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A GEHRING-HAYMAN INEQUALITY FOR STRONGLY
PSEUDOCONVEX DOMAINS

LUKASZ KOSINSKI, NIKOLAI NIKOLOV, AND PASCAL J. THOMAS

ABSTRACT. We prove that if D is a strongly pseudoconvex do-
main with C?>*smooth boundary, then the length of a geodesic for
the Kobayashi-Royden infinitesimal metric between two points is
bounded by a constant multiple of the Euclidean distance between
the points.

1. INTRODUCTION AND MOTIVATION

In 1962, F.W. Gehring and W.K. Hayman [9] proved a conjecture of
G. Piranian: there is an absolute constant C' such that for any simply
connected domain U strictly included in the complex plane, for any
21,29 € U, if vy is the hyperbolic geodesic from z; to z3, and v any
rectifiable curve from z; to z contained in U, then

L(ve) < Cl(v),

where [ denotes Euclidean length. When U is convex, this just means
that [ (yy) < C|z — w|. There are also versions of this result for the
diameters of the curves and for other metrics, see for instance the survey
23].

In the several complex variable settings, it is natural to ask similar
questions about geodesics for the Kobayashi-Royden metric

kp(z; X) = inf{|a|: Jp € O(A, D), p(0) = z,a¢'(0) = X},

and it seems realistic to restrict oneself to domains with some regularity.
The best bounds known so far were of the form C|z—w|*™ for m-convex
domains and strongly pseudoconvex domains, see [20], [19] and [21].
However, in the case of the unit ball, it is easy to see that geodesics,
since they lie inside affine complex lines, must have length bounded by
Z|z — wl, which is much smaller in the critical case when z and w are
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close to each other. The goal of this note is to show that this type of
bound still holds in regular enough strongly pseudoconvex domains.

Theorem 1. Let D be a strongly pseudoconvex domain with C*®-
smooth boundary. Then there is C' > 0 such that

|z —w| <l(7:0) < Clz —w|
for any z,w € D and any Kobayashi geodesic vy, ,, joining z and w.

Observe that C' here depends on the domain. For this result, it does
not matter whether we consider the lengths of all curves or simply the
Euclidean distance: since the domain is bounded, we may always as-
sume that |z — w| < ¢g for come ¢y > 0, the inequality being trivial
otherwise, and that z, w are close to 9D, since when z, w are contained
in some compact set K CC D, the Kobayashi-Royden and Euclidean
metrics are equivalent, and so [(7,,,) is comparable to |z —w|. And
for two points close to each other and to a C? boundary, the lengths
of curves connecting the points are comparable to their Euclidean dis-
tance.

The optimal class of domains to which this result can apply remains
an open question: can we lower the regularity requirement? Can we
allow finite type or even mere pseudoconvexity? Is that property even
required? For really irregular domains, do we have a bound involving
the lengths of connecting curves rather than the Euclidean distance?
Can we have a universal constant if the bound involves the lengths
of connecting curves? Of course, geodesics for the Kobayashi-Royden
metric do not always exist, and the question would have to be rephrased
using the existing notions of quasi-geodesics.

2. A CONSTRUCTION OF FRIDMAN-MA AND LEMPERT’S SCALING

Within this section, we shall outline the global scaling process which
provides much more precise estimates than standard methods used so
far (e.g. the ones involving squeezing functions).

In his seminal paper [15], Lempert showed that in a strongly convex
domain D with C-boundaries any two points lie on a complex geodesic
disc. To show the existence of a geodesic he used the scaling method:
for a point p in the topological boundary 9D of a strongly pseudoconvex
domain D he found a neighborhood U and a biholomorphic map F' on
U such that F(0D NU) was close in C5-topology to a big part of the
Euclidean sphere. The main weakness of the above construction is that
it is not defined globally on D.

A similar construction was independently applied by Fridman and
Ma [8] to the problem of exhaustion of smooth pseudoconvex domains
at points of global strict convexity.
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We will construct a global scaling on strongly pseudoconvex domains.
Scaling here means that we use a precise automorphism of the Eu-
clidean ball to scale while global means that scaling maps are defined
on the whole D, so that images of geodesics under scaling maps are
still geodesics, while an explicit form for automorphisms is essential in
carrying out precise estimates.

We shall try to keep the notation from both papers: B denotes the
unit FEuclidean ball and B denotes the ball of radius 1 centered at
(—1,0), that is B=B — (1,0).

Fridman-Ma construction. Let D be a strongly pseudoconvex
domain with C**-smooth boundary, o € [0,1]. Note that for a = 0
this covers the C? case. Thanks to [7], that any boundary point p €
0D can be exposed, that is to say, there is a biholomorphism ® on a
neighborhood of D such that for D’ = ®(D), p’ = ®(p), p’ is a point
of global strong convexity, that is, there is a ball U such that D C U
and p’ € 0D NOU. This will be the starting point for the Fridman-Ma
construction [8], which we shall recall, but in addition we will keep
track of the dependence of the transformations on the starting point p.

Let us start with the following definition.

