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We study the problem of finding complete conformal metrics determined by
some symmetric function of the modified Schouten tensor on compact man-
ifolds with boundary; which reduces to a Dirichlet problem. We prove the
existence of the solution under some suitable conditions. In particular, we
prove that every smooth compact n-dimensional manifold with boundary,
with n > 3, admits a complete Riemannian metric g whose Ricci curvature
Ric, and scalar curvature R, satisfy

det(Ric, — R, g) = const.

This result generalizes Aviles and McOwen’s in the scalar curvature case.

1. Introduction

Let (M", g), for n > 3, be a compact, n-dimensional smooth Riemannian manifold
with smooth boundary M. Let M = M \ M be the interior of M, and denote the
Ricci tensor and the scalar curvature by Ric and R (or Ricg and R, to emphasize the
metric), respectively. In [2003], Gursky and Viaclovsky introduced the modified
Schouten tensor

1 . T
A= —— (R —— R )
¢ T 2 \N Ty 88
where T € R. We are interested in deforming the metric in the conformal class [g]
of a fixed back ground metric g to certain complete metric g satisfying

det(g_lAE) =const in M.

More generally, let '™ be an open convex cone in R” with vertex at the origin
satisfying T ¢ T Cc T, where

F::{K=(K1,...,K,1)€Rn|O’j(K)>0,1fjfk},
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and
O‘k(K) = Z Kip - K.
i< <ig
Let F : R" — R be a smooth symmetric function that satisfies some structure
conditions in I't, to be listed later. We ask, Does there exist a complete metric g
in the conformal class [g] such that

(1-1) FE'AD=f@) inM

for some given smooth function f € C*°(M)? In this paper, we give a partial
answer in the case T > n — 1. We remark that, if ' = o1, then (1-1) becomes

2—1t)n-2
2(n—1)(n—2)

In the case T > n — 1 and f(x) is positive, some results have appeared in [Aviles
and McOwen 1988].

To find a complete conformal metric satisfying (1-1), we need to solve the
Dirichlet problem for (1-1) with larger and larger boundary data. We first write this
curvature equation as a partial differential equation. Recall the following formula

for the transformation of A under a conformal change of metric g = e?*g:

Rz = f(x).

f_‘l,’—l 2 T—2 2 T
(1-2) Ag—n_z(Au)g Vu+du®du+—2 [Vul"g+ A,.

From (1-2) we may write (1-1) as

752 Vulle + A;) = Flo)e.

F(;:é(Au)g—V2u+du®du+

In this paper, we study a more general equation. Let A (x, z) : M" x R be some
smooth positive function. Let’s consider

(1-3) F(A(Au)g — Viu+a(x)du ® du + b(x)|Vul’g + B) = h(x, u),

where A > 1, B is a symmetric 2-tensor, and a(x) and b(x) are smooth functions
on M. Suppose F is homogeneous of degree one, F =0 on aI'", and F satisfies
the following in I"'*:

(C1) F is positive;

. . 2p . . . .
(C2) F is concave (that is, 33- 5{ - is negative semidefinite);
i0Kj
(C3) F is monotone (that is, % is positive).
For convenience, we define

Wlu] := V2 u+ B,
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and
A% it =A(Au)g — VZu+adu @ du +b|Vu|2g

con

in the sequel. We call u is admissible if g~'W([u] e I't.

Theorem 1.1. For n > 3, let (1\71 ", g) be a smooth, compact Riemannian manifold

with boundary oM. If

(1) Bel'™,;

Q2 h>00nMxR, 9.h(x,z) >0o0n M xR, lim,_, ;o h(x,z) = 400 and
lim,, o h(x,z) > 0in M x R; and

3) a(x) is positive on M and ra(x) +b(x) is nonnegative in M,

then there exists a unique admissible function u € C*®(M) solving the Dirichlet
problem

F(Wlul)=h(x,u) inM,

(1-4)
u=g on M,

where @ is a smooth function defined on a neighborhood of d M.

We may apply Theorem 1.1 to the elementary symmetric functions and their
quotients (ox /o) /*=D on F,j, with 0 <! <k <n and og = 1:

Corollary 1.2. Forn >3, let (M", g) be a smooth, compact Riemannian manifold
with boundary 9M. Let f € C®(M), let f > 0, and let S be a Riemannian metric
on M that is conformal to glam. If Ay € F,j and T > n — 1, then there exists a

smooth metric § € [g] on M satisfying

o\ k=D , .
()" @p=r inM and glow=5.

where 0 <[] <k <n.

Recently Gursky, Streets and Warren [2011] proved that any Riemannian man-
ifold with boundary admits a negative Ricci curvature metric; see also Lohkamp
[1994] and Guan [2008]. Once Ric <0, we have A"~ = -L_(Ric, —R,g) T},
Therefore:

Corollary 1.3. For n > 3, every smooth compact n-dimensional manifold with
boundary admits a Riemannian metric g with its Ricci tensor Ric and scalar cur-
vature R satisfying

ok(g_l(Ric —Rg)) = const > 0,

where 1 < k <n. In the case k = n, we have

det(Ric —Rg) = const > 0.
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By solving the infinite boundary data Dirichlet problem, we can produce com-
plete metrics with constant Uk-Az, curvature, where 7 > n — 1.

