ON THE KOBAYASHI METRICS IN RIEMANNIAN MANIFOLDS
HERVE GAUSSIER! AND ALEXANDRE SUKHOV?

ABSTRACT. We define the Kobayashi distance and the Kobayashi-Royden infinitesimal met-
ric on any smooth Riemannian manifold (M, g), using conformal harmonic immersions from
the unit disk in C into M. We also study their basic properties, following the approach
developped by H.L.Royden [12] for complex manifolds.

1. INTRODUCTION

The Kobayashi metric and the related notion of hyperbolicity of complex manifolds play
a fundamental role in the geometric Complex Analysis and in Algebraic Geometry. The
definition of the Kobayashi metric crucially uses holomorphic discs i.e., the holomorphic
maps from the unit disc D of C to a prescribed complex manifold. Of course, this definition
requires the presence of a complex (or, at least, almost complex) structure on a manifold. In
[4], M.Gromov proposed to extend the notion of Kobayashi metric to the case of arbitrary
Riemannian manifolds. He suggested to use conformal harmonic maps or, equivalently,
conformal maps whose images are minimal surfaces, from D to a Riemannian manifold
(M, g). Recently, F.Forstneri¢ - D.Kalaj [3] and B.Drinovec-Drnovsek - F.Forstneri¢ [2] used
this approach. They introduced the notion of Kobayashi metric and studied its important
properties in the case of R" equipped with the standard Euclidean metric g,;. The goal of the
present paper is to consider the case of arbitrary Riemannian manifolds as it was suggested
by M.Gromov. In particular, we extend to that general case some of the results of [2].

The paper is organized as follows. In Section 2 we recall some standard facts concerning
minimal sufaces, conformal and harmonic maps. Lemma , giving an existence of a (small)
minimal surface with prescribed center and tangent direction, is necessary for the definition
of the Kobayashi pseudodistance and of the Kobayashi-Royden pseudometric. Note that
our approach is based on important works of B.White [13] [14]. In Section 3, we introduce
the Kobayashi-Royden pseudometric on a Riemannian manifold. The main result here is
Theorem establishing the upper semi-continuity of that pseudometric on the tangent
bundle. In Section 4, we introduce the notion of Kobayashi pseudodistance on a Riemannian
manifold. The main result of this paper is Theorem which claims the coincidence of the
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Kobayashi pseudodistance with the integral form of the Kobayashi-Royden pseudometric.
In the complex case, this is a classical theorem of H.L.Royden [12]. In the last Section 5, we
discuss some basic properties of Riemannian manifolds which are hyperbolic in the sense of
Kobayashi i.e., the associated Kobayashi pseudodistance is a distance.

Finally, we note that many open questions, such as the sufficient conditions for complete
hyperbolicity, the existence of normal families of minimal surfaces, the asymptotic estimates
of the Kobayashi-Royden metric near the boundary, or the Gromov hyperbolicity of the
Kobayashi distance, stay open in the case of Riemannian manifolds. We will consider them
in forthcoming papers. The authors are grateful to F. Forstneri¢ bringing their attention to
the papers [2], 3].

2. MINIMAL IMMERSIONS

We denote by I the unit disc in R?, by ds? the standard Riemannian metric on R? and
by dm the standard Lebesgue measure on R%. For every « € R? and every A > 0, we set
D(a,)) = {C eC| [¢] < A},

Let (M, g) be a Riemannian manifold. We assume that all structures are smooth of class
C*. We denote by dist, the distance induced by g, defined as the infimum of the length
of C! paths joining two points. For every p € M and every r > 0, let B(p,r) := {q €
M| dist,(p,q) < r}.

A map u: D — M is called harmonic if it is a critical point of the energy integral

Bu) = /D duf2dm.

A harmonic map satisfies the Euler-Lagrange equations

(1) Agu+ B(u)(du,du) = 0.

Here A, denotes the Laplace-Beltrami operator on (M, g). We do not develop the other
notation used here (see for example [6]), since we will not need it. We only note that
u — Agu + B(u)(du,du) is a second order elliptic quasilinear PDE system. The initial
regularity of © may be prescribed in the Holder or Sobolev spaces. It follows by the elliptic
regularity that u is a smooth C'*° map on . Using the complex coordinates z = x + 1y on
D and local coordinates on M near u(D), one can rewrite the equations in the form

Put ou? Ou®
@ aa0z Tl 57 =
2

i 0
(see [6]). Here A = 43282

is the standard Laplace operator and Fé-,c denote the Christoffel

symbols.

A smooth map u : D — M is called conformal if the pull-back u*g is a metric conformal
to ds? i.e., there exists a smooth function ¢ such that u*g = e®ds? on D. Recall that any
Riemannian metric A on D admits conformal coordinates. This means that there exists a
smooth diffeomorphism ® : D — D, depending on h, such that ®*h is conformal to ds?.
This is a classical fact of differential geometry, see [6]. Note that this result is true without
additional assumptions only for manifolds of dimension 2. If uw : D — M is a smooth
immersion, we take h = u*g, and the composition u o ® becomes a conformal mapping. Of
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course, ¢ depends on v and is not unique. Using the group of conformal automorphisms of
D, we can always achieve the conditions ®(0) = 0 and ®(1) = 1.

The condition for u to be conformal is equivalent to the conditions, satisfied for every
(z,y) € D

(3) Gu(z,y)(OU/0x, 0u/0x) = Gu(zy)(Ou/0y, Ou/OY), Gu(zy) (Ou/0z,0u/0y) =0

(see [6]).

Recall that a surface in (M, g) is called minimal if its mean curvature (induced by g)
vanishes. A conformal immersion (i.e., its image) is minimal if and only if it is harmonic (see
[6]). The energy functional has very important compactness properties in suitable function
spaces. This makes it a usuful tool in order to study boundary values problems for minimal
surfaces, in particular, the Plateau problem. However, in some cases it is more convenient
to work with the area functional. Here we follow the approach of B. White [13].

Let u : D — M be a smooth immersion. We denote by gp := u*(g) the Riemannian
metric on D, pullback of the metric g by u. Let Gp be the matrix (Gp); ; = gn(9/0x;,0/0x;),
for i,j € {1,2} (for convenience, in the matrix notations x; = z, x5 = y). We also denote
Uy = Uy (0/0x) and u, = u, (0/0y). In particular, the scalar product of 0/0x;,d/0x;
evaluated at (z,y) € D is equal to gp(9/0x;,0/0%;) = Gu(wy)(Ue;, Us;). For convenience, we
just write gu(z,y)(Ua,s Us;) =: Gu(Ua,, Us,). Then the area functional A(u) of the immersion u
is defined by

(@) Alu) = /D (det Gp)2dm.

One may view A as a real map defined on the space of smooth immersions. A smooth
immersion v is called stationary if the differential DA of A vanishes at u i.e., DA(u) = 0.
As it is shown in [I3], an immersion is stationary if and only if its image is a minimal surface.
Therefore, after a suitable reparametrization, a stationary immersion becomes a conformal
harmonic map.

In the rest of the paper, we refer conformal harmonic immersions from ID to M as conformal
harmonic immersed discs. Similarly, we refer to stationary or minimal discs. Note that
we consider stationary discs with arbitrary parametrizations, not necessarily the conformal
harmonic ones. Note also that we sometimes identify an immersed disc with its image when
this does not lead to any confusion.