Definition 2 (See [8, Definition 3.1]). Let N,k be natural numbers,
N >4,k <2(N—4). AC? smooth domain D C C*, 0 € D s of type
C(N, k) if there is a defining function p of D near 0 of the form

p(z) =2Rez + Re Z aijzizj + d|z1]* + N|2'|> 4 o(]z]*T),

1,j=2

where 2 = (23, ..., 2,), the numbers N,d and a;; satisfy d > 1 and

(1) Red ayzz+(N—4—k/2)Z >0 forz eC

i,j=2
Remark 3. Note that (1) is equivalent to | Y /', a;j2izj] < (N —4 —
k/2)|Z'|?. In particular, if k = 2(N — 4), then a;; = 0.

Since p is a point of global strong convexity, the same is true of
nearby points. The construction is outlined in five steps below.
Step 1. The translation
i) z— T,(2) ==z —p,
the scaling (locally independent of p) and the unitary transformation

i1) z — A(p)z,
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which can be chosen so that if we write ®, := A(p) o T,,, ®1(D) C B
and it admits a defining function p with expansion at 0 of the form

p(z) =2Rez; + Re Z aij(P)ZiZj+

ij=1
Re Y ¢(p)az+ Y Ny(p)lzl + +ol|=[*179%), Ve > 0,
j=1 j=2

where we also have used A(p) to diagonalize the possible hermitian
terms ZZ].:2 ¢;j7Zj. 'The unitary matrix depends on the first and
second-order derivatives of the defining function of D at p, so a;;, ¢;
and N; are functions of class C* of p.

Step 2. This is precisely [8, Lemma 3.2]. Namely, there is an integer
N > 4 such that D is biholomorphic to a domain of the type C(N,0).
This is achieved by Fridman and Ma using an affine map

ii1) Po(21, 22, ..., 2,) = <z1, 29 + 2?32(’(’;) 2y 2 2?375’(’;)21>
the coefficients of which are clearly of class C, as are their inverses;
rescaling maps ®j

i) zj = t;(p)z;,
chosen so that @30 ®50®¢(D) C B; the t; are of class C* with respect
to p. Then, as in [8, (3.7), p. 391] @30 Py 0 ®;(D) admits a defining
function of the form

(2) p(z) =2Rez +2Re ) bi(p)ziz+

j=1
Re > ai;(p)zizj + dz[* + M|2'|” + +o(|z[*T179%), Ve > 0.
ij=1
We then apply an automorphism ®, = ®§ of B of the form

v) Oz ( €2 ; 6(2_6)21 z/) :

2—e+(1—€)z1 7 2—e+(1—¢)

where € is such that € ) |b;(p)] is smaller than a given positive number
A chosen as in [8, Lemma 3.1, p. 390] (A = 1/8 will do). In particular,
since the b; are continuous w.r.t to p, € can be chosen locally indepen-
dently of p. The resulting domain ®,0- - - ®; (D) admits a defining func-
tion of the form (2) with new coefficients b/, satisfying the hypotheses
of [8, Lemma 3.1] and so applying a map ®5(z) = (21 -+, V;z125, 2),
then a contraction ®g(z) = 4tz with N an integer, N > 8M we obtain
that ®go---Py(D) is of type C(N,0) [8, end of proof of Lemma 3.2, p.
392]. Again, it is straightforward to see that N can be chosen locally
constant.
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Step 3. The goal is to show that any domain of type C(N,k) is
biholomorphic to C(N, k + 1). This is relevant only when N > 5 and
k < 2(N —4)—1. Then the statement is precisely [8, Lemma 3.4]. The
transformations used to achieve this statement are:

vi) 2 (21 + 30020 big(p)2izg, 7)),
where b;;(p) = maij(p)v
vii) an automorphism @ of the ball B,

where € is chosen independently of p, and

viil) z > <%zl, \/ %z’). Call ®; the composition of those maps.

Step 4. Repeating Step 3 exactly 2(IN—4) times, with maps @7, ..., Pon_o,
we get a domain whose defining function near 0 is of the form

(3)  p(z) =2Rez +d(p)|z]* + N2> + +o(|z[*T179%) Ve > 0.

Step 5. Applying a map
ix) on-1(2) = (d(p)z1, (d(p)N)'/22'),
we can assume that d(p) = N = 1. Also, the coefficients are of class

C®. Thus ®yy_q 0 -+ Py(D) which admits a defining function of the
form

— 2 24+(1—€)a
- 1 ) ) )
(4)  p(z) =2Rez; + |z|* + +o(|z] ),Ve >0, asz—0

and that is contained in the ball rB of radius r centered at (—r,0) for
some r > 1.

Definition 4. If D is a C*> domain and p € 0D a point of strong
pseudoconvezity, we denote F, := ®on_y 0--- Py the map which results
from the Fridman-Ma construction.

Remark 5. Tt follows from the above construction that we can locally
write Fi(2) = F(z,01(q),...,an(q)), where F' is a holomorphic map-
ping and «; are of class C* (here M denotes the number of C* smooth
functions that appear in the construction of Fj). The same remains
true for F7'(z).