Theorem 1.4. Forn > 3, let (M", g) be a smooth, compact Riemannian manifold
with boundary M. Choose any smooth positive function f € C*°(M). If B e T,
a(x) is positive on M, and ha(x) + b(x) is nonnegative in M, then there exists an
admissible solution u € C°° (M) to the equation
F(W[u)) = f(x)e™ inM,
U =-+00 on aM.

1-5)

Moreover, there exist some constants C > 0 and 0 < y < 1, depending on

n,o Ao Afleanys  Nalpeiays Plisany, 1Bl
and the geometry of (M, g), such that
—C —ylogd(x) <u(x) <—logd(x)+C near oM,
where d(x) denotes the distance to d M with respect to the metric g.
We can combine this with the result of [Gursky et al. 2011]:

Corollary 1.5. For n > 3, every smooth compact n-dimensional manifold with
boundary admits a complete metric g whose Ricci curvature satisfies

or (g (Ric —Rg)) = const > 0,
where 1 <k <n. In the case k = n, we have
det(Ric —Rg) = const > 0.

When we consider the modified Schouten tensor with T <0, it seems reasonable
to consider the negative cone, by seeking a complete conformal metric g in the
conformal class [g], such that o} (— gAg) = const > 0. There are some interesting
results, and we refer the reader to [Guan 2008] and [Gursky et al. 2011]. In the
case T =1, Aé is just the classical Schouten tensor. In [2005], Schniirer fixes the
metric at the boundary and realizes a prescribed value for the product of the eigen-
values of the Schouten tensor in the interior, provided there exists a subsolution.
In [2007], Guan proved the existence of a conformal metric given its value on the
boundary as a prescribed metric conformal to the (induced) background metric,
with a prescribed curvature function of the Schouten tensor.

For compact manifolds without boundary, the problem of finding conformal
metrics in F,j of constant oy curvature (that is, of finding g € [go] such that
Aé € F,j and oy (g_lA;,) = const) —known as the higher order k-Yamabe prob-
lem for k > 2 — has attracted enormous interest since the work [Viaclovsky 2000]
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appeared. It can be viewed as a fully nonlinear version of the Yamabe problem,
which was solved by Trudinger [1968], Aubin [1976] and Schoen [1984]. The
solvability of the higher order k-Yamabe problem was shown for kK = 2 in [Sheng
et al. 2007] (see also [Chang et al. 2002; Ge and Wang 2006]), for k = n/2 in
[Trudinger and Wang 2010], for £k > n/2 in [Gursky and Viaclovsky 2007], and
for locally conformally flat manifolds in [Guan and Wang 2003a; Li and Li 2003;
Sheng et al. 2007]. For results concerning the modified Schouten tensor on closed
manifolds, see [Gursky and Viaclovsky 2003; Li and Sheng 2005] for the case
7 < 1, and [Sheng and Zhang 2007] for the case T > n — 1.

Our primary task is to solve the Dirichlet problem (1-4). The proof goes via
the continuity method and a priori estimates. This paper is organized as follows.
In Section 2, we show (1-3) is elliptic at any admissible solution. In Section 3,
4 and 5, we establish a priori estimates that are essential in proving the existence
result. We then complete the proof of Theorem 1.1 in Section 6 and solve the
infinite boundary data Dirichlet problem (1-5) in Section 7.

2. Ellipticity
In order to discuss the ellipticity properties of Equation (1-3), we define
Alu] := F(g~'W[ul) — h(x, u).

We then suppose that u € C%(M) satisfies sd[u] = 0. Let uy = u + s, then the
linearized operator of « is

d
SAVRES d_!ﬁ[us]lszo
s
= F(g~'Wlul)V O(AY)gij — ij + 2auiyrj +2b (Vu, V) gi))
—h (x, u)y.
Defining
@2-1) Q' =1y (F'hs' — F,
l

we have
2-2) Y = QY +2F (au ¥ + b (Vu, Vi) gij) — ho(x, ).
Proposition 2.1. Equation (1-3) is elliptic at any admissible solution.

Proof. Since F'/ is positive definite in I'", we have
Q7> (—1)) (F's’ >o0.
!

Therefore, (1-3) is elliptic by (2-2). ([l
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If 3.h(x, 7) is positive on M x R, then the coefficient of v in the zeroth-order
term of (2-2) is strictly negative, and we have this:

Corollary 2.2. If 8.h(x, z) is positive on M x R, then at any admissible solution
of (1-3), the linearized operator £ : C>*(M) — C*(M) is invertible.

3. The global C° estimates

Proposition 3.1. If B T'" and lim,_, ; oo h(x, 7) — 400, lim,_, _o h(x, z) — O.
Then there exists some positive constant Cy, depending only upon h, B and ¢, such
that for any C*(M) admissible solution u of (1-4), we have

lulcoizy = Co-

Proof. Since M is compact, we may suppose X is a minimum of the function u. If
X € M, we have

h(F, u(%) = F(M(Au)(X)g — Vu(X) + B(X))

> min F(B) > 0.
M

Using lim,_, _o h(x, z) — 0, we get the lower bound of u. Otherwise x € IM, we
get u > mingyy @.