Since we work only locally, in suitable local coordinates on M we will consider u : D — R”"
given as a graph :

V(z,y) €D, u(z,y) = (z,y,u’(z,y),. .., u"(z,y)),

where u3, ..., u" are smooth C*° functions. Then

ug = (1,0,u2, ... u)
and

wy, = (1, 0,u2, ey Uy).

Now we follow White’s approach in [13, 14]. Let h = (0,0,Rh3,...,h") : D — R" be a
smooth map and let, for every ¢ € [0,1] and every (z,y) € D, ¢'(z,y) = (z,y,u’(z,y) +
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th3(z,y),...,u™(z,y) +th"(x,y)). Then
Sotm - (@t)*<a/ax) = (17 0, ui + thi, ey Uy F th;)7

vy = (¢):(0/0y) = (1,0,uy + th, ... uy +thy).
and

1/2
A" = [ (900 (ks 0L gt (0 L) — g (L, 04) gt (0L, L)) dady.
D

If we write h, = (0,0,h3,...,A") and h, = (0,0, hg, ..., hy), then we have, for every
te0,1]:

d
0 t
- um’ 7, x = hl‘
and p
0 t
= — = h,.
Py = dt|t=0<py v
Then u is a stationary immersion if and only if for every smooth map h we have
d
—  A(ph) =0.
0 o (¢")
The expression of %I o A(p") is straightforward and depends linearly on h, h, and h,. By

integration by parts, we obtain a quasilinear operator, with respect to u,, uy, Uz, and uy,,
that depends linearly on h. Using the Riesz representation theorem (see details in [13]), we
obtain the following

Lemma 2.1. With these notations, the stationary condition has the form

(5) H(u)=0
where
(6) H(u) = (H'(u), ..., H"(u))
with A A
H (u) = 7 (Ug, Uy, Ugg, Ugy, Uyy) for j =1,2
and . ‘ . .
Ho(u) = ul, +ul, + 97 (Ug, Uy, Upa, Usy, Uyy) for j=3,...,n,
Here, for j =1,...,n, ¢’ is a smooth C™ function, without constant or linear terms with

respect 10 Uy, Uy, Ugy, Uzy, Uyy. Furthermore, the vector H(u) is orthogonal to u(DD).

In particular, the operator H is a quasilinear elliptic operator whose linearization at u :
(x,y) € D+ (2,9,0,...,0) € R" is

(7) (0, 0, Au, - ,Au”)
where A denotes the standard Laplace operator.

Since H (u) is orthogonal to u(D), the equation ({5)) is equivalent to the equations
(8) Hi(u) =0, j=3,..,n.

In what follows we mean these equations when refering to (/5)).
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Example 2.2. Consider the special case where M = R3 and g is the standard metric.
Assume that the stationary map u : D — R3 is the graph of a function f : D — R i.e.,
u: (z,y) €D~ (z,y, f(z,y)). Then the equation (§) takes the form

Its linearization at u : (z,y) € D+ (x,y,0) € R® (i.e. the linearization of (9) at f =0) is
the standard Laplace operator A.

We need the following classical regularity property of the Laplace operator. Consider the
logarithmic potential

(10) K(z) = (2r) ' log|z|.

This is a fundamental solution of the Laplace equation. Consider the Poisson equation

(11) Au=f.

Assume that f belongs to the Holder class C*(ID), where p is a positive real non-integer
number. It is classical (see [I0]) that the potential of f defined by

(12) Uf(z) = / K (= — w) f(w)dm(w)

is a function of class C?*#(D) and satisfies AU = f. Furthermore, the linear operator
U:f—Uf, U:CHD)— C***(D), is bounded.

We denote e; := (1,0) € R% The following result claims that locally there are many
conformal harmonic maps.

Lemma 2.3. (i) Letp e M and ¢ € T,M\{0}. Then there exists a conformal harmonic
immersion u : D — M such that u(0) = p and du(0) - e; = o for some a > 0.
Furthermore, this tmmersion depends smoothly on p and &.

(ii) Let u: D — M be a conformal harmonic immersion. Suppose that u(D) is contained
in a ball B(p,r) of radius r > 0 small enough. Then there exists 1y < r and a smooth
(n — 2)-parameter foliation of B(p,r1) by conformal harmonic discs containing u as
a leaf. Moreover, given q close enough to p, and a vector £ close enough to du(0) - e,
one can choose the above foliation such that for some leaf U one has u(0) = q and

dd(O) c€1 = f

Proof. (i) We consider local coordinates (z1,...,x,) on M in which p = 0. We also assume
that these coordinates are normal for the Levi - Civita connexion of (M, g). Then in these
coordinates g;;(0) = d;; and the first order partial derivatives of g;; vanish at 0. Consider the
metric g,(xy,...,x,) = g(txy, ..., tx,) for t > 0. We notice that such a metric is isometric
to g. The metric h, = t~2g, is not isometric to g;, but the corresponding set of stationary
surfaces is the same as for g; ; this follows immediately from the expression for the area
functional and the definition of stationary immersions. Finally, note that the metric h;
converges to the standard metric gy, of R® in any C*-norm on any compact subset of R", as
t— 0.

We may assume that £ = (1,0,...,0) and we search for a suitable stationary immersion
of the unit disc of the form (z,y) — (z,y, f(x,y)) i.e., as the graph of a vector function
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f: D — R 2 Consider the equation for the metric h;. For t = 0, it becomes a vector
analog of @D Its linearization at f = 0 is given by which is a surjective operator from
C**(D,R"?) to C"*(D,R"?), with any fixed o € (0, 1). Indeed, this follows from the stated
above regularity property of the logarighmic potential. By the implicit function theorem the
equation admits solutions for ¢ > 0 small enough. Namely, for every sufficiently small £,
there exists a minimal surface, given by a smooth stationary immersion w;,¢ : D — R", for
the Riemannian metric hy, such that u;,¢ @ (2,y) € D — (2,y, fipe(z,y)) depends smoothly
on (t,p,€) and is a small deformation of the map (z,y) — (z,y,0). In particular, u,¢(0) is
close to p and duyp¢(0) - e is close to £. Now, if U, is a small neighborhood of p in R and
Ve is a small neighborhood of ¢ in the unit sphere (for the standard metric in R™), the same
reasoning implies that for every sufficiently small ¢, the set {(uty ¢(0), duty ¢(0) - €1), p' €
Uy, £ € Ve} fills an open neighborhood of (p,¢) in R™ x R™. Hence, for sufficiently small
t, there exists (p/,¢&') € U, x Ve such that gy ¢ (0) = p and duyy ¢ (0) - €1 = € for some
real number ¢ close to one. Note that all solutions are C'* smooth by the elliptic regularity.
Finally, being a solution of the equation , Uy e @ D — R" is a stationary disc for g,
and therefore for g. Hence, this disc becomes a conformal harmonic immersion for g after
a suitable reparametrization. The smooth dependence on p and ¢ follows from the implicit
function theorem. This proves Part (i) of Lemma [2.3] .

