IMPROVEMENTS OF UPPER CURVATURE BOUNDS
ALEXANDER LYTCHAK AND STEPHAN STADLER

ABSTRACT. We prove that upper curvature bounds in the sense
of Alexandrov can be improved locally by using appropriate con-
formal changes. As a new technical tool we derive a generalization
to metric spaces and semiconvex functions of the classical differen-
tial geometric property that compositions of harmonic maps with
convex functions are subharmonic.

1. INTRODUCTION

1.1. Main results. There is a significant difference between the exis-
tence of global non-positive upper curvature bounds and the existence
of some upper curvature bound « € R. For instance, any complete
non-positively curved space is aspherical. On the other hand, any sim-
plicial complex carries a metric of curvature bounded from above by 1
in the sense of Alexandrov, [Ber83].

The following result confirms the expectation that in local consider-
ations the value of the upper curvature bound does not matter:

Theorem 1.1. For k € R let the metric space (X,d) be CAT(k). Let
O = B,(x) be an open ball of radius r around x in X. If kK > 0 assume

r < 50=. Then there exists a complete CAT(-1) metric d' on O, such

that the identity map (O,d) — (O,d') is locally bilipschitz.

In particular, in many questions concerning only local topological
properties of CAT (k) spaces, like most of [Kle99], [LN19], [LN18], one
may always assume x to be —1.

Besides the theory of minimal discs, Theorem 1.1 relies on a gen-
eralization of the classical observation that the restriction of a convex
function to a harmonic map is subharmonic, [Ish79], [KS93], [Che95],
[Fug05]. Here we derive the following natural extension to semi-convex
functions as a direct consequence of the contraction properties of gra-
dient flows of such functions.

Theorem 1.2. Let Q) be a domain in a Fuclidean space R™ and let
u: Q= X be a harmonic map into a CAT(k) space X. Let f : X — R
be a Lipschitz continuous \-convex function.
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Then for the composition fou € I/VlIOCQ(Q) the distributional Laplacian
A(f ou) is a signed locally finite measure which satisfies

A(fou> Z)"eia
where €2 € LY(Q) is the energy density of u.

Recall that a function f : X — R is called A-convez if the function

A
t—>f0fy(t)—§-t2

is convex, for any unit speed geodesic v in X.
Any Sobolev function with vanishing energy density has a constant
representative. As an immediate consequence we obtain:

Corollary 1.3. Let Q be a domain in a Euclidean space R"™ and let
u: Q — X be a harmonic map into a CAT(k) space X. Let f : X — R
be Lipschitz and 1-convex. If the composition f ow is constant then u
itself is a constant map.

1.2. Comments on Theorem 1.2. The proof of Theorem 1.2 does
not use any specific property of 2 and applies without changes to any
domain in a Riemannian manifold and to domains in admissible Rie-
mannian polyhedra in the sense of [Fug05], [DM10], [BFH*16].

The proof of Theorem 1.2 does not use the upper curvature bound
assumption in an essential way either. It only relies on the existence and
the contracting behaviour of gradient flows of semi-convex functions,
which is valid in much greater generality. For instance these features
are true in spaces with lower curvature bounds, [AKP16], [Pet07] and
in some spaces of probability measures, [AGS05], [Oht09].

The importance of the result for spaces of curvature bounded above
lies in a great variety of semi-convex functions. For instance, for every
point x in a CAT(k) space X the function f(y) = d?(x,y) is 1-convex
if Kk < 0. If kK > 0 then the function f is e-convex on the ball B,(x)
for any r < 37= and some € = €(r,x) > 0. This in conjunction with
Theorem 1.4 below leads to the proof of Theorem 1.1.

Moreover, on any CAT(0) space X the distance function d : X x X —

R is convex. Similarly, for any closed ball B of radius less than ﬁﬁ

in any CAT(k) space there exists a convex function ¢ : B X B — R,
comparable (up to a bounded factor) with the distance d(z, y), [Ken91],
[Yok16]. This directly implies the uniqueness of solutions of the Dirich-
let problem and the continuous dependence of harmonic maps on their
traces. The existence of the harmonic maps with prescribed trace and
their regularity involve some finer arguments but are heavily based on
Theorem 1.2 for the functions d and 1, respectively, [KS93], [Ser95].

1.3. Comments and generalizations of Theorem 1.1. The proof
of Theorem 1.1 follows [LS17] and defines the metric d’ via a conformal
change of the original metric d with a sufficiently convex function.
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We refer to [LS17] and Subsection 4.1 below for the definition and
basic properties of conformally changed spaces. We just note here that
the metric d’ provided by the proof of Theorem 1.1 has the following
additional properties. The distance to the central point x in (O, d)
depends only on the distance to = in (O,d). Moreover, the tangent
spaces at any point y € O with respect to both metrics d and d’ are
isometric. This condition implies that (O, d’) is geodesically complete
if (O, d) is locally geodesically complete, see [LN19].