In particular, the Jacobian of F|, with respect to z as well as that of
its inverse Fq_1 vary locally C*-continuously. In particular, F| locally
does not change the Euclidean distance between points.

For later purposes, we need to know that we can choose an appro-
priate p to make the Fridman-Ma construction.

Lemma 6. For any z € D that is sufficiently close to py € 0D, there
exists ¢ € D, close to py, so that Fy(z) € (—1,0) x {0}
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Proof. Applying one Fridman-Ma transformation we can assume that
po = 0 and a defining p function of D near pq is of the form p(z) =
2Re 2 + |2]2 + +o(|z|*1799) as as z — 0.

As in Remark 5 write F,(2) = F(z,a1(q), ..., an(q)), where a; are
C*-continuous, o;(0) =0, j=1,..., M.

Let us consider the map

¢:(=1,0) x D > (t,q) — F,'(t,0) € C",
which is well defined for ¢ > 0 sufficiently small. In particular,
p(t,q) = Gt a1(q), - - -, an(q))

for ¢ € D close 0, where G is holomorphic near 0 in C'**. Moreover,
©(t,0) = (rt + o(t?),0) for some r > 0, and ¢(0,q) = ¢

(the first equality above follows from formulas (iii) — (ix)). Conse-
quently, we can write

(5) o(t,q) = (rt,0) + q + tT'(t, a1 (q), - . ., anr(q)),

for I' holomorphic near 0, I'(0) = 0.

We need to show that there is € > 0 and a neighborhood U of p in
0D such the range p((—¢, €) x U) contains a neighborhood of 0. This is
already claimed in the proof of [6, Theorem 4.1]. The authors deduced
this fact by claiming that ¢ is a local diffeomorphism near t = 0 and
q = 0. This, however, is not the case, if & < 1, as the mapping ¢ is
only C*-smooth with respect to the variable q.

Nevertheless, a topological argument proves the above assertion also
in the case when a = 0, i.e. when 9D is C? smooth (in particular [6,
Theorem 4.1] is salvaged in its full generality). Let us present how it
can be done.

Let us write 9D near 0 as Rez; = p(Rezy,2’), where p is C*
smooth. For simplicity of notation, we shall identify C* with R*" writ-
ing (21,...,2,) = (s,2) = (8,29,...,T9,). Let V be a neighborhood
of 0 in R*~! and put ¢(s,z) = (s + p(x),z) if x € V so that ¢ is a
C%-smooth map that sends {0} x V diffeomorphically to U.

Consider @ : (—¢,€)xV — R?" given by ®(t, z) = ¢~ (p(t,4(0, z))).
Our aim is to show that ®((—e, €) x V') is a neighborhood of 0. In other

words, we want to show (s,y1,...,¥y2,) is in the image of ®, i.e. that
there is (¢, x) such that
(6) O(t, x) = (s,9)

providing that s and y are small. Write & = ($q,..., Py,).
It follows from (5) that
O(t,x) = (rt,x) + t7(t, ),

where v is continuous and (0, 0) = 0.
For a fixed = we are looking at the equation ®;(t,x) = s. It follows
from the implicit function theorem (®; depends smoothly on ¢ as well
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as on continuous functions a; that we treat as coefficients) that this
equation has a solution ¢ = ¢(s,z) which is of the form

(7) t=s/r+s0(s,x)

where 0 is continuous, §(0) = 0.
Plugging t = s/r + sd(s, x) to (Po, ..., D,)(t, z) we get the mapping
of the form
x = x+sP(s,x),

where again ( is continuous and £(0) = 0. Fix a closed ball in V' with
0 being its center and denote it by K. Take s sufficiently small so that
sfB(s,x) is in %K for any x € K. Then, by the Brouwer fixed point
theorem, $K is contained in the image of x — x + sf(s,x) (this is
because for any y € %K the mapping © — y — sf(s, z) sends K to K,
so must have a fixed point). Thus, if s is small and y € %K , equation
(6) has a solution x; then ¢ is given by (7).

O

Lempert’s scaling method.
We will use automorphisms of the ball B

/

(8)  Auz) = (mt(zl), V1— t21 —itm) , where my(z1) = 123——:;1’
Given a domain of the form F,(D), with 9D of class C** and F}, as in
Definition 4, we consider Dy = T,,(D) where ¢; = (1,0) € C x C*!
and T, is the translation z — 2z 4+ e;. Then D, admits a defining
function of the form po(2) = —1 + [2]? + +o(|2[*T179%), Ve > 0, as
z — e1, and that is contained in the ball B’ of radius 1 + s’ centered
at (—s',0) for some s’ > 0. Note that A; ' is well defined on B’ and
A7 (2) = (—1,0) uniformly on compact subsets of B’ \ {e;} as t — 1.
Define

1 |1 + t21‘2
©) Di=A7(Dy) and pfz) = AL (42), te (0,1)
Clearly D; = {p; < 0} and p;(2) converges to —1+|z|* locally uniformly
in {Rez; > —a} forany o < 1 ast — 1.
Summing up, for any § > —1:

A1) D;n{Rez > B} converges to BN{Rez > B} in C*>*-topology
(here and in the sequel this means convergence of defining func-
tions),

A2) D, converges to the ball in the Hausdorff topology.