The upper bound of u follows by considering a maximum of the function u and
using the fact that lim,_, ;o A (x, 7) = 400. (]

4. Gradient estimates

We first establish the interior gradient estimates.

Lemma 4.1. Suppose B € 't and ha(x)+b(x) is nonnegative in M. If u € C3(B))
is an admissible solution of (1-4) in a ball B, C M, then there is a constant C
depending only on |a|ciar) |blcr (), MaXprx(—co.Colllcrs 18lc2any> A |Bleromy
and |u|cop,, such that

sup|Vu| < C.

B>

Proof. Consider the auxiliary function
H(x) = ¢ (x)ve? ™,

where ¢(x) € Cg°(B,) is a cutoff function to be chosen later, v = (1 + %qu@),
¢ : R —>R is a function of the form ¢ (s) = (B +5)”, and |s| < |u|cop,). The
constants , B and p depend only on |u|co(p,) and |a|L=, such that the function ¢ (s)
satisfies ¢/(s) > 0 and ¢” (s) — ¢’>(s) — |a|r~¢’'(s) > &1 > 0 for some constant ;
depending on |u|cop,) and |a| L. Itis proved in [Gursky and Viaclovsky 2003] that
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such a function ¢ always exists in the case |a|r~ = 1. With a slight modification,
the proof still works for our case.

Suppose the maximum of H occurs at an interior point X € B,. Take a nor-
mal coordinate system (x!, ..., x") at X with respect to g such that W[u]; (%) 1s
diagonal. Then at X we have

0= H; = (v + Cujiuy + v uy)e? ™,
that is,
@b Suriur = —v(Gi +5¢'up),
and

(4-2) 0= Hij = & (upugij 4wy + wy (g + ugi )@ )e? ™
0L (@7 + ¢ uinj + ¢'uij)e? ™
(g &+ ui e ™ + v (G + ¢ Wil + Gup))e ™.
Recall that Q" = A, Fh§'i — FiJ. Since F is positive definite in '™, one
obtains A(}_; FI)§' > QU > go(>_, F')8'/ > 0, where &g = A — 1. Then (4-2)
implies
0> ¢ QY (upuyij + wyigj + 2u;ugug; @)
+ 05 QY (97 + ¢ uiu + ¢'uij)
+2u1 QY ui &y +v0Y (Gij 420 uig)).
By the Ricci identity, we have u;;; = u;j; + R jjipu ,, where R;j;, is the Riemannian
curvature tensor of (M, g). Then
(4-3) 0= 20" (wuiji + Rjtipu pur + 2upugiu ¢’ +v((@” + ¢ uiutj + ¢'uij))
+2u QY ugi £ +v QY (Gij +2¢ui ).
Using h(x, u) = F(W[u]) = FYWI[ul;; and h; + hu; = F W[u);j,;, we obtain
(4-4) QYu;j = —F"(auu;+b|Vul*g;; + Bij) +h(x, u),
and
4-5)  w QY uijy
= —F (auuiu ; + 2au;u jyu; + by |Vu|* gi; + 2buguu gi; + i Bijr)
+ hjuy + e | Vul,
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Plugging (4-4) and (4-5) into (4-3), we have
0> — {Fij (a;ulu,-uj + 2au,-uj1ul + b1u1|Vu|2g,-j + 2buku1ku1gij + M[B,'j])
— ¢vg' FY (aujuj + b|Vul*gi; + B;j)
+ ¢ QY (Rjtipupus + 2upugiu ;¢ +v(@* + ¢ uju j)
+ ¢ (g + b | Vul* +vg'h(x, 1))
+2u; QY uy ¢+ 209" QY ui g + v QY ;.

Without loss of generality, we may assume %|Vu|2 <wv <|Vul? and using (4-1),
we derive

0> v FY(auiuj+b|Vul’gij) +tv(@" — ) QY uiu;
— ¢ FY (aquyuiu j + byug | Vul* g +u Bijr)
— ¢vg'FY Bij 4+ ¢ QY R jyipupuy
+ C(hug + b | Vul? + v’ h(x, u))
(4-6) — 209’ QY giu; +2v(@F" +b(Y. F)8)¢u,
+v0Y ¢ —20/0) Q" 6it;
> v(@" —¢” —ap)Quiu;
+ v (ha(x) +b(x) (O F')|Vul? = Ce O FH3 /2 +1)
—CL+1) = CQ FHVEW Y+ V2E v+ (VLR /E)v),

in the second inequality, we have used the definition of Q% to get
acve Fluu; = racd' (3, FIOIVul* —acve’ QY uiu;.
Now we choose ¢ to satisfy, as in [Guan and Wang 2003b],
0<¢=1, [Vgl<bot'? V¢l <by
for some constant by > 0 and
((x)=11in B, and ¢(x)=0 outside B,.
By virtue of (4-6), we then have
0= (3, F')(eoe16v> = CLv¥? = CE) = Ce(o+1) = C(, FIH(E V202 +v).
Multiplying by ¢ on both sides and using that 0 < ¢ < 1, we have