(ii) Choose local normal coordinates (zi,...,x,) as above. Also, set (Z1,...,%,) =
(tzy,...,tx,) for ¢ > 0 small enough and again consider the metrics hy(Z1,...,T,) =
t=2g(txy,...,tx,). We may assume that, in the coordinates (zi,...,x,), the conformal

harmonic immersion u : D — M has the form u(x,y) = L(z,y) + O(|(z,y)|?) where L is
a linear map from R? to R", of rank 2. Then the disc u; : (z,y) € D ~ u(tx,ty) has the
expansion ui(x,y) = L(x,y) + O(t) in the coordinates (Z1,...,Z,). As t — 0, this family
of discs converges to a conformal linear disc. Note that after an isometric (with respect to
gst structure) linear transformation this disc is a graph of the zero map. Then the desired

result follows by the implicit function theorem as in part (i).
U

Note that there is another way to prove Lemma [2.3] based on deep results on the Plateau
problem. The following result is a very special case of the fundamental theorem of Morrey
[11]. Let ¢ : D — (M, g) be a smooth map. Suppose that a Riemannian manifold (M, g)
satisfies some standard metric assumptions (for example, M is compact). Then there exists
a conformal harmonic map v : D — M continuous up to the boundary of the unit disc, and
such that u|yp = ¢|pp. In particular, the image of w is a minimal surface in M with the
boundary u(bD). Furthermore, it follows from the results of Hildebrandt [7] that u depends
continuously on the perturbation of ¢. Choose local coordinates on M as above and consider
all conformal linear maps from D to this local chart. Then the theorem of Morrey can be
applied to the images of the unit circle by these maps. Since, in these local coordinates, the
metric ¢ is a small perturbation of the standard one, minimal surfaces given by Morrey’s
theorem are small deformations of the linear discs. This implies Lemma [2.3|
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3. THE KOBAYASHI-ROYDEN PSEUDOMETRIC ON A RIEMANNIAN MANIFOLD

Let (M, g) be a Riemannian manifold. For a point p € M and a tangent vector € T,M
we set

.1
Fur(p.€) i=inf

where r runs over all positive real numbers for which there exists a conformal harmonic
immersion v : D — M such that w(0) = p and du(0) - ey = r&. It follows by Lemma
that F); is well defined for every (p,€) in the tangent bundle T'M. We call F); the
Kobayashi-Royden pseudometric for the Riemannian manifold (M, g).

We have the following obvious

Lemma 3.1. Let f : (M,g) — (N, h) be an isometric immersion between two Riemannian
manifolds i.e., f satisfies g = f*h. Then

Fn(f(p),df(p)&) < Fu(p,§).

In particular, if M is a connected open subset of N, then
For (p,&) € TM, we denote [¢], := 1/gp(§, &), when no confusion is possible.

Lemma 3.2. The function Fy; is non-negative, and for any real a one has

Fu(p, ag) = |a|Far(p, €).
If K is a compact subset of M then there is a constant Cx > 0 such that for p € K one has

Fu(p,€) < CK|§|9'

Proof. The first property is obvious. Let us prove the second one. For every point p € M
and every sufficiently small open neighborhood U of p, Lemma [2.3| implies that there exists
¢ > 0 with the following property: for every point ¢ € U, every unit vector £ € T, M and
every r € (0, ¢), there exists a conformal harmonic immersion u : D — M such that u(0) = ¢,
du(0)-e; = r€. Then for Cy = 1/ we have F(q,§) < Cyl€|, for all vectors £ (not nesessarily
unit). Covering K by a finite number of open neighborhoods, we conclude. O

The main regularity property is given by the following
Theorem 3.3. The function Fy; is upper semi-continuous on the tangent bundle T'M.
The key result needed for the proof is the following

Proposition 3.4. Let ug : D — M be a conformal harmonic immersion. Then there exists a
neighborhood U of (ug(0), dug(0) - e1) in the tangent bundle T M such that for each (p,&) € U
there exists a conformal harmonic immersion u : D — M satisfying u(0) = p, du(0) -e; = ¢&.

The upper semicontinuity of F}; follows immediately from this proposition and the defi-
nition of Fj;. So the remainder of this section is devoted to the proof of Proposition (3.4}

Proof. Essentially, the proof is implicitely contained in the works [I3] [I4]. For the conve-
nience of the reader we include some details. For simplicity we consider the case whee M
coincides with R" equipped with a Riemannian metric g. It is indicated in [I3], 4] how the
theory of White can be extended to arbitrary ambient Riemannian manifolds.

The operator DH (uyg) is called the Jacobi operator at ug. In order words, the Jacobi oper-
ator is the linearization of H at ug. This is a second order linear PDE operator. Furthermore,
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it is elliptic and self-adjoint. If a vector field h is tangent to the disc uy(ID), then the value of
DH (ug) on h, i.e., DH(ug)-h, vanishes. Thus, for any h, the vector field D H (ug)-h is normal
to up(ID). Similarly to Section 2 (cf. the equations (5) and (g)), in what follows we identify
DH (up) with its normal projection (with respect to uy(ID)). A Jacobi field with respect to
up is a vector field in the kernel of DH (ug). It is established in [13] (Corollary at Section 6)
that a smooth Jacobi field at wug is the initial velocity vector field of a one-parameter family
of stationary discs. In order to apply this result, we need to study the existence of Jacobi
fields.

The existence of the Jacobi fields in the direction transverse to uy(DD) is established in [14].
Consider a sufficiently small » > 0 and the disc ug(rD). By Lemma this disc generates
a one-parameter family of minimal discs in any direction tranverse to ug(D) at the origin.
Such a deformation is generated by a Jacobi field, obtained by taking the derivative with
respect to the parameter, defined in a neighborhood of the origin on uy(D): this provides
the existence of a Jacobi field with respect to ug in a prescribed direction near the centre
uo(0). The existence of a global Jacobi field now follows from P.Lax’ Equivalence Theorem
of [9],stating, in our case, that a Jacobi field defined in a neighborhood of 0 in R? can
be approximated by a Jacobi field defined on the whole disc ID. The property of unique
continuation of solutions required by theorem of P.Lax follows in our case from the Calderon
uniqueness theorem, see [I], Theorem 11. Now Proposition follows. O

4. THE KOBAYASHI DISTANCE AND COINCIDENCE THEOREM

Denote by Pp the Poincaré metric, defined for z € D and v € C by

|v]
P]D)(Zav) = 1 — |Z|2

and by pp the Poincaré distance on . Recall that for every z,w € D :

2 T 1—d(zw)
where
|z — w|
d =,
(z,0) 11 — 2w

Let p and g be two points in the Riemannian manifold (M, g). A Kobayashi chain from
p to ¢ is a finite sequence of points z, w, in D and of conformal harmonic immersions
up : D — M, k =1,...,m, such that ui(z1) = p, up(wy) = ¢ and ug(wg) = wpr1(2xe1)
for k = 1,...,m — 1. The existence of such chains follows from Lemma [2.3] Indeed, by
compactness any smooth path from p to ¢ can be covered by sufficiently small balls such
that the centre of a given ball is contained in the preceding ball. By Lemma [2.3| each ball
is foliated by minimal discs through its centre, which provides a Kobayashi chain. The
Kobayashi pseudodistance from p to ¢ is then defined by

(13) dyi(p.q) = inf 3 po(zx, w)

where the infimum is taken over all Kobayashi chains from p to ¢.
On another hand, we consider the pseudodistance defined as the integrated form of F):
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(14) du(p,q) = inf / Fug((t), 5(8))dt

where the infimum is taken over all piecewise smooth paths v from p to ¢. Notice that dy;
is well defined by Theorem [3.3] The main result of this section is the following coincidence
theorem.

Theorem 4.1. We have dy; = dyy.

Proof. First we note that for every conformal harmonic disc v : D — M we have, for every
z € D and every ¢ € C:

(15) Far(u(z), du(z) - §) < Pp(z,€).