We now must restrict ourselves to the case when 9D is of class C*
with a > 0. The reason is that we must use Lempert’s work on complex
geodesics [15, 17, 18] (see also a discussion in [10, Remark B]) and the
arguments about the dependence and regularity of complex geodesics
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fail if we merely assume C?-smoothness [17, remark after the Main
Theorem, p. 561].

In [17] and [18] Lempert considered the class S*, where k > 1 is
non-integer; we refer the reader to [17, p. 561] for a precise definition.
IDeS™"™ meN,0<a< 1, then 9D is of class C"™; if D is
of class C"™, then D € S™'*®  Thus it is proven in [17, Corollary
3.3] that any complex geodesic in a C**-smoothly bounded strictly
convex domain D is in C*(D). Also, the C'/?(D) norm of a complex
geodesic f is uniformly bounded when f(0) is within a compact subset
of K of D, with bounds depending only on the diameter of D and
normal curvatures of 9D and on K [15, Proposition 13], so there is
local uniformity with respect to the domain as well, in the sense of C*
convergence of defining functions.

Using those a priori estimates in the C% case and approximation (see
[17, p. 562-563]), Lempert showed in [18, Proposition 3| that the bound
on C1*(D) norm is in fact locally uniform. This implies the following.

Proposition 7. Let D,, be a sequence of strictly convex domains such
that their defining functions converge in the C*® sense to the defining
function of a strictly convex domain D. Let K be a compact subset of
D and f, a sequence of complex geodesics in D,, such that f,(0) € K.
Then CY*(D)-norms of f, are uniformly bounded, for n big enough,
and a subsequence of (f,) converges in the C*(D) topology to a complex
geodesic we denote by f.

Proof. Tt follows from the hypothesis that the C*(D) norms of f/ are
uniformly bounded as well. Applying the Arzela-Ascoli theorem to
f! we can assume that a subsequence converges uniformly on D to
an analytic disc, say g. Also, a subsequence of (f,) converges on D
to an analytic disc that we shall denote by f. Clearly f' = ¢ and
a subsequence f, converges to f in C'(D) topology. Note that f is
a (unique) complex geodesic in D, because it verifies the extremality
conditions from [15]. O

Actually, something can still be said about complex geodesics in D
in the case when a = 0, that is when a strongly convex domain D has
C?-smooth boundary. Chirka, Coupet and Sukhov established in [5,
Corollary 1.5] the C'~¢ continuity up to the boundary for a holomorphic
map f from D with boundary values in a totally real C! manifol(i M.
The manifold to be considered here is, in the terminology of [17], 0D :=
{(2,TOD),z € 9D} C C™ x P!, while if we have a geodesic ¢, the
map has to be (¢, ®), see [17, proof of Lemma 3.1]. Also, their result
implies that one can control C'~¢ norms of geodesic also under C2-
perturbations of 0D (see the discussion following [5, Corollary 1.5]).
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3. PROOF OF THEOREM 1

We shall divide the proof into two cases, according to whether the
direction generated by z and w is “tangential” or “normal”. In order
to give this a precise meaning, first recall that it is enough to prove
our theorem for z,w in a neighborhood U of 0D, which we will take
small enough so that for any z € U N D, there exists a unique point
m(z) € 0D such that |z — 7w(z)] = min{|z — (|, € C*\ D}. We
denote by n, the outer unit normal to 0D at 7(z), and write, for any
vector v, v, := (v,n,)n, where (-,-) stands for the usual Hermitian
inner product.

We first deal with the (almost) “tangential” case.

Lemma 8. Let D be a strongly pseudoconver domain with C>® boun-
dary. There exists € > 0 such that if 0 < € < €, and if z,w € D
satisfy 6(z) <€, |z —w| < € and |(z —w),| < €|z —w|, then z and w
lie on a stationary map (thus on a complex geodesic) whose diameter
is o(1) as € — 0. Moreover, |(x — y).|/|x — y| = o(1) for any points
x,y of this complex geodesic.

Part of this result was proven in [3] under a C* smoothness assump-
tion (see also [11]). Below we shall show how to deduce it in the C*®
setting directly from Lempert’s work.

Proof. First make the additional assumption that D is convex. Since
it is strongly pseudoconvex (bounded), it enjoys the visibility property
([2], or use [1] and the fact that the Gromov boundary of a Gromov
hyperbolic space is always visible): given two distinct points p,q € 9D,
and sequences p, — p, ¢, — ¢, there exists a compact set K C D’ such
that for n large enough, the real geodesic from p,, to g, intersects K. It
is easy to see that this can be made uniform: as soon as [p—¢q| > § > 0,
there is a K5 CC D’ such that geodesics from p, to ¢, eventually
intersect Kjs. In particular, if the diameter of the complex geodesic
through 2z and w is big enough, and z and w are close to the boundary,
the complex geodesic needs to intersect a fixed compactum K, and thus
meets the boundary transversely (uniformly with respect to the point
in K, by [15, Proposition 14]). Therefore, for points on such a complex
geodesic z, w which are close enough to each other and to the boundary,
|(z — w),| > C|z — w|, where C' > 0 is uniform. This contradicts the
assumptions with ¢y small enough, we would have a contradiction, so
the assertion about the diameter is proved.