The control of the upper curvature bound under conformal changes
is obtained by an application of the theory of minimal discs as in [LS17]
together with Theorem 1.2. The following more general statement pro-
vides the optimal analogue of the the formula expressing the curvature
of a Riemannian manifold after a conformal change.

Theorem 1.4. For ¢,C,k,\ € R, let X be a CAT(k) space and let
f: X — [c,C] be a Lipschitz continuous \-convex function. Further,
let Y = el - X denote the conformally equivalent space.
o If k—4\ <0 then Y is CAT(k) with k = e72¢ - (k —4)\).
o Ifk—4X >0 and A > 0 then Y is CAT(R) with
K=e%-(k—4\).

The proof of Theorem 1.4 provides also a local statement in the case
k—4X > 0 and A < 0, see Theorem 5.1. Moreover, as the proof of The-
orem 1.4 shows, one can localize the statement by writing the formulas
in Theorem 1.4 using only local bounds and local semi-convexity of f.

As another direct application of Theorem 1.4 we prove that any
CAT(0) space (X,d) admits another CAT(0) metric which is locally
negatively curved, see Theorem 5.2 below. This result also applies to
everywhere branching Euclidean buildings, where some rigidity might
have been expected, see [KL97], [Krall]. However, in Theorem 5.2 the
local negative curvature bound needs to tend to zero at infinity. In-
deed, no conformal change of the Euclidean plane results in a complete
Riemannian manifold of curvature < —1, [MT02, Corollary 7.3]. Thus,
the answer to the following question, very natural in view of [ABO04]
and our Theorems 1.1, 5.2, cannot be obtained by means of this paper:

Question 1.5. Given a CAT(0) space X, does there exists a CAT(-1)
metric on X defining the same topology?

1.4. Structure of the paper. In the preliminaries we recall basics
of Sobolev maps and variation of length under gradient flows of semi-
convex functions. This variation is applied in Section 3 to obtain a
proof of Theorem 1.2. In Section 4, we recall some structural results
about spaces with upper curvature bounds, minimal discs and confor-
mal changes used in Section 5 to prove the main results of the paper.

1.5. Acknowledgments. We would like to thank Grigori Avramidi
for posing a question which has lead to Theorem 1.1.
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2. PRELIMINARIES

2.1. Notations and spaces with upper curvature bounds. We
refer the reader to [BBIO1], [BH99] and [AKP16] for basics on metric
geometry and CAT(k) spaces. Here we just agree on notation, some
finer properties will be discussed in Subsection 4.3.

In this paper all CAT (k) spaces will be complete length spaces by
definition. By d we will denote distances in metric spaces. We will let
D ¢ R? be the open Euclidean unit disc, D C R? the closed Euclidean
unit disc and S* = 9D C R? the unit circle.

For a Lipschitz function f : X — R on a metric space X we denote
by [V f| € [0,00) the descending slope of f at p € X defined by

|V, f| = max{0, limjup %}

2.2. Semi-convex functions and their gradient flows. Let X be
a CAT(k) space. For any Lipschitz continuous A-convex function f :
X — R there exists the locally Lipschitz continuous gradient flow ® :
[0,00) x X — X of f, such that for any x the flow line t — ®;(x) is
the gradient curve of the function f starting at x.

As areference one can use [OP17] or [Lyt05], see also [Pet07], [May98]
and [AGS05] for a general theory of gradient flows in metric spaces.

From all properties of gradient flows we will only need the following
distance estimate on the change of length under the gradient flow. In
[Pet07, Lemma 2.2.1, Lemma 2.1.4] it is proven for Alexandrov spaces
but the proof relies only on the first variation formula and is identical
in our setting of CAT (k) spaces.

Corollary 2.1. Let X be CAT(k) and let f a Lipschitz continuous
A-convez function on X with gradient flow ®. Let 7 : [a,b] — X be an
absolutely continuous curve and let p : [a,b] — [0,00) be Lipschitz.

Then n(s) == ®,5)(7(s)) is an absolutely continuous curve and for
almost all s € [a,b] its velocity is bounded by

17 ()2 < e PO (Y (5)]* = 2(f o) () - ' (5) + [V [P (0(5))°).

2.3. Sobolev maps and energy. By now there exists a well estab-
lished theory of Sobolev maps with values in metric spaces, [HKST15].
We will follow [LW17] and restrict our revision to the special case
needed in this paper.

Let X be a complete metric space. Let € C R" be a Lipschitz
domain and denote by L?*(€2, X) the set of measurable and essentially
separably valued maps u : 2 — X such that for some and thus every
r € X the function u,(2) := d(z,u(z)) belongs to L*(9).
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Definition 2.2. A map u € L?*(