Indeed, in the case where z = 0 and £ = ey, this follows from the definition of F);. Then it
follows for any z € D and any unit vector &, if we replace u with the conformal harmonic disc
uo@, where ¢ is a biholomorphic automorphism of D such that ¢(0) = z, d¢(0)-e; = £. Then
the inequality follows for any vector £ since the two metrics are absolutely homogeneous.
As a consequence, for any conformal harmonic disc u : D — M we have for every z,w € D:

(16) da (ulz), u(w)) < po(z, w).

Consider now a Kobayashi chain between p and ¢, as above. Then, by the triangle in-
equality and the inequality we have:

dy(p,a) <) durur(ze)s un(wi)) < ) ool wi)-

Taking the infimum over all Kobayashi chains joining p to ¢, we obtain that das(p,q) <

da (p, q)-
Let us prove now the converse inequality. Fix € > 0 and consider a smooth path v :
[0,1] — M satisfying v(0) = p, 7(1) = ¢ and such that

/01 Fr(y(1),5(1))dt < du(p,q) +e.

Since F)y is an upper-semicontinuous function, there is a continuous function i : [0,1] — R
satisfying h(t) > Fu(v(t),%(t)) for every ¢ € [0, 1] and such that

1
/ h(t)dt < du(p,q) + <.
0
Therefore, for every sufficiently fine partition 0 =ty < t; < ... < t,, = 1 of [0, 1] we have

m

Z h(tl_l)(tl — ti—l) < EM(p, Q) +e.

i=1
Lemma 4.2. There exist constants C' > 0 and 6 > 0 such that for every t € [0, 1] and every
a,b € B(y(t),0) we have:

dy(a,b) < Cdist,(a,b)

where dist, denotes the distance induced by the Riemannian metric g on M.
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Proof. Fix t € [0, 1]. Choose local normal coordinates centered at the point (t) so that this
point is the origin in these coordinates. By Lemma there exists ¢; > 0 small enough such
that for any vector £ € Ty M \ {0}, the ball B(y(t), 1) contains an immersed minimal disc
centered at (t) and tangent to the direction of £. It is shown in the proof of Lemmathat
the family D of these discs is a small smooth perturbation of the family of linear conformal
discs which fill the ball B(v(t), d1). Hence, shrinking d; if necessary, we may assume that for
every point b € B(v(t), d;) there exists a disc from the family D, centered at (t) and passing
through b. It also follows from the proof of Lemma (which is based on an application of
the implicit function theorem) that the above family D of minimal discs smoothly depends
on a small perturbation of their common center ~(t).

Hence there exist 0 < § < 6;/2 and, for each point a € B(v(¢), ), a family D, of minimal
discs centered at a such that the famlly D, still fills the ball B(v(t),d1/2). In other words
for any a, b in B(y(t),d) there exists a conformal harmonic immersion u : D — M through a
and b. The map u being an immersion, there exists C' > 0, only depending on ¢, such that

disty(a,b) = disty(u(z), u(w)) > Clz — wl.
Moreover, by changing § is necessary, there exists C’ > 0, only depending on §, such that
pp(z,w) < C'w — 2|.
Now it follows from the definition of the Kobayashi distance that

dM<a7 b) < PD(Z>U)> < C’w - Z‘ < C|b - CL‘.
(Here, the constant C' > 0 changes from inequality to inequality.)
All constants being uniform, this proves Lemma [4.2] O

Fix t € [0,1]. Since h(t) > Fuy(7(t),7(t)), there exists a conformal harmonic immersion
u: D — M and a real number r > 0 such that u(0) = ~(¢), du(0) - e; = r¥(¢) and
h(t) > 1/r. Therefore, for every s real close enough to the origin we have the expansion, in
local coordinates in M:

u(s/r) =(t) + (s/r)du(0) - e1 + O(s*) = y(t) + s¥(t) + O(s?).
Note also that pp(0, z) = |2| + O(]z]?) for z € D close enough to 0. Therefore, using Lemma
[4.2] we obtain:

dar((8),7(t) + s9(t)) < du(u(0),uls/r)) + dar(uls/r),v(t) + s7(t))
< pp(0,5/r) + Cdisty(u(s/r),¥(t) + 57(t))

< |sl/r+0(s%)

< |s|h(t) + O(s?).

Using again Lemma , we conclude that for ¢, € [0,1], close enough, one has

< dar(y (), () + (E = 1)7(1) + dar(y(t) + (F = £)7(t), 7(F))
< |t —t|h(t) + O(|t — t|?).

As a consequence, for any sufficiently fine partition we have

<ZdM it —tii)h(tis) (14 ¢) < (1+e)(du(p, q) +¢).

dar(y(t),~(1))
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Since € > 0 is arbitrary, the proof is concluded.

5. HYPERBOLICITY

The main purpose of this Section is to prove an analogue of [12], Theorem 2 p. 133, in the
context of Riemannian manifolds. In case (M, g) = (R", gy ), this is proved in [2], Theorem
4.2. We follow the presentation of [12].

The notion of hyperbolicity we consider in Deﬁnition (ii) comes from complex geometry
and refers to the Kobayashi-Royden pseudometric defined in Section 3. It is a local notion,
defined at every point, and is different from the classical concept of a hyperbolic complete
Riemannian manifold, that has constant sectional curvature equal to —1.

Definition 5.1. (i) A Riemannian manifold (M, g) is called Kobayashi hyperbolic if the

Kobayashi pseudodistance dy; is a distance.

(1) A Riemannian manifold (M, g) is called hyperbolic at a point x € M if there is a
neighborhood U of x and a positive constant ¢ such that Fy(y, &) > cl|, for every
y €U and every § € T, M.

(13i) A Riemannian manifold (M, g) is called tight if the family of conformal harmonic
immersions from D to M is equicontinuous for the topology generated by dist,.

(i) A family F of mappings of a topological space X into a topological space Y is called
even if, given x € X, y € Y and a neighborhood U of y, there is a neighborhood V' of
x and a neighborhood W of y such that for every f € F, we have fjy C U whenever
flx) e W.

We have the following characterization of hyperbolicity of Riemannian manifolds

Theorem 5.2. Let (M,g) be a Riemannian manifold. Then the following statements are
equivalent:

(1) the family CH(ID, M) of conformal harmonic immersions from D to M is equicontin-
wous with respect to the distance dist, i.e., (M, dist,) is tight,

the family CH(D, M) is an even family,

M is hyperbolic at every point,

dyr 18 a distance i.e., M is Kobayashi hyperbolic,

the Kobayashi metric dy; induces the usual topology of M.

(i3
(i
(1w

(v

S N N

Proof. The implication (i) = (i¢) follows from [§] p. 237, where it is stated that equicontinu-
ity of a family of mappings of a topological space X into a topological space Y with respect
to any metric inducing the topology of Y implies that the family is an even family.

(#7) = (i77). This is based on the following result, see [5], Theorem 4.8.1 p. 113 :
Theorem (Schwarz Lemma). Let (X,h) and (Y,g) be Riemannian manifolds. Let
B(zo, Ry) C X, Ry < min <z‘X(:1:0),$ ,
zo and —w% < Kx < k% are curvature bounds on B(zg, Ry). Let B(yo, R') C Y, R <

where ix(xo) denotes the injectivity radius at

min (iy(yg), %), where iy (yo) denotes the injectivity radius at yo and —w? < Ky < k¥

are curvature bounds on B(yy, R').
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Ifu: X — B(yo, R') is harmonic, then for all R < Ry:

dist,(u(x), u(z
(17) |VU<£IZ‘0)| < COIEIB?(Z;OX,R) g( (R) ( 0))

where ¢y = ¢o(Ry, wx, kx,dim X, R’ wy, ky,dimY).

