17)

The following is true for every r € (0, 1), cf. [27,28]:

n—4 ~ o n—4 2—n
— x-VOX)un-adx = VAu-vlx-Vu+ —u )+ —AuVu-vdo
2n 2 2
B (0) Sr(0)

n

— 4 -~ 2n
(x-v)Ox)un-*do.
n

— f Au(xTDzuv)—%(x~v)(Au)2+ 7

S (0)

For radial solutions this implies



858 H.-Ch. Grunau et al. / Ann. 1. H. Poincaré — AN 25 (2008) 847-864

—4 1 —4 - n
= "L (Au) w) + 2 A — (= (A + L Oryuna ).
2 2 2n
(25)
A corresponding equality holds for radial solutions on [p, ], where the integration on the left-hand side is from p to
r and on the right-hand side the corresponding term evaluated at p is subtracted.

A.2. Maximal blow-up rate for radial solutions of (17)

Proposition 2. Let u: B — [0, 00) be an unbounded smooth radial solution of the perturbed Paneitz equation (17) on
the unit ball with 1 < Q(r) < 2. Then there exists a constant C = C(u) such that

C ! v
<C|—— )
u(r) (1—}’2)

Proof. As was shown in the proof of Lemma 3, we may choose p € (0, 1) such that
u,u',u”, Au, (Au)’ > 0 are increasing in (p, 1).

By C we denote a constant depending on u. By using the analogue of PohoZaev’s identity (25) on the interval [p, r]
we obtain for all » € (p, 1)

o By () + (Au(r))2

_ n—l(A )/ n—4
=r u >

We estimate the two sides of the equality separately.
Right-hand side: The following estimates for » > p are obtained by integration

u) + Zr" YWAu+C. (26)

r

u(r)=u(p) +/u ()ds <u'(r)+C,
P
Au(r) < (Au) (r) +C.

Hence the entire right-hand side of (26) can be estimated by Ciu’(r)(Au) (r) + C, and since u'(r), (Au)' (r) — oo
for r — 1 we find that Cu’(r)(Au)’(r) for p < r < 1 is an upper estimate for the right-hand side of (26).
Left-hand side: After dropping the last term in the left-hand side of (26) a lower bound is given by

r

2_4/2( O(s)uns 4(s))ds+8 o

o

s O (1), 27

where ¢ € (0, 1) is chosen later. The two integrals add up to

r

Y . A -1 n—4
/( eQ'(s) +n(1—e)Q(s)s™") o

0

= ®)s"+ 1 - S)Q(S)Sn'l% ($)u'(s)ds,

which is positive provided & = &g is chosen sufficiently small. Hence, for finding a lower bound for (27) the two
integrals can be dropped. Moreover, by using 1 < Q < 2 we obtain finally that

n— 2n_
£0 r"un=3(r)

2n
is lower bound for the left-hand side of (26).
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Hence, (26) yields the existence of a constant C = C(u, p, ) such that
= < Cu'(Au) on|p,1).

Multiplication with u” leads to
3n—4

(un=) < Cu'*(Au) = C'*Au) —2Cu'u" Au < CW'*Au)’  on[p, 1),
and integration shows
n—4 2 2
un? <Ciu“Au+Cr<Cu“Au onlp,1).

Now, as above, we can estimate

.
—1 —1

Au(r)=u" () + () + /u”(s) ds <Cu'(r) + C < Cu (r)
r r

0

and we may proceed to the inequality
3n—4
uns <CW)*Au<Ccw)u”.

In a similar way, multiplication with " and integration leads to

an—§ 14 n=2 1
un4+ <Cu on[p, 1), un=4 < Cu onlp,l).
n=2
Solutions of Cv' = v==4 on some interval [p, §) are given by
H

n—4 2 4-n
vs(r) = <TC> b—-ryz, 8<1.