For general strongly pseudoconvex domains one can derive the as-
sertion by exposing points as in [7]: using a biholomorphism on a
neighborhood of D, we can assume that D C B, p € 9D N OB. Fur-
thermore by the regularity assumptions 0D remains strongly convex
in a neighborhood of p, so taking ¢y small enough we may assume
Zn, Wy, q € U, a neighborhood of p such that D N U is smooth strongly
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convex and U N AD is close to U N JB. Consider the complex geodesic
f D — DNU obtained for the convex domain DNU by the argument
above. This is a stationary map in the sense of Lempert [17, Section 3,
p. 562, points 1-3], meaning in particular that there exists a C'/? pos-
itive function p(¢), ¢ € dD, such that the function f(¢) := Cp(O)mr0)
extends to a holomorphic function on D. Therefore it is also stationary
asamap f:ID— D.

Making z, w even closer to p as needed, we may assume that f(ID)N
J(D NU) is contained in dD and close enough to p so that for any
z € D, Re(z — f((),ngc)) < 0. A winding number argument then

shows that the equation (z — f(¢), f(¢)) = 0 admits a unique solution
F(z) in D, which has to be holomorphic, and this uniqueness shows
that F'(f(¢)) = ¢ for any ¢ € D (in other words we have a left-inverse,
see [14]) and therefore the map f is indeed a complex geodesic for z, w
with respect to D.

The last statement in the Lemma follows from [12, Theorem 3]: if
x,y are in the range of a complex geodesic ¢, then |(x —y),| < |z —
y| diam(¢)". O

Corollary 9. Let D be a domain in C" and p € OD a strongly pseu-
doconvex point. If z,w € D are close to p and |(z — w).|/|z — w| is
sufficiently small, then there is a unique real geodesic for z,w and it is
induced by a complex one.

Proof. Recall there is a neighborhood U of p so that there exists a
biholomorphism on a neighborhood of D N U making D convex.

Let ¢ be any complex geodesic passing through z, w. By Lemma 8,
the range of ¢ is close to the boundary, its diameter is also small, so
we may assume (D) C U. So after biholomorphism we can reduce
ourselves to stationary discs in a strictly convex domain D’.

Inside the complex geodesic ¢ there can only be one real geodesic,
that we shall denote by v, 7(0) = 2, y(t1) = w. Suppose that there
is another real geodesic between z and w, say 7. Then for some t,
the point 7(tg) must lie outside the range of ¢ and we can choose it
so that |(n(0) — n(t))n)|/7(0) —n(t)| is small for all ¢ € [0,1]. As in
Lemma 8 take a complex geodesic ¥ passing through 7(0) and n(ty);
it has to be close to n when t, is chosen close to sup{t : n(t) ¢ ¢(D).
Consider the one-parameter family of maps from the unit disc to D’
given by (1 — 0)p + 6¢, then they are extremal for z,w and for 6
close to 0, [14, Lemma 3.2] shows that they must be proper into D', a
contradiction. U

3.1. Theorem 1 — tangential case. Let z,,w, € D be such that
Zn, Wy, — p € 0D, and (2, — wy)2,|/|2n — wy| = 0. Let @, 4, be the

1As usual, f < g means that f < Cg for some uniform constant C' > 0 (depend-
ing only on D); f ~ g is understood analogously
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unique complex geodesic that passes through z, and w,. Let 7., ., be
the unique real geodesic for z,,, w,, induced by ¢, 4,

We shall follow the notation from Section 2. For each n, take a point
Pn € Q0. (D) so that p, — p and then apply the transformation F, .
Let D,, := F,, (D). So we are reduced to the case where p = (1,0) €
0D, lies in the range of the closed analytic disc ¢,, 4, (D) and D,, near
the point p is given by the inequality

(10) {I2]” + o]z — p[***) < 1}.

We now drop the subscript from the notation and write D for D,, and
z,w for z,,w,. Fort € (0,1), D; := A;}(D) as in (9).

Then for ¢ well chosen, close to 1, 1, ., := A, 1o . 1S a complex
geodesic in D, that lies entirely in {Rez; > 0}, with its boundary
intersecting {Re z; = 0}; it is close in C' topology on D to a geodesic
in B,,, after a possible reparametrization. Its range intersects a fixed
compact subset K of B, independent of n, and contains (1,0) in its
closure.

Complex geodesics in B,, are intersections of B,, with complex affine
lines. Therefore, a simple argument shows that any complex geodesic
¥ = (¢1,v) in B, contained in {Rez; > 0} that passes through (1,0),
and such that 1(0) € K, satisfies the following uniform estimates:

S P
L+t (p) 1+ ti(N)

o i — Al = [9(p) — (V).