Let p be a point in M and let B(p, R') such that R’ satisfies the condition of the above
Schwarz Lemma, with yo = p. By assumption, the family CH(ID, M) being even, there exist
0<d<1and0<d < R, such that for every conformal harmonic immersion v : D — M,
we have ups) C B(p, R'), whenever u(0) € B(p,¢’). It follows by the Schwarz Lemma that
there exists ¢y > 0 such that for every conformal harmonic immersion v : D — M, with
u(0) € B(p, d’), we have

/

Vu(0)] < CO%

)
Hence, for every y € B(p, ') and for every v € T, M, we have: Fy(y,v) > 7‘0‘9'
Co

(43i) = (iv). By the assumption on Fj; and the definition of dy;, dys is a distance. The
implication is then given by Theorem [4.1]

(1v) = (v). Let z € M and let 6 > 0 be such that B(z,d) is geodesically convex i.e., for
every y,z € B(x,d), there exists 7o : [0,1] — M a piecewise C'! smooth path joining y to
z, with 70([0,1]) C B(x,0) and ,(y) := fol |70(t)|,dt = dist,(y, z). Applying Lemma (3.2 to
the compact set K := B(z, ), there exists Cx > 0, such that Fy(y,v) < Ck|v|,, for every
y € K and every v € T, M. It follows now from Theorem [.1}

1

(18)  du(y,2) = dul(y,z) < /0 Far(0(t),70(t))dt < CK/O [Yo(t)|gdt = Crdisty(y, z).

This means that the topology generated by d,; is weaker than the topology generated by
disty.

Moreover, it follows from that the map y — dy/(z,y) is continuous on B(z, d) for the
topology generated by dist,. In particular, for every 0 < av < 6, there exists yo € 0B(x, a/2)
such that

dy(z,y) = inf  d(z,y) > 0.

y€OB(z,0/2)

By the definition of dy, for every y € M \ B(z, o)

dar(z,y) = dar(,y) > dy(x,90) = dar (2, y0).-

This means that the set {y € M/dy(x,y) < dy(z,90)} C B(z, «) i.e., the topology generated
by dist, is weaker than the topology generated by dy;.

(v) = (7). It follows from ([13)) et that every conformal harmonic immersion f : D —
M and for every (,¢" € D : dy(f(C), f(¢") < pp(¢,¢"). Hence the family CH(D, M) is
equicontinuous. ]

We conclude by noticing that, as in the complex setting and following [12], we can define
the notions of tautness and complete hyperbolicity for Riemannian manifolds :
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Definition 5.3. (i) A Riemannian manifold (M, g) is called taut if the family CH (D, M)
is a normal family i.e., every sequence in CH(D, M) admits a subsequence that ei-
ther converges to an element of CH(ID, M) uniformly on compact subsets of D, or is
compactly divergent.

(ii) A Riemannian manifold (M, g) is called complete hyperbolic if it is Kobayashi hy-
perbolic and the metric space (M, dyy) is complete.

Then the characterization of tautness and complete hyperbolicity contained in Section 4
of [12] still hold in our context. In particular we have the following

Proposition 5.4. Let (M, g) be a Riemannian manifold. Then we have:

(i) M is complete hyperbolic if and only if for every p € M and every r > 0, the set
{g € M/ dy(p,q) <r} is compact in M.

(ii) M complete hyperbolic = M taut = M Kobayashi hyperbolic.

(ii) Let 7 : M — M be a covering map of M and denote by § the unique Riemannian
metric on M such that w is a Riemannian covering map. Then (M,g) s complete
hyperbolic if and only if (M, g) is complete hyperbolic.

We denote e; := (1,0) € R%. The following result claims the existence of a conformal
harmonic map with prescribed 1-jet.

Lemma 5.5. Let p € M and let E be a 2-dimensional subspace of T,M. Then there exists
a conformal harmonic immersion u : D — M with u(0) = p and such that the tangent space
Tyu(A) conicides with E. Furthermore, this immersion depends smoothly on p and E.

Proof. We consider local coordinates (x1,...,2,) on M in which p = 0. We also assume
that these coordinates are normal for the Levi - Civita connexion of (M, g). Then in these
coordinates g;;(0) = ¢;; and the first order partial derivatives of g;; vanish at 0. Consider the
metric gi(z1,...,2,) = g(tzy,..., tx,) for t > 0. We notice that such a metric is isometric
to g. The metric hy = t~2g; is not isometric to g, but the corresponding set of stationary
surfaces is the same as for ¢; ; this follows immediately from the expression for the area
functional and the definition of stationary immersions. Finally, note that the metric h;
converges to the standard metric gy of R” in any C*-norm on any compact subset of R”, as
t— 0.

We may assume that F is generated by the vectors (1,0, ...,0) and (0,1, ...,0). We search
for a suitable stationary immersion of the unit disc of the form (z,y) — (z,v, f(z,v)) i.e.,
as the graph of a vector function f : D — R"2. Consider the equation for the metric hy.
Its linearization at f = 0 is given by (7)) which is a surjective operator from C%%(ID, R"~?) to
C%*(D, R"?), with any fixed a € (0,1). Indeed, this follows from the stated above regularity
property of the Laplace operator in the Holder scale. By the implicit function theorem the
equation admits solutions for ¢ > 0 small enough. Namely, for every sufficiently small £,
there exists a minimal surface, given by a smooth stationary immersion u(t,p, £) : D — R™,
for the Riemannian metric h;, such that u(t,p, E) : (z,y) € D — (z,y, fipe(z,y)) de-
pends smoothly on (¢,p, F) and is a small deformation of the map (x,y) — (z,y,0). In
particular, u(t,p, F)(0) is close to p and du(t,p, E)(0)(TyD) is close to E. Now, if U,
is a small neighborhood of p in R™ and V is a small neighborhood of F in the Grass-
manian Gr(2,n) , the same reasoning implies that for every sufficiently small ¢, the set
(u(t,p, £)(0),du(t,p, £)(0)(ToD)) where p' € U, and E € V, fills an open neighborhood of
(p, E) in R® x Gr(2,n). Hence, for sufficiently small ¢, there exists (p, £) € U, x V such
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that u(t,p, F)(0) = p and du(t,p, E)(0)(TyD) = E. Note that all solutions are C'* smooth
by the elliptic regularity. Finally, being a solution of the equation (9)), u(t,p, ) : D — R™ is
a stationary disc for ¢g; and therefore for g. Hence, this disc becomes a conformal harmonic
immersion for g after a suitable reparametrization. The smooth dependence on p and F
follows from the implicit function theorem. This proves Lemma . U

5.1. MPSH functions. Let p be a function of class C? on M.
In local coordinates at a point p € M, the Hessian of p is given by

2, _
(19> v p= Z (axla$] Zrz]a ) d; dw]

3,j=1

Following [2], we have the following

Definition 5.6. Let p : M — [—o0,+00) be an upper semi-continuous function. We say
that p is minimal plurisubharmonic (MPSH) if for every conformal harmonic immersed disc
u: D — M, the composition p o u is subharmonic on .