If for some value of rg € [p, 1) we would have u(rg) > v{(rg) then u(rg) > vs(ro) for some § € (0,1). Then u
stays strictly above vs and hence u blows up somewhere in the interval (p, 8), i.e., strictly before the point 1. This
contradiction shows that u(r) < vy (r) for all » € [p, 1). This establishes the claim. O

A.3. A first estimate from below for the blow-up rate of radial solutions to (17)

Let u = u(r) solve AZu = Q(r)u:%3 on [0,1), u(1) =00 with 1 < Q(r) < 2. Then, for r > rop we may assume
that u(r) is increasing and (Au)’(r) > 0. Thus

. 70 n—1 , " s n—1 B nid , il
(Au)'(r) = (7) (Au) (ro) + /(;) Q(rur=2(s)ds < (Au) (ro) + 2u»=*(r),
ro

and hence
Au(r) < Au(ro) + (AuY (ro) 4+ 2umt (r) = K + 2unt (r)

with suitably chosen K = K (1) > 0. Now let v be the unique radial solution of
Av=K +2054 forrg<r<1,  v(o)=u(rp),  v(l)=oo.

Then v is a subsolution for # and

n—4
1

7
1_r2> on [ro, 1)

where C = C(rg; u). Hence we have proved the following result:

u(r) Zv@r) > C(

Proposition 3. Let u: B — [0, 00) be an unbounded smooth radial solution of the perturbed Paneitz equation (17) on
B with 1 < Q(r) < 2. Then there exists a constant C = C (u) such that
n—4

)T on[1/2,1).

14(r)>C<1_r2
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A.4. A transformation: Moving the boundary r =1 to oo

Eq. (17) reads in radial coordinates

2(n—1) u” (n—1Dm-=3) ” (n—1)(n-3) ’
r r2 r3

u® iy o4
)+ ——7—=u"(r)+ u"(r)— u'(r) = Qr)un=(r).

With the transformation
ur) = (1-r?) To(=logl — ), @) =e4M2(/T—e), 1€ (0,00
we get
“) " ” ’ 1 ntd
K4()v™ (1) + K3(0)v™" (1) + Ka(t)v" (1) + K1 ()v (t)+Kov(t)=Eq(t)v"*4(t) (28)
with
1
Ko = R(n“ —4n® —4n® + 16n),

1
Ki(t) = E((l —e )2 (—4n* +24n — 32) + (1 —e ") (dn® — 16n* — 16n + 64) + 4n’ — 4n* — 24n),

1
Ko(t) = E((l —e )2 (4n? — 40n + 80) + (1 — e ™) (16n* — 16n — 96) + 4n* + 8n),

Kit)=(1—-e -4+ (1 —-eHn+2),
Ka(t)=(1—e)?,

gt)=0(V1—e™).

Eventually, it will be useful to have the values KI-OO =lim;_ o K; (1), i.e.
1 1
K§ = 1enn=2)(1+2)(n—4), K¥'=-(n— D@’ =2n—4),
3
K§°=§n2—3n—1, KP=2n-2, K{=1.
In view of the differentiability properties assumed on Q itis enough to consider

gt)=1+ae™’

as a prototype.
Note that (28) has always the constant solution vg = 0. Moreover, in the case of constant Q, i.e. « =0, it has a

. n—4
second constant solution v; = (16Kj) 3
Motivated by the observation that

W (r)=0<0() +

v(t) =

we transform (28) into a system for w(z) = (wl(t), wa (1), w3(t), wa ()T by setting

Wi =v(),  wat) =v'(0) + v(t) w3 () =" (1) + - v(t)

—4
wa() =v" (1) + —5 V.
The resulting system is
w (1) = =S wi (1) + wa (1),
wj(t) = w3 (1),
wi(t) = wa(t),
n+4
Ka(Dw}(t) = Co(wa (1) + C3 (w3 (1) + Ca(Dwat) + 15q(Oywy (1)1,

(29)
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where
4

4 _ k+1—m
Cn ==Y Kk(t)(T”) .
1

k=m—
By explicit calculations we get C1(¢) =0 and

1, 1
CZ(I) = —gn‘ + En,

3 1 1
Cit)=1— an + e_’<§n2 - n) +e_2[<§n — 1),
3 —t —2t 1
C4(t):—§n+e 2n—-2)+e Z—En .