Trivially,
(1) = (M S 1A = wl,

again uniformly. By C!' convergence argument, all these uniform esti-
mates remain true for the geodesics 1, ,, (after proper reparametriza-
tions). In particular, if x = (x1,2'),y = (y1,%’) are two points lying in
the range of any v, ,, then

/ /

Yy €T

(11) -
1 +ty1 1 +t$1

~ |y —a'| ~ |y — xl.

Let z,y be in the range of 1, , = At_l(%,w). Clearly,

Ae) - ) = () YT,

(1 — (2)1/2 _
In particular, by the estimates from (11):
(12) [Auly) — Au(z)] = (1= )y — af,

where ~ is uniform.

As already mentioned, 7, ,, are real geodesics, induced by v, ,,. The
geodesics 1, ,, intersect a fixed compact set K. By Proposition 7 and
its proof, they are uniformly C'*®-smooth on the closed disc in the
sense that their C'*®-norms (so C' as well) are uniformly bounded,
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which implies the assertion of Theorem 1 for 7, ,. From this and (12)
one can deduce the assertion for 7, ., = A (M. ).

3.2. Theorem 1 — non-tangential case: preparatory results. A
visibility lemma for the class of “Goldilocks” domains (which includes
finite type domains) was given by Bharali-Zimmer [2]. The following
visibility lemma is essentially due to Bracci-Fornaess-Wold [3], but we
need a slightly more general form:

Lemma 10. Let o > —1 and D,, be a family of domains D,, C B such
that D,,N{Rez; > a} converges to BN{Re 2z > a} in C* topology. Let
Zn, Wy, € D, converge to p and q respectively, where p,q € OBN{Re z; >
a}, p # q. Then there is K CC B such that any real geodesic o, in D,
for z,, w, intersects K.

If instead of a sequence of domains D,, a fixed one is considered, the
result was proven in [3] (see also [2]). A glimpse at their reasoning
ensures us that estimates achieved there depend just on the normal
curvature of the domain.

Proof. We can reparametrize o, : |an,b,] — D, by arc-length so that
3n(0,(0)) < 6,(0n(t)), where d,(z) = dist(x,0D,,). Since D,, are uni-
formly bounded, |0/ (t)| < L for some uniform constant L.

On the other hand, for n big enough the normal curvature of 0D,,
restricted to {Re z; > a + €}, where € is small enough, is close to the
one of B. In particular, all D,, satisfy an exterior ball condition with
a uniform constant. From this we deduce the existence of C' > 0 such
that

(13) kp,(x,v) > C

forz € D, N{Rez > a+€}.

The same curvature-type argument shows that 0D, restricted to
{Rez > a + €} satisfies a uniform interior ball condition. Therefore,
there is a uniform k£ € N so that any two points in D,, can be connected
with a chain of k balls of a fixed radius. From this, we gain an estimate

n 11 1
5.(2) 2 8%, (w)’

1
Kp, (z,w) < C+ §log

with a uniform C' > 0.

Now it is enough to notice that a curve that remains too close to
the boundary at all times has length bigger than the above estimate
for the Kobayashi distance because of (13), or to repeat an argument
from [3, Proof of Proposition 2.2] or [2, Section 5]. O

Lemma 11. Suppose that Dy, converges to B as in A1) and A2) when
t, — 1. Let z,,w, € Dy, be such that z, — (1,0) and w, — (—1,0).
Let p,, be a real geodesic for kp, joining z, and w,, parametrized so that
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for some a,, By >0, ©n(—ay) = Wy, ©n(Bn) = 2z, and Re p,(0); = 0.

Then inside any compact subset K C BY, the geodesics p, converge in

the C! topology to a geodesic line in B between (—1,0) and (1,0), and for

any €,00 > 0, there exists n(e, K, dq) such that for any z',w" € K Ny,

with |2 —w'| > 0y, then forn > n(e, K, 00), (@nlzw)) < (14€)|2'—w'|.
The same holds if we change the assumption on z, to the following:
€ (0,1) x {0}N=1 (possibly replacing the geodesic line by a ray).

Proof. Take f < 8 < 1 close to 1. Take s, := max{t : Re,(t); =

—B}, 8, := min{t : Rep,(t); = —B}, t, := max{t : Rep,(t); = B},
t, := min{t : Rep,(t); = S}, and corresponding points z,, = ¢, (sn),

Tn = 0n(5n), Un = ©n(ts) and y, = @, (t,). It follows from the visibility
lemmas applied to z,,%, and to y,,y, that there are compact sets
K, C {—-f < Rez < —f} and Ky C { < Rez < [} that intersect
the ranges of the geodesics ¢,,.

Since the ¢, form an equicontinuous family, we get that a subse-
quence of ¢, converges to a real geodesic ¢ in the ball that intersects
K, and K5 and passes through 0. Letting 3 tend to 1, we get the
convergence on all compact sets. The statement about lengths comes
from the fact that the real geodesic for the ball between 2’ and w’ is
close to a line.