(4-7) 0> (Y, F!Y(epe122v? — CE3*032 —Cev—C) = C(gv + 1).
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Note that Euler formula and concavity of F imply
O FDY) = F)+ Y Fi(k)(1 —k;) > F(e) >0 in T,

where e = (1, ..., 1). From (4-7), if gge1¢%v? — C3/%v3/? — Cev— C <0, we
have (¢v)(x) < C. Otherwise, we have

0> F(e)(ege1 220> — Ce3?03? —Crv—C) = C(cv+1).
We then obtain (¢v)(x) < C. Hence H < C in B,; therefore supBr/2|Vu| <C. O

We now derive a priori bounds for the boundary gradient of solutions to (1-4)
with smooth Dirichlet data ¢. Without loss of generality, we may assume that
@ € C®(M) in the sequel. The method is to construct barrier functions near 0 M
using the boundary distance function. Let d(x) = dist, (x, dM) for x € M, and set

Ms={xeM|dx) <68} foré=>D0.

Since dM is smooth and |Vd| =1 on dM, we choose § > 0 sufficiently small so
that d is smooth and § < |Vd| <2 in M;.
Consider the locally defined auxiliary function

_ 82
w :=<p+910gd+32,
where 6 is some small positive constant. We may directly check that
wo =0,

(4-8) { lam = ¢ 3

¢ +010g(8/2) < w |{ax)=s) < ¢ + 0 logé.
Since )

_ 0 0
Viw =V - —~-V2d+———-Vd®Vd,

v a0 ®

we obtain
_ A+b0)0 _ a6? 6
Wl li = rap VAl s+ g didi =~ (g gapidi

s (AAdgij —dij +alp;di + ¢id;) +2b(Vo, Vd) gi;)

+AAQgij — ¢ij +agip; +b|Voligi; + B
(80— (|a|LOC(M)+|b|Loo(M))9)9 0

> Vd|2gi; — —2—
= (d +82)?2 IVdlsii = 73

C/g[j _ C//gij,

where C" and C” are some sufficiently large constants, depending only on [¢] 24z
A, lal poo azys 101 oo ity | B |g(M) and the geometric quantities of (M, g), independent
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of 8. Choosing

&) . &) 809
0 < and § <min 0 A [
by virtue of |Vd| > 1/2 in Ms, we derive
_ 809 / ”
Ww™];; > 8(d+52)5gij - d+82c gij —C gij

0 &0 " Beg
< C/>gij_c 8ij t 73 8i

FENYl 2
(4-9) d+5 166 168 (d + 6°)
Oeo ”
> ﬁgij —C gij
_ e O¢eo //) Oeo
= asSi T (648 8ij = 645g”’

in the first inequality we have used the fact d + 8> < 28, while in the second, we
have used that d + 8% < 2.

To estimate the boundary gradient, we need the following maximum principle.
We first give a standard definition.

Definition 4.2. We say a subsolution w of (1-3) is admissible and
F(W[w]) > h(x,w) in M.

Changing the direction of the inequality, one gets the definition of the supsolution
of (1-3).

Lemma 4.3. Suppose that w, and w, are smooth sub- and supersolutions (respec-
tively) of (1-3) with wy|sm < walam. If 0.1 (x, 2) is positive in M X R, then w; < w»
on M.

Proof. We argue by contradiction. Set w = w; —w;. Suppose w(X) =minz; w <0
for some X € M; then ¥ must be an interior point. At this point,

Vwy(¥) = Vw (X)) and  Viwy(F) > Viw (X).
Consequently
F(Wlwa))(¥) = QY V7 wa (%) + FY (aViwyVjwy + b|Vwal*gij + Bij) (%)
> Qljvl‘zjwl(x) + F(aViw Vwi +b|Vwi *gi; + Bij)(X)
= F(W[wiD(%).
We therefore have
h(x, wa(x)) = F(W[w2)(X) = F(W[wi)(X) = h(x, w1 (X)),

which contradicts that w(X) > w,(X) and 9,k (x, z) is positive in M x R. O
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Let xo be an arbitrary point on 0 M. We pick local coordinates in Ms so that

0M is the plane x,, =0, and let {e,, en}';;% be the corresponding coordinate vector

fields, where e, (xo) denotes the interior normal vector and e, (xo) the tangential
direction.

Lemma 4.4. Let u be a C*(M) admissible solution of (1-4). If B € T and
d;h(x, z) is positive in M X R, then there exists a constant C depending on

Co, A, |‘P|c2(/\7), |a|Loo(M)v |b|L0<>(M)v |B|g(/17)
and the geometric quantities of (M, g), such that
3nu|3M > —C.

Proof. Recalling (4-8) and (4-9), we have
o 0
w lpy=¢ and FW[w ) =F'W[w™];; > %F(e) on Ms.

We choose § smaller, so that

F(Ww™])>  max h(x,z) > h(x,w™) on M;.

M x[ming; ¢, max i ¢]

Since |u|co (M) < Cy, we can regard w™ as a local subsolution of (1-3) on Ms=
{x | d(x) < 8}. Applying Lemma 4.3 to M3, we have

u(x) —u(xp) - w™(x) —w™ (xp)
d(x,xo) d(x, xp)

for any xg € OM.