In the case of C? functions, we have the following characterization of minimal plurisub-
harmonicity

Lemma 5.7. Let p : M — R be a function of class C*. Then p is MPSH if and only if
A(pou) >0 for every conformal harmonic immersed disc u : 1D — M.

Since a conformal harmonic disc has only a finite number of singular points on compact
subsets of D, then a function p: M — R of class C? is MPSH if and only if A(powu) > 0 for
every conformal harmonic disc u : D — M. Moreover, there are sufficiently many immersed
harmonic discs for the MPSH notion to be consistent, as showed by Lemma [5.5]

Lemma 5.8. Let p be a C? function on M and v : D — M be a conformal harmonic map.
Then A(pow)(0) depends only on the 1-jet of u at the origin.

Proof. We set 9/0z = (1,0), 9/9y = (0,1), p = u(0). Let (z1,...,z,) be normal coordinates
at p and let u = (uy,...,u,). We recall that I' ;(p) = 0, where I'; ; denote the Christoffel
symbols of u in the normal coordinates. Then :

CATEI (z % g, kz%m))mm( o <°>)

J=1 =1

and

D?*(pou) I "L Ou; N " 0%,
a—yg(o> = Vp(p) jzl 8_3/(0)’ ——(0) | +Va(p) j Iy 0) |-
Since w is harmonic, it follows from (??) that

> (G20+520) = 3 5ot -

j=1
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Hence, we obtain

(20) ) )
Mpouo) = TS0+ 05 )
= V?(p) (;%(O),;%(O)>+V2 (g%— ,Fla—l;f )

OJ
Finally we have the following

Lemma 5.9. Let p be a C? function on M. Assume that for every p in M and every 2-
dimensional subspace E of T,M, there exists a conformal harmonic disc u such that u(0) = p
and T,u(D) = E, and such that A(pou)(0) > 0. Then p is an MPSH function.

Proof. Let f: D — M be a conformal harmonic immersion. Let p = f({y) for some (, € D.

By assumption, there exists a conformal harmonic disc v : D — M satisfying u(0) = p,

T,f(D) = T,u(D), and A(pou)(0) > 0. Let h = (hy, he) be a holomorphic automorphism

of D such that h(0) = (o. Then g := f o h is a conformal harmonic immersed disc, with
ohy, . |° L |one

g(0) = p and T,g(D) = T,,f (D). Moreover
Apog)(0) = Alpo f)(C) ( a5 O + 5. (0) ) :

Let vy := du(0) (0/0x), vy := du(0) (0/y). Let e, e; € R?, with ||es]| = ||e2]] = 1 and let
A € R be such that dg(0)(e;) = Avq, dg(0)(e2) = Ave. Let L be a conformal linear isometry
of R? such that L(9/0x) = ey, L(0/dy) = e3. Then § := go L is a conformal harmonic
immersed disc satisfying §(0) = p, dg(0)(9/0x) = Av1, dg(0)(8/dy) = Avs and by Lemmal5.§|

Alpou)(0) = Alpo §)(0) = X*A(po g)(0).
Hence A(po ¢)(0) > 0 and so A(po f)((y) > 0. O

5.2. Some examples. Let p € M and let p be a smooth C? function defined in a neighbor-
hood U of p. If p is strictly convex on U i.e., p is of class C? and V?p is positive definite on
U, then it follows from that p is MPSH on U. In particular, we have

Example 5.10. Let © = (xy,...,x,) be normal coordinates at p. Then the function |x|? :
q = |2(q)|* = X775, 23(q) is MPSH in a neighborhood of p.

Indeed, using we have

n

V() =D (1+0(|2]) do; @ e+ Y O(|2]*)da; @ da,

i=1 1<i<j<n
which is a small deformation of Y7 | dz; ® dx; near p. Hence || is strictly convex near p.

We also have the following

Lemma 5.11. Suppose that the normal coordinates x are choosen at the point p = 0. Then
the function ¢(z) = log |x| + Alz| is MPSH in a neighborhood of the origin for a sufficiently
large A > 0.
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Proof. By Lemma [5.5|there exists a family of immersed minimal discs centered at the origin,
such that their tangent spaces at the origin fill the Grassmannian Gr(2,n). Furthermore,
these discs depend smoothly on the spaces that run over Gr(2,n).

We denote by ¢ = £ + in the coordinates in . Let u : D — (R™,g) be a conformal
harmonic immersion with u(¢) = (£,7,0,...,0) + O(|¢|?). Then

Alogu(¢) = O (1/|¢])
and

Alul(¢) = (1/[¢]) (1 +0O([¢]) -

This implies that log u+ A|u| is subharmonic near the origin for a sufficiently large constant
A > 0. Notice that up to now the constant A > 0 depends on u. Hence, there exists B > 0
such that

(21) Ao (u(C)) = B/I(]

near the origin in . Since everything depends smoothly on parameters, the same estimate
holds for minimal discs of the above family close enough to the initial disc u. The tangent
spaces of these discs fill an open non-empty subset of Gr(2,n). By compactness of Gr(2,n),
we obtain that the estimate holds for all discs with suitable A, B > 0. The above family
of minimal discs also smoothly depends on it starting point, the origin in our case. Moving
(using Lemma this family to a point ¢ close enough to the origin, we obtain by continuity
that the estimate holds for all minimal discs of this family. This implies Lemma [5.11]
in view of Lemma [5.9

O

6. LOCALIZATION PRINCIPLE AND PRELIMINARY BOUNDARY ESTIMATES

Let (M,g) be a Riemannian manifold of dimension n and let D be a domain in M.
We denote by Fp(z,§) the value of the Kobayashi-Royden pseudometric at (x,&) € TM.
The definition of the Kobayashi-Royden metric is similar to the classical case of complex
manifolds, see [?]. Denote by B™ the unit ball of R”. The main result of this section is the
following localization principle for the Kobayashi-Royden metric.

Theorem 6.1. Let x : U — 3B" be a normal coordinate neighborhood in M centered at a
point p € D (in particular, x(p) = 0). Assume that U is small enough such that |x|* is a
MPSH function on U. Let p be a negative MPSH function in D such that the function p—e|x|?
is MPSH on DNU and |p| < B in DNz 1 (2B") for some constants e, B > 0. Then there
exists a constant C = C(g, B) > 0, independent of p, such that for every w € D Nz~ (B")
and every tangent vector & € T,(M):

Fp(w,&) > CI¢||p(w)| "2,

The coordinate neighborhood U is not assumed to be contained in D. Therefore, this
result gives a first (non optimal) asymptotic behavior estimate of Fp near the boundary of
D in M. Note also that no conditions such as boundedness or Kobayashi hyperbolicity are
imposed on D. A similar rselt is obtained in [?] and [?] for the case of complex and almost
complex manifolds respectively.

The proof consists of several steps.

Step 1. Construction of suitable MPSH functions. Consider a smooth non-
decreasing function ¢ on R, satisfying ¢(t) = t for 0 < ¢t < 1/2 and ¢(t) = 1 for
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t > 3/4. For each point ¢ € M satisfying |z(q)] < 2, we define the function ¥, =
U(lz — 2(q)?) exp(AY(|z — z(q)])) exp(Ap) on DNU, and ¥, = exp(Ay(|z — (q)|)) exp(Ap)
on D\ U; the positive constants A and A\ will be chosen later.