The second assertion can be deduced in a similar way. U

3.3. Proof by contradiction: Claims. Suppose that the estimate
in Theorem 1 fails. Then there are sequences of points z,,w, € D,
joined by a geodesic 7, = 7., w, such that

(14) l(Vn) > anlzn — wy|, where a, — oco.

Our goal is to obtain Claim 1, and then to prove Claim 2 which
contradicts the previous one.

Since the ratio of the Euclidean and Kobayashi-Royden infinitesimal
metrics are bounded above and below on any compactum, it is enough
to consider the case at least one of the points z,, w, escapes from any
compact set, so passing to a subsequence and exchanging z, and w,, if
needed, we may assume z,, — p € 0D.

Then we may reduce ourselves to the case where w,, converges to the
same boundary point. Indeed, if the distance between z, and w, did
not converge to 0, then by (14) the lengths of the curves =, would go
to infinity and switching z, and w,, if necessary, we could pick points
w), € Y, such that |w], — z,| — 0 while I(7,|[wr -,)) Temains big.

Claim 0. It is enough to focus on the case when | (7,(t) — 7,(5)),, ¢y | =
Clyn(t) —vn(s)], for all s, ¢, for some uniform constant C, where normal
length is taken with respect to p € 0D.
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Proof of the claim. Actually, if the opposite inequality were true for
some t,s, where C' is small enough, we would deduce that ~, is con-
tained in a complex geodesic, according to Corollary 9. From Lemma 8
we would get that this is actually covered by the tangential case. [J

It follows from Claim 0 that it suffices to measure the length of ~,
projected to the normal direction. Denote this normal length by ly.

Claim 1. There exist a sequence of domains D,,, points (,, v, € D,
and real geodesics 7, in D, joining them such that (, = n,(t,), v, =
N (—5n), and

(1) For any 3 > —1, the domains D,, converge to B in C*>“ topology
when restricted to {Re z; > (};

(2) (1,0) € 9D,, and the defining functions of D,, near (1,0) are of
the form (10);

(3) ¢u € (0,1) x {0}V=1, ¢, — (1,0), and v, — (—1,0), and setting
gn = nn(o)v Re(&n)l = 07 gn — (va) as n — o0,

(4) In(Nnlo,tn]) — 00, as n — o0.

We shall prove Claim 1 in several steps.
The following simple observation will be used several times, so let us
state it as a separate result. Recall that m; is defined in (8).

Lemma 12. 1) Let § : I — D be a curve. Lett € (0,1) be such that
6 :=m; " o6 is contained in {ReX > B}, B> —1. Then

16(s1) — 6(s2)| = (1 — t2)[6(s1) — (s2)|, s1,80 € 1.
Consequently,
1(6) ~ (1 —tH)I(0).

The estimates above depend only on (3.
2) Suppose additionally

(15) 0(s2) = 0(51)| < 1(0)1sy.001) < (14 €) Re(d(s2) — d(s1)),

where sy, 55 € 1. Assume also that |Tmd(s)| <€, s € I, where € > 0 is
small enough. Then

[(0]fs1.50)) < Cp(1 + €) Re(0(s2) — d(s1))-

Proof. If Rex1,Rey; > —f, then |[1+tx;| and |1+ty;| are between 1— /3
and 2, so by direct computations |my(x1) — my(y1)| = (1 — ) |y; — 21|
The second part is technical, as well. The first part and assumption

(15) imply that 1(5]s;.e) < cs(1 +€)(1 — 12) Re(d(s2) — d(s1)).
To get the assertion, compute

—o(s = —t? e ~(82)_S(81)
Re(d(s2) —6(s1)) = (1 - ") R ((1+t5(51))(1+t5(52))>
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Since |Imd(s)| < €, the argument of the denominator is bounded by
Ce, and by (15), so is the argument of the numerator. So we get

Re(3(s2) = 8(s1)) = (1= £2)(1 = Ce) Re ((s3) — 3(s1))
which finishes the proof. O

Let us come back to the proof of Claim 1. Let p, € 0D minimize
the distance from z, to dD. Clearly p, — p. Using a Fridman-Ma
transformation, we can assume that p, = (1,0) and that 0D is near
(1,0) of the form (10). Let A; be given by (8).

Choose t,, such that A;'(y,) C {Rez; >0} and A, '(v,) N{Rez =
0} #0.

Step 1. t, — 1 as n — oo.

Proof. This comes from the fact that a Gromov hyperbolic metric space
X (with boundary) does not have geodesic loops, i.e. isometric maps
from R such that lim; 4., v(t) = p € X, where 05X is the Gromov
boundary of X and the convergence is in the sense defined for that
boundary. Recall that a bounded strongly pseudoconvex domain in
C™ endowed with the Kobayashi distance is Gromov hyperbolic and its
Gromov boundary coincides with the Euclidean boundary [1].

Suppose that some subsequence, again denoted by t,,, remains bounded
away from 1. We may restrict attention to a neighborhood of p and
thus assume it is a point of global strong convexity. The geodesics (7,,)
pass through z, and points on the surface A;, ({Rez; = 0}), which are
far away from each other. Thus the visibility applies and allows us to
choose K CC B such that every -, intersects it.