That is, d,u|yp > 0, W™ |3m, and our lemma follows. O

We next prove that the 9, u have an upper bound; the boundary gradient estimates
follow.

Lemma 4.5. Let u be a C*(M) admissible solution of 1-4). If B € I't and
d;h(x, z) is positive in M X R, then we have

opu(x0) < C for any point xo € oM,

where C is a positive constant depending on Cy, A, |‘P|C2(1t71)’ |a|L°°(1l71)’ |b|L°°(M)’
| Bly(s1) and the geometric quantities of (M, g).

Proof. Since u is admissible and 't C FT, we have
c1Au+co|Vul? +tr B > (nk — )Au + (a +nb)|Vu|* +tr B > 0,

where ¢; = nA — 1 and ¢; = |a|r~ + n|b|r~. Therefore the proof reduces to
constructing a local supbarrier function of the equation

c1Av+ 2| Vo] +tr B =0.
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Let’s consider w™ = ¢ 4 0 log((d + 82/8%)) in Ms; then

+_ i ,
w; —9m+¢z,
did,; di;
+_ g %4 ij N
w;; = 9(d+82)2+9d+82+(pu'

We therefore have

clAw++cz|Vw+|2+trB

VAP o ad 420 (Vd. Vo b
d4o22 ! QW VD s

+c1(Ap) + 2| Vo|* +tr B.

= —0(c1 — c20)

Now we choose 6 < c1/(2¢). Then using |Vd|? > % in Mg, we derive
c10 , 0
C
4(d + 82)2 + d+82

C] / 6 1 .
<|l-———+C C Ms,
_< 46(1+3)+ >d—|—82+ n Ms

ciAwt + oV P +uB < — +C”

where C” and C” are two positive constants depending on

|90|C2(1\7)’ A, |a|LOO(M)’ |b|L00(A7[)’ |B|g(1\71)
and the geometric quantities of (M, g), independent of §. Next we choose

C 0 }

) <m1n{1, m, W

then c; Aw™ + 2| VwT|> +tr B < 0in M;.
Note that
{ wlam =,
W remia=s) = ¢ + 0 log(1/6).
Without loss of generality, we can assume § is small; then |u|-o(M) < Co and the
maximum principle imply # < w* in Ms. Consequently, for any xo € M,

u(x) —u(xo) _ wt(x) —wT(xp)
d(x,xo) — d(x, xo)

That is, 9,u|5p < 9,w™ |3, and our lemma follows. U
Combining Lemma 4.1, Lemma 4.4 and Lemma 4.5, we obtain this:

Proposition 4.6. Suppose B<T'", La(x)+b(x) is nonnegative in M and d,h(x, 7)
is positive in M x R. Then for any C3(M) admissible solution u of (1-4), there is
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a constant Cy depending only on

Co, A, |¢|C2(ﬂ7)’ |a|C1(M)’ |b|C1(M)’ MXFE%);CO]V/”C]’ |B|C1(M)

and the geometric quantities of (M, g), such that |Vu| < Cy on M.

5. Estimates for the second derivative

As in Section 4, we begin by establishing the interior estimates.

Lemma 5.1. Let B € T'" and a(x) be positive on M. Letu € C*(B,) be an
admissible solution of (1-4) in a ball B, C M; there is a constant C depending only
on

alezovn s ble2own, max |h|e2, 20005 Blr2ovy, A, Ul
lalc2my>  1Plc2my M><[7C0,C0]| lc2 18le2ys |1Ble2amy lulcrs,)

such that supg, , |V2u| < C.
Proof. Since '™ C '}, we obtain
O0<trWlul= (nx —1)(Au) + (a(x) —|—nb(x))|Vu|2 +tr B.

Consequently Au > —C. For obtaining the upper bound of Au, we consider the
auxiliary function
G(x) = ¢ (x)(Au+ Aax)|Vul’)

for some large constant A > 1, depending only on |a|r«~, |b|r~ and A, to be chosen
later; here ¢ (x) € C;°(B,) is a cutoff function as in Lemma 4.1.

Suppose G achieves a maximum at an interior point X € M. We take a normal
coordinate system (x!, ..., x"") with respect to g such that W[u]; (%) is diagonal.
Without loss of generality, we may assume G(x) > 1 and x € B,. Then, at X, we
have

0=G; = (Au+ Aa|Vul*)§; + ¢ (i + Aaj|Vul* + 2 Mawuyy),
that is,
(5-1) Cupi = —Aai¢|Vul* = 2Aagupu; — (Au+ Aa|VulP);,

and

(5-2) 0> Gyj = ¢(upij+ Aaij | Vul* +2Auy(@iug; +a;ug) +2 Aa(ugiug +ugug;;))
+ (uni + Aai | Vul* + 2Mauug;)g;
+ (uyj + Aa; |Vul> + 2Aaugu;) g + (Au+ Aa|Vu|2)§,-j.