To get an idea about the behavior of the almost-autonomous system (29) we replace the functions C; (¢) by their limit
CiOO =lim;_, Ci(t),i =2,3,4 and ¢ — ¢(¢) by the constant 1. In other words, we put for the moment o = 0 and
study the resulting autonomous system

wh (1) = =" wi (1) + wa (1),

wh (1) = w3 (1),

wj (1) = wy(t),

w) (1) = Cwa (1) + CCw3 (1) + CPwa(r) + fewy ()7,

(30)

The autonomous system has the steady-states
n— - 4 n—
0=1(0,0,0,0) and P= ((16K0)T4, ”7(16K0)T4,0, o);

note that O is also a steady state for the almost autonomous system (29). At the point O the system (30) has the
linearized stability matrix
21 0 0

0 0 1 0

0 0 0 1

0 C3 C¥ Cp°

with four negative eigenvalues

Mo =

M=2— esdn=lo esiy=m s ay=—1— o

= —_— > = —_— > = —— > =—] — —

! 2~ 2" T T 2
and corresponding eigenvectors

n  (n—2)>2

¢1=(13090’0)9 ¢2= 17_19_1+§a_ 4 5

2 2 4
Thus O is asymptotically stable for (30). At the point P the linearized stability matrix is

1 0 0
0 0o 1 0
0 0 0 1
WiKo € Y P

2 2 2
¢3=(17_25n7_n—>7 ¢4=(15_373+3_na_w)‘

Mp =
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with the eigenvalues

=1, w= ot im0 =t Lo
mr=1 p2=-n, M3—2 zn n ,M4—2 2" n .

Thus P has a three-dimensional stable manifold and a one-dimensional unstable manifold.
A.5. Stability of O in the non-autonomous equation (28)
Lemma 10. The origin O is an asymptotically stable steady state of the system (29). Moreover the following holds

(1) if w is a solution to the system (29) such that for a sequence ty — 00, one has that w(ty) — O, then for any € > 0
one has that eventually

}w(z)| < exp<<4%n +e>t);

(ii) the corresponding solution u(r) = (1 — r2)45_"w1 (—log(1 — r2)) of the original equation (17) is bounded near
r=1.

Proof. System (29) has the form
w'(t) = Mow(t) + G(r, w());

1 _
G(t,w) = <R + O(e—’)>(0, 0,0, w" /N L e~ By e Cw

with constant 4 x 4-matrices B and C. In particular

G(t,w) _o

t—oo,w—0 |w|

’

i.e. condition [20, (8.11)] is satisfied. Since all eigenvalues of M are below u := (4 — n)/2, the corollary of [20,
Theorem 8.1] shows asymptotic stability of the origin O. Moreover, for a solution w with w(#;) — O, it follows from
this corollary that

log |w(t)| < 4—n‘

lim su =
t~>oop t SH 2

Hence, for any ¢ > 0, one has that eventually

]w(t)’ < exp((? + 8>t>.

For the solution u of the original equation (17) this means that for » < 1 close enough to 1

u(r) < (1—rH7*.
In view of the minimal blow up rate for unbounded solutions proved in Proposition 3, this shows that r — u(r) has to
remain bounded near r =1. O

A.6. Energy considerations

Theorem 5. Let u: B - [0, 00) be an unbounded smooth radial solution of the perturbed Paneitz equation (17) on
the unit ball with 1 < Q(r) < 2. Then

1

/u(r)z/(”_4) dr = o0.
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Proof. First we take from Proposition 2 that in the transformed coordinates, v is bounded. Then, as in [17, Lemma 2],
we see that also v/, ..., v® are bounded.
Let us assume for contradiction that
1

/u(r)z/(”f“) dr < 00,

which gives that

oo oo

/v(s)2 ds < Cf ()" ds < o0.
0 0
Testing the differential equation (28) once with v and once with v’ gives that for r — oo
t t
/v”(s)2ds — K§° / V()% ds = O(1);

0 0
t t

K§°/u”(s)2ds—K{”/v’(s)?ds=0(1).
0 0

t

Observe that only the terms with constant coefficients are relevant since all other terms contain a factor e’ and

produce finite integrals.
Combining the two equations above gives

t
(KPKS® — Kfo)/v”(s)zds =0(1).
0

Since
(K3°K3° — K°) >0,

this shows first

o
/v”(s)2 ds < 00
0

and then
o0

/v’(s)zds < 00.
0

"

Testing the differential equation (28) with v finally gives

o
/v’”(s)zds <00
0

so that

f(wl ()% + w2 (s)? + w3(s)? + wa(s)?) ds < 0.
0

Consequently there is a sequence #; ' 0o such that

lim (wy, w2, w3, we)(#) =0.
k—o00
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Since O = (0, 0, 0, 0) is stable, this shows that

lim (wy, w2, w3, wy)(¢) =0.
11— o0

From Lemma 10 we conclude that u(r) remains bounded near r = 1, contradicting the assumptionon u. 0O
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