Choose a sequence s, — 1 slowly enough so that A_'(z,) and
A (w,) still tend to p, so the starting and ending points of A;'(v,)
are both close to (1,0). But A;'(K) converges to the point (—1,0).
Whence A;'(v,) is convergent to a nontrivial geodesic line in B with
both extremities tending to the same boundary point, a contradiction
with the non existence of geodesic loops. O

Let 2, = A (2,), W, = Ap H(w,), and 7, := A, (7).

Step 2. The following uniform estimates hold:
Iv() = (1= 2)In (),

and

|2 = Wnl, = (1= 12)|Z, — 0]
as n — 0o. Consequently,
(16) )/ 120 = wn] > U(yn) /|20 — wn| = an.

Proof. This is a direct consequence of Lemma 12. O
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Step 3. There is no K CC B such that both Z, and w, lie in K for
any n € N large enough.

Proof. If there was, there would be a constant C)x > 1 such that
Cilkp, (z;v) < ||v|| € Cxkp, (z;v) for z € K, and therefore C}, > 1
such that (C%) 72, — w,] < 1(Fn) < C|Z, — wy|, which contradicts
(16). O

Step 4. liminf, . |Z, — W,| > 0.

Proof. If this statement were false, then (possibly passing to a subse-
quence) Z,,w, would converge to (1,0), according to Step 3 and the
fact that z, € (0,1)x {0}¥~1. Since the geodesics 7, touch {Re z; = 0}
(which is far from (1,0)), the argument from Step 1 provides us with
a contradiction. U

Step 5. In(Fn) — 00 as n — 00.
Proof. A direct consequence of Steps 2 and 4. O

End of proof of Claim 1. From Step 4 and Lemma 10 we deduce that
v, intersects a fixed compact subset Ky of B. For each n, choose
xn € KogNA,. Step 2 ensures that the lengths of curves from z,, to
Z, or from x, to w, converge to infinity. If the first possibility holds,
then by the arguments from Step 3 Z, goes to the boundary, and we
put ¢/ =z, and v, = x,,.

If the second one holds, we apply Fridman-Ma construction with
respect to points g, € 0D,, from Lemma 6. It follows from the Fridman-
Ma construction that it preserves the fact that lengths go to infinity or
not. Then define (/, to be (the new) w,, and v/, to be (the new) x,.

Now we need to redefine ¢/, and v/, a bit so that v, escapes to (—1,0).
It will be straightforward: the v/, remain within a fixed compact set
that will be pushed towards (—1,0) under appropriate automorphisms
of the ball.

We set 1, = A (), G = AJN()), and v, = A]'(v),) where
(sn)n C (0,1) is to be chosen increasing to 1, so that v, tends to
(—1,0). Now let &, be a point on 7, N {Re z; = 0}. We can pick (s,)n
converging to 1 slowly enough so that the lengths of the curves 7, from
&, to ¢, still tend to infinity.

The assertion on normal lengths is clear (compare Claim 0 and Step
2). O

Claim 2. Let D,, 1, be as in Claim 1 and satisfy properties (1),
(2), and (3). Then

In (Ml 0,60])

(17) 112(0) = 1 ()1, (0)

= 0(1),

as n — oQ.
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Proof of Claim 2. Let A7F := A1_/12 0---0 Al_/12 and m™F := ml_/l2 o0--0
ml_/12, where the automorphism A;/, and Mobius map are defined in
(8).

First note that composing with A=* makes domains D,, closer to B
when k — oo. For the simplicity of notation write § = n! (the first
complex coordinate of 7,).

Fix € > 0. Since ¢, € (0,1) x {0}, we have m~*(({,)1) > 0 for
k < k(n), and since m~*(v,) is closer to (—1,0) than v, for k > 0, it
follows from the second assertion of Lemma 11 applied to m=*(n,) that
if n is big enough, then | Im(m=*(5(s)))| < € for s and k > 0 such that
Re(m™"(d(s))) = 0. Fix —1 < B; < B, < 0 so that m~!(i[—¢,¢€]) C
{,81 < Rez < ﬁg}

By the Denjoy-Wolff theorem m=*(((,);) — —1 as k — oo. There-
fore we can pick a finite number of points 0 = t; < s1 < ... <
sp < t, < spq1 that satisfy the following equalities Rem™1(d(s1)) = 0,
Rem™2(6(s2)) = 0,...,Rem~**+D(§(s,41)) = 0.

It follows from our construction that 8, < Re(m~UtD(4(s;))) < Bo
while Re(m~U*V(s;,1)) = 0. by Lemma 11, we have a bound on the
imaginary part of m~U+Y o § on [s;,5;,1]. So (15) is satisfied, and
Lemma 12 applied t0 8][4, := m~ 0+ 04, ..\ and m;* 1= m~U+D
provides us with the estimate

[(01s;.5;11) < C(1+€)Re(d(s;41) — 0(s5)),

where the constant C' is uniform. From this, we trivially get the asser-
tion. U

Proof of Theorem 1. Claims 1 and 2 contradict each other. O
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