The function log ¥, (x) = log ¢ (|z — 2(¢)|*) + A¢(|lx — 2(q)]) + Ap is MPSH on D \ {|z —
z(q)]* < 3/4}. On the other hand, there exists a constant A > 0 such that the function
log¥(|z —x(q)|?) + Az —z(q)| + Alz|? is MPSH on U. Moreover, by assumption the function
p —€lz|? is MPSH on D N {|z — z(q)] < 1}. Hence, taking A = A/e, we obtain that the
function log ¥, which is MPSH on D N {|x — x(¢)| < 1} and, therefore, everywhere on D.

Step 2. Preliminary estimate of the Kobayashi-Royden metric. Let u : D — D
be a conformal harmonic mapping satisfying «(0) = ¢ with |z(¢)| < 2. Then the function
é(2) = U, (u(z))/|z|* is subharmonic on the punctured disc D\ {0} and is upper bounded
by exp(A) as z tends to the unit circle.

Without loss of generality, we assume that the local coordinates are normal at ¢. Since u
is a conformal map, it is easy to see that lim, o ¢(z) = |du(0)e;)|* exp(Ap(q)/e). Hence, ¢
extends on D as a subharmonic function. By the maximum principle for subharmonic func-
tions, we have |du(0)e;)|* < exp(A) exp(—Ap(q)/e). Now by the definition of the Kobayashi-
Royden metric, we obtain the estimate

(22) Fp(q,§) = exp(=A + Ap(q)/2¢)|¢] =N (e, B)[¢]
for any ¢ € DNa~!(2B) and £ € T,D. Here N(e, B) = exp(—A—AB/2¢).

Step 3. Localization of the Kobayashi balls on D. As it is shown in [?], Fp is an
upper semi-continuous function on the tangent bundle T, and dp is the integrated form of
Fp i.e. for any points p,q € D we have

(23) do(p,q) = inf / Fo((t), dr (1)) dt

v€l(p,q)

where the infimum is taken over the set I'(p,q) of all C''- smooth paths v : [0,1] — D
with v(0) = p, 7(1) = ¢. Denote by Bp(q,d) the Kobayashi ball with respect to dp,
centered at ¢ € D and of radius § > 0. We want to compare Bp(q,d) with a suitable ball
with respect to the Euclidean ball (in local coordinates). This in turn allows to control
a distortion of conformal harmonic discs giving the desired localization of the Kobayashi-
Royden pseudometric.

Lemma 6.2. For any point ¢ in DNz~ (B") and any 6 < N = N(g, B), the Kobayashi ball
Bp(q,6) is contained in D N {|x —z(q)| < §/N}.

Proof. Fix a point w € D. Setting G = {w € U : |z(®) — z(q)| < 1}, we obtain from (22))

and that

dp(w,q) > inf / Fo(y(t),dv(#)dt > N in / dr(8)[dt.
7~HG) AR (E)

Y€l (q,w) v€l (q,w)

Given a path +, the last integral represents the Euclidean length of the part of ([0, 1])
contained in G.

Claim. For w € G, inf,er(qu) [, 1 (g |dv(E)|dt = |z(w) — 2(q)|.
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To prove the Claim, there are two cases to consider. First, if the path ~ is contained in
G, then obviously its length is not smaller than |z(w) — z(q)|. Second, if v intersects the
boundary of GG, then the length of a connected component of v joining ¢ and a boundary
point of G is larger than or equal to 1, which is larger than or equal to |z(w) — z(q)|. This
proves the Claim.

Finally, if w is not in G (for example, if w is not in U), then for every v € ['(¢, w), the
length fv*I(G) |dy(t)|dt is bounded from below by 1. Therefore, we have the estimates

(24) dp(w,q) > N min{l, |z(w) — z(q)|}, we DNU

and

(25) dp(w,q) > N, we D\U.

Now it follows from and that the condition w € Bp(g,d) implies that w € U and
that |z(w) — z(q)] < §/N. O

Step 4. Precise estimate on Fp. Consider a smooth function ¢ defined quite similarly
as in Step 1 and satisfying ¢ (t) = t for ¢ < 1/2 and ¥(t) = 1 when ¢ > 1. For every
w e DNax Y (B") and every A, 3 > 0, consider the function

O 50 (2) = ¥(|z — 2(w)[*/8%) exp(Ad(|z — z(w)])) exp(Ap(x))

defined on D N U, where A is given in Step 1. This function is well-defined and takes its
values in [0, e!]. There exists a constant C' > 0 depending only on the function 1 such that
the function log @) 5., + (C/8% — Ae)|z|* is MPSH in DN U. Now set A = 1/|p(w)| and
3% = C|p(w)|/e. We obtain a function denoted by ®,,, with log ®,, of class MPSH on DNU.

Set 7 = (e —1)/(e*" + 1), so that the Poincaré radius of the disc D in D is equal to N.
It follows by Lemma that for each conformal harmonic mapping g : D — D such that
w = g(0) € DNz ' (B"), one has the inclusion g(rD) C DNz~ '(2B"). Let f: D — D be
a conformal harmonic mapping satisfying f(0) = w and df(0)e; = a~ !¢, where o > 0 and
¢ € T,,D. Then the function

v(2) = Oy (f(2))/]2]

is subharmonic on rD \ {0}. Furthermore, limsup,_,,v(z) = ¢[£|*/(eC|p(w)|a?) (we choose
normal coordinates at w as above). Therefore, v extends on 7D as a subharmonic function.
By the maximum principle, we have : a > e~4&/2r|¢|(eC|p(w)|)~*/2. Now by the definition
of the Kobayashi-Royden metric we obtain the estimate

Fp((w, &) > e e r|¢|(eCp(w)]) 2.
This completes the proof of Theorem [6.1]

As a first application, we obtain the following result.

Theorem 6.3. Let (M, g) be a Riemannian manifold, p be a MPSH function on M, and let
u:D — M be a conformal harmonic map such that pou >0 on D and (pou)(z) — 0 as
z € D tends to an open arc v C bD. Assume that for a certain point a € 7 the cluster set
C(f,a) contains a point p € M such that p is strictly MPSH near p. Then u extends to a
neighborhood of a in DU~ as a Hélder 1/2-continuous map.

The proof follows from Theorem via the same argument as in [?] so we skip it. In
particular, we have the following
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Corollary 6.4. Let p be a strictly MPSH function on a Riemannian manifold (M, g). Set
M*:={p>0} and ' = {p =0}. Assume that u: 1D — M™ is a conformal harmonic disc
such that the cluster set C'(u,v) is contained in T' for some open non-empty arc v C bD.
Then u extends on DU~ as a Hélder 1/2-continuous map.

7. COMPLETE HYPERBOLICITY OF STRICTLY PSEUDOCONVEX DOMAINS

Let (M, g) be a Riemannian manifold. We recall that :

(a) M is (Kobayashi) hyperbolic if the pseudistance d, is a distance on T'M,
(b) M is complete hyperbolic if the metric space (M, d,) is complete.

Here we obtain one of our main results.

Theorem 7.1. Let Q) be a relatively compact domain in (M, g). Assume that p is a strictly
MPSH C? function in a neighborhood of Q such that Q = {p < 0} and dp # 0 on b§2. Then
Q is a complete hyperbolic domain.

The proof is based on the approach of S. Ivashkovich - J.P. Rosay in [?]. The following
lemma is obtained in [?] for pseudoholomorphic discs. The proof is the same for conformal
harmonic discs, so we drop it.