Recall that Q" = A0, FH§'i — FiJ. Since F is positive definite in '™, one
obtains A(}_; FI)§" > QU > ¢o(>_, F'')8"/ > 0, where g9 = A — 1. Notice that
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the Ricci identity gives u;;; = u;j; + O(|Vu|) and uy;j = u;j; + O(|V3u| +|Vu)).
Then (5-2) implies
0> Q"G
= ¢ 0" (upij + Aaj \Vul? + 4 Aua;ug; +2Aaugug; + wiuij))
(5-3) +20Y (ui + Aa; | Vul* + 2Aauui) ¢ + (Au+ Aa|Vul*) QY ¢
> 0V (wijn +2AMauiug; 4 ujui)) + 207wy
—CAC, FIY(IVul + 1),
Using hy; + 2k u; + houy = FUWulij + F77 Wlulij W ulys, and the con-
cavity of F', we obtain
(5-4)  QYuiju = —2aFY (wipu jy + winji) — 263, FY(IV2ul? + ugue)
— CO FYUV2ul + 1) 4 hyp + 2hyzug + houy.
On the other hand, (4-5) implies
(5-5) 2Aau;Quij; > —CACY, FYY(IV?ul + 1) + 2Aahu; +2Aah,|Vul?.
Plugging (5-4) and (5-5) into (5-3), and employing (5-1) we have
0> 2Aa¢ Q7 ujuy; —2ag FY (uipu jy + wiujir) +20% uyi ¢
—2b¢ (3", F!Y(IV?ul? + uguk)
—CAC, F!HY(IVul+ 1) — CA(IV2ul + 1)
> 2¢(Aar — b)Y, FID|V2u|? = 2ac (A + 1) Fluju
—CAQ, F!HY(IV2ul+ 1) — CA(IVul + 1)
> 2¢(s0ah —a — b)Y, F'H)|V2ul?
— CACY, FIY(IV?ul +1) — CA(|V?ul + 1).

Since a is positive on M, we assume a(x) > & > 0. We now choose A >
max{1, 2(|a|r~ + |b|L=)/(g0€2)}, and multiply ¢ on both sides to produce

(5-6) 0> AY, F!)Y(e0e282|V?ul? — C¢|V?u| — C) — CAL|V?ul +1).

It follows that (¢|V?u|)(¥) < C. Therefore supBr/zAu <C.
If It c I, then supg, , Au < C implies that supBr/2|V2u| < C. To get the
Hessian bounds of u in general, we simply consider the maximum of

V:V A Veu)?).
C(x)ge(gl%gn)( e Veu + Aa(x)(Veu)®)

The calculation is similar. O
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We next derive a priori bounds for second derivatives of solutions to (1-4). The
method we use is similar to that of [Guan 2007; Guan 2008; Gursky et al. 2011].
The notation below is the same as in Section 4.

We use a barrier function

v(x) = plgd® —d) in Ms,
where p and ¢ are positive constants. Let’s define a linear operator
(5-7) P) = QU ij +2F Y (@()uiyrj +b(x) (Vu, V) gij).

Then
Pd = Q"d;; +2F" (au;d; +b (Vu, Vd) g;)),
and consequently
|Pd| < Cy >, F!' in M,

where Cy depends on A, |“|cl( ) al o |b] Lo (i) and the geometric quantities
of (M, g). On the other hand, we have in M

Pd* =20" (did;) +2dPd
>2e0(>_; F'H|Vd|? —2dCy Y, F!
> (g0 —2C48) Y, F',
where ¢g = A — 1 as before. After we choose
q>2(1+Cy)/ep and § < min{eg/(4Cy), 1/(29)},

the function v satisfies

(5-8) Pv > plg(eg —2C48) — Cs} 3, Fl = p >, FI,
and
(5-9) v<—3pd inM;.

Let xo be an arbitrary point on 0 M. Let r (x) = distg (x, xo) to denote the distance
from x to xg with respect to the background metric. Let Q25(xg) = B;s(xo) N M3,
where Bs(xo) = {x € M | r(x) < 8}. Since 8 is small, we assume 2 is smooth
in 25(xp). A similar calculation implies

(5-10) leo X FU<Pr? < @r+3e0) Y, F!' in Q5(x0).

Now we pick a local coordinates in M so that d M is the plane x, =0, and we let
{ey, en }’;;} be the corresponding coordinate vector fields, where e, (xo) denotes the
interior normal vector and e, (xo) the tangential direction. Fix some y and consider
the locally defined function ¢ = e, (u —¢), where u is a C3(M) admissible solution
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of (1-4). In order to derive the boundary estimates for second derivatives, we need
the following lemma.

Lemma 5.2. In the notation above, there exists a constant C, depending only on
CO’ Cla |a|Cl(M)7 |b|C1(M)’ |h|C1(M><[—C0,C0]) and |¢|C3(M8), Such that

PPl < CA+ Y, F'.
Proof. Differentiating Equation (1-3) with respect to e, yields
0 uij, +2F (aujyuj + bujup,gij)
= —F(ayuu;+b,|Vul*gij + Bij,) +hou, +h,.
Exchanging derivatives implies
Uijy = Uyij + (Rm x Vu)j,.
Combining these calculations yields
P = Qijuy,-j + 2Fij(auiuyj + bugiyigij)
— QY — 2FY (au; @y + burgyigij)
= —FU(ayuiu; +by|Vul’gij + Bijy) +hou, +h,
— 0" yij = 2F (auigy; + burgyigis) — Q7 (Rm % Vu)ijy

Therefore
2ol <C(Y, F'+C. O

We are now ready to prove the boundary estimates for second derivatives.
Lemma 5.3. Let u € C3(M) be an admissible solution of (1-4). Then
IV2u|<C on oM,

where the constant C > 0 depends on

COa Clv |a|C1(A7)’ |b|C1(M), |h|C1(/\7X[—C0,C0])’ |(p|C3(M3)= |Blcl(/\7)
and the geometric quantities of (M, g).

Proof. We require separate proofs for the different types V,V,u, V,V,u and
V,,V,,u of boundary second derivatives.
Let xg be an arbitrary point on d M. Using that u — ¢ = 0 on d M, we obtain

Vyvn(u —@)(x0) = =V, (u — QO)H(EV, €n)(xo),

where 1 < y,n <n — 1 and IT denotes the second fundamental form of oM. We
therefore have the estimates for the pure tangential second order derivatives.
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Combining (5-8), (5-10) and Lemma 5.2, we have for any positive constant
P(p—v+ur?) < (C—p+pQRr+ieo) Y, F' +C.
Picking p large enough and p > u?, we get
9]’(¢—v+,ur2) < —%pF(e)+C < 0.

Thus by the maximum principle, we conclude that the minimum of ¢ — v 4 ur?
occurs on the boundary of Qs(xp). It remains to check these boundary values.
There are two components of 9€2;5(xg) to check. Firstly, since ¢ =0 and v =0 on
0Q;s(x0)NAM, we get g —v+pur? >0 on dQs(xo) NIM and (¢ — v+ ur?)(xg) =0.
Since p is large, (5-9) implies ¢ —v+ur? > ¢+ (p/2)d+ur? >0 on 92 (x0) \ M.
It follows that the normal derivative of ¢ — v + ur? is nonnegative, and therefore
we conclude

Vo Vo (x0) > Vi (Vyp + v — ur?) (xo)
= V,V,0(xo) — p > —C.

However, using Lemma 5.2 again, it is clear that the same argument applies to —¢,
and one deduces the mixed second derivative estimates

IV, Vyu| < C.

Once we bound V, V,u and V, V,u, to estimate the double normal second de-
rivative V,,V,,u we only need to bound Au. Note that W[u];; € Ffr, that is,

(nx — D)(Au) + (a(x) +nb(x))|Vu|> +tr B > 0.
Consequently Au is bounded from below and we have to establish an upper bound
Upy <C onodM.

Without loss of generality, one can assume u,, > 0 on d M (otherwise we are done).
Orthogonally decompose the matrix W at xo € dM in terms of e, and e,. Using
the known bounds, we find

Wlulij(xo) = (\Augi; — u;j +auiuj +b|Vu|*gi; + Bij)(xo)

- YT S 0
- 0 (A = Dupy

> (&outnn(x0) — C)Bij,

) (x0) — Cé;j
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where C depends on |M|C1(A7)’ |a|C°(A7)’ |b|C0(ll7)’ |B|C0(/l7)’ |V, V,ul and |V, V,ul.
It is clear that
A

max
M X [—ulco sz, 1410 i7)]
> FY (xo) Wlul;j (xo)
> (gottnn(x0) — C) >, F' (x0)
= (&ottnn(x0) — C)F(e).
Thus we obtain the upper bound as desired. (]

Combining Lemma 5.1 and Lemma 5.3, we have the global estimates for the
second derivative.

Proposition 5.4. Suppose B € I'" and a(x) is positive on M. Then for any C*(M)

admissible solution u of (1-4), there is a constant Cy depending only on Cy, C1, A,

|a|c2(/171)’_|b|02(1171)’ 1Rl 2 (M x[—co.Col)» |‘P|C3(1171)’ |B|C2(117I) and the geometric quanti-
ties of (M, g) such that
|V2u| <C, onM.

6. Proof of Theorem 1.1

The proof of Theorem 1.1 is standard. We only sketch it here. For ¢ € [0, 1], we
consider the equations

{ F(V2u+ B =,

(%) t
ulogy =¢',
where
t__ 1_t r__ _ 2u t__
B _Z’B+—F(e)g, h —(1 t)e —‘,—l’h(.x,l/l), @ _t(p

For ¢ = 0, the admissible solution is u = 0 on M; for t = 1, it is our desired
Equation (1-4). It is direct to check that

e« Blel™.

e h'>00nM xR, 3,h'(x,z) >00n M x R, lim,_, 4o h'(x,z) — +oo and
lim, ., oo h'(x,z) > 0in M x R.

o There exists a uniform constant C > 0, independent of ¢ € [0, 1], such that
|Btlc2(M) < C, |ht|C2(MX[—C,C]) < C and |(ptlc3(ﬁ) < C.

Applying our a priori estimates Proposition 3.1, 4.6 and 5.4 to (x;) and noting
that F is concave, we obtain, by Evans—Krylov estimates,

|Mt|c2,a(M) S C fOI' all t S [0, 1]
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Combining this with Corollary 2.2, we see by standard degree theory that (*;) is
solvable for t = 1. Uniqueness follows by Lemma 4.3.

7. Proof of Theorem 1.4

To solve the Dirichlet problem for large boundary conditions, we need to control
the behavior of the solution near the boundary. We can do this by constructing
barrier functions for some suitable equation.

Recall that F is concave, then

Fk)<w) ki inTT
for some uniform constant o > 0. For any C?(M) admissible function u satisfying
F(W[ul) = f(x)e* in M,

u is a subsolution of the equation

(7-1) biAu+by|Vu|* + by = ™,
where
wni—1) w(lalr~ +n|b|Loo) oltr B~
by=——F, b= . 3=
ming; f ming; f ming; f

Before constructing a local supsolution of (7-1), we give some notation. Take a
point yo € Mj;,4 near the boundary d M. Suppose xo € d M is the point that satisfies
d(yo) = distg(x0, yo). Consider a geodesic running from x¢, passing through yo,
and going out a small distance to a point zo with distg(zo, xo) = 1. We use r(x)
to denote the distance from zp to x with respect to the background metric g. We
assume that § and 5 are small enough that r2(x) = (distg (x, 20))? is smooth in the
ball B, (zo). We may choose normal coordinates {e;}. Then we have

Ar?(zo) = 2n.
We now assume
1<Ar’<3n in B, (z0).

Consider the following auxiliary function defined in B, (z):

1,]2_’,2_|_6

w(x) =— log(n2 — r2) + 6 log +log2+ % log(nby + by) + log n,

where 6 and € are constants to be chosen later. It is easy to check that

. 2rr; 2rr;

w; = -
TR Uiy e
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and
2.2 2.2
;ijr 4r2r,~rj ;,'jr 4}"27‘,'7‘]'

=n2—r2 (,72_,,2)2_ nz—r2+e_ (2 —r2+e)2

Consequently, using [Vr|=1and 1 < Ar? < 3n in B, (z0), we derive

b1 AW + by |VW|> + b3
Ar? 4(by + by)r? b6 Ar? 4(b; — by0)0r?

=) _
2T T2 2 —r24e (P—rite)?
8by0r?
- b
W= —rite
- 3nbin® + (3by + 4by)r? bl 4 — by0)0r?
= (7% —r2)2 —rite (P—rite?r

Now choosing 6 < b/(2by), n < +/b10/(2b3), € < n?, and using r < 1, one
obtains
4(nby + by)n? < 20

_ —2
biAW+by|Vw|* + b3 < (2 —r2)2

Since wlyp, (z,) = +00, maximum principle implies

hence

(7-2)  u(yo) < —logd(yo)+ 6 log

2nd +e€
% +1og2+ 1 log(nby + by).

Now we complete the proof as follows.

Proof of Theorem 2. We use the notation of Section 4. The argument here is similar
to that in [Guan 2008]. Let’s consider the locally defined auxiliary functions

més? .
v’ = ylog md+s n Ms,

where y is some small positive constant to be chosen laterand m =1, 2,3, .... It
is direct to check that

vy lam = ylogm,
ylog 58 < v} l{ax)=s) < ylogé.
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By a direct computation, we obtain

A+ by)ym2 2 (/1)/2m2 ym2
= 2P VP + ————didj — ———
md 1392 VSt Ga v 22 T nd v 527

ym
T md 152 (AAdgij —dij) + Bij

_ (@0 = al gy + 1Bl z) V) ym?
- (md + 8%)2

Wl lij dj

\Vd[*g;;
)/m
— mc/gij - C"gij,

where C’ and C” are some large constants depending only on A, |Bl,(7) and the
geometric quantities of (M, g), independent of §. Choosing

y< £ and 5gmin{1,8—°,,ﬂ’”},
2(|a|L°°(A7) + |b|LoO(M)) 16C" 64C
and observing that |Vd| > 1/2 in Ms, we derive
gom ym
Wil = ( ~c) e
[vm]l] - 4(md+52) md+8231] gl]
2
oym /"
ST
80)/m2
= 16(md + 5725

Consequently, if y < min{l, %so/(lale(ﬁ) + bl jz))} and 8 is small enough,
then

(md + 82)

(7-4) __eoyF(e)
168*

> f(x)e?n

F(W[, F(e)

exp(2v;,/7)

in Ms. For any integer m > 1, let u,, € C°°(M) be the admissible solution of the
Dirichlet problem
F(W[u]) = f(x)e in M,
{ u=ylogm onoM,
where y is the constant has been fixed. Then (7-3), (7-4) and Lemma 4.3 imply
mé>

(7-5) Uy > Ur);l = ylog m
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Recalling (7-2), we obtain for any m > 1
(7-6) u, <—logd+C.

Since u,, < u;;+1 for m > 1, and the u,, have the boundary control (7-5) and (7-6),
the limit

u(x):= lim wu,(x)
m—00
exists for all x € M and satisfies
—C —vylogd <u(x) <—logd+C

near oM.
For any compact subset K C M, by the boundary control above and the a priori
estimates of Proposition 3.1, Lemma 4.1 and Lemma 5.1, we obtain

ltm|c2ekxy < C,

where 0 < o < 1, C = C(K) is independent of m. Thus u is a solution of (1-5). [J
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