Lemma 7.2. Let Q2 be a domain in (M,g). Let p € b2. Let ¢ be either:
(a) a C* map from Q into R? with ¢(p) =0 and ¢ # 0 on Q, or
(b) a C* map from a neighborhood U of p int R?, such that ¢(p) = 0 and ¢ # 0 on
UNnQ\{p}.
Let 6 be a positive function defined on (0,+00), and satisfying fol % = +00. Assume that
for every conformal hermonic map u : D — Q, such that u(0) is close to p one has

V(¢ 0u)(0)] < 6(]¢ou)0)])

(here V denotes the gradient). Then p is at infinite Kobayashi distance from the points in
Q.

We begin with the following localization principle which.

Lemma 7.3. Let py be a boundary point of €. There exists a neighborhood V' of py and
r € (0,1) with the following property: if u : D — Q is a conformal harmonic map such that
u(0) € V, then u(rD) C V.

Consider in the unit disc D the ball Bp(0,t) with respect to the Poincare metric, centered
at the origin and of radius t. it follows from [?, Ga-Sulhat u(Bp(0,t) C Bq(u(0),?). Now
result follows by Lemma ?7.

N we present another localization principle for the Kobayashi - Royden metric. In this
section V denotes the gradient, and not the Levi-Civita connection.

Lemma 7.4. Under the hypothesis of Theorem let po be a boundary point of Q2. Then
for any 0 < r < 1 there exist 6 > 0 and C > 0 with the following property: if a conformal
harmonic disc v : 1D — Q satisfies dist(u(0),po) < J, then

(26) dist(u(0),u(C)) < Cdist(u(0), b2)"/?

for |¢| < r.
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Proof. Fix r < r; < 1 small enough, such that r; satisfies the localization Lemma [6.2] .
Consider a coordinate neighborhood U of py, with normal coordinates centered at p, = 0.
We identify U with a ball in R” and assume without loss of generality that the metric g
is a small deformation of the standard Euclidean metric gy on that ball. It follows from
Example and Lemma that there exists a neighborhood V' C U of py and a small
enough £ > 0 such that for each p € V the function ¢ — p,(q) = p(q) — elg — p|?, as well
as the functions ¢ — |q — p|* are MPSH on V. Here we use the notation | - | for the norm
induced on U by the local coordinates x and the Euclidean metric in R™. Also there exists
A, B > 0 such that

—Blq —pl < pp(q) < —Alg —p|*.
It follows by the localization principle established in Lemma that if u : D — Qis a
conformal harmonic map such that u(0) is close enough to pg, then u(¢) € V when || < ry.
Choose p € bQ) such that dist(u(0),bQ) = dist(u(0),p). Since the function |u(¢) — p|* is
subharmonic on || < rq, by the mean inequality we have

1 2m )
Q) =5 < o [ lulre? ~ pPa.
0

Again by the mean value property we have

o)) 2 5 [ (o u)nedd = 3 [ utne? — pids = Aju() P
Therefore
dist(u(¢),u(0)) < (dist(u(0),p) + dist(p,u(C)) < C’dist(u(O),p)l/2

for some constant C' > 0 which proves Lemma [7.4]
We also have the following version of the Schwarz lemma for harmonic map (a more general
result is contained in [5], Th. 4.8):

Lemma 7.5. Let Q2 be a bounded subset in (R™, g). Let K be a compact subset of 2. There
exists 0 > 0 such that: for every 0 < r < 1 there exists C' > 0 such that if u : 1D — Q is a
harmonic disc (with respect to the metric g) and u(D) C K, then

(27) [Vu(Q)] < C sup |u(w) — u(0)]

lw|<1
if lu(w) —u(0)] <6 and [¢] <.

We continue the proof of Theorem [7.1} As above, we consider the local normal coordinates
centered at p = 0. Using dilations, we may assume that U contains the unit ball B” and ¢ is
close enough to g in the C* norm on U, with k big enough. Furthermore, we may assume
that U N Q\ {0} is contained in {z € U : 7; < 0}.

Let u : D — Q be a conformal harmonic map. We assume that u(0) is close enough to
p, so by the localization principle, u(¢) € U when |{| < r/2, whee r € (0, 1) is provided by
Lemma 6.2 Then by Lemmas [7.4] and [7.5] we obtain

(28) [Vu(Q)] < Cdist(u(0),bQ)'* < C(—u(0))"
if |(] < 1/4. Rescaling the disc D, we assume that the above estimate holds on .
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Our goal is to prove that changing C' if necessary,

(29) [Vui (0)] < Clug(0)].
Apply the formula to the function p = x;. Then for every ¢ € D

n
an

A(pou)(¢) = (V%l)u(c)< o &) %(Q> + (Ve (Zau] :

=1

Here V? denote the Hessian defined previously by the Levi-Civita connection.
Using the estimate we conclude that

(30) |Auy (Q)] < Aluy (0)]
where A > 0 is a constant. Consider the function A harmonic on D:

1

(31) MO = wi(Q) — 5

/ Auy(w) In(w — ¢)dm(w) — Alu,(0)].

Here we suppose that Au; is extended by 0 outside . Using we see that

zlw/ Au(w + Q) In(w)dm(w)| < Aur(0)].

Since u; < 0, we obtain that A < 0. Furthermore, we have |h(0)| < (24 4 1)|uy(0)].

J=

1

n
3u]

Y
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Now it follows from the classical Schwarz lemma for negative harmonic functions that

|Vh(0)| < 2|h(0)|. Therefore from (31)) we obtain
[Vui(0)] < |VA(0)| + Csup|Auy| < (2(2A+ 1) + CA) |ur(0)].

This proves . Now Theorem follows exactly as in the proof of Theorem 1 in [?], using

Lemma [7.2]
As a direct application of Theorem [7.1], we have the following

Corollary 7.6. Let QQ = {p < 0} be a relatively compact domain in a Riemannian manifold

(M, g). We assume that p is of class C? in a neighborhood of Q. If there exists ¢ > 0

such that V?p(p)(v,v) > cg(v,v) for every p € Q and every v € T,M, then Q is complete

hyperbolic.

As an application of Corollary we have the following examples of complete hyperbolic

domains in Riemannian manifolds.

Proposition 7.7. (i) Let p € R™ and let r > 0. Then every small C* deformation of

the Euclidean ball Bgyq(p,r) is complete hyperbolic.

(ii) Let (M,g) be a Riemannian manifold. For every p € M, there exists v > 0 such that

the ball By(p,r) is complete hyperbolic.

(iii) Let (M, g) be a Riemannian manifold with non positive Riemannian sectional curva-

ture. Then for every p € M and every r > 0, the ball By(p,r) is complete hyperbolic.

o)
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Proof. Point (i). For every p € R™, the function f, : z — |z — p|? satisfies V2f,(z)(v,v) >
|v]|? for every x,v € R™. Let ' > r and let p be a C? function defined in a neighborhood of

Bpua(p,r') and such that ||p — fp||02( is sufficiently small. Then there exists ¢ > 0

Brua(pr))
such that for every x € Bryuq(p,7') and every v € R™, V?p(z)(v,v) > c|v||*

Point (ii). It follows from Example that there exists a neighborhood U of p and a
constant ¢ > 0 such that the function f, : 2 € M — dﬁ(:v,p) satisfies, for every x € U and
every v € T,M : V2 f,(z)(v,v) > cg(v,v).

Point (iii). According to Theorem 4.1 (2) in [?], the funtion f, : € M > di(x,p) is
strictly convex in a Riemannian manifold with non positive Riemannian sectional curvature.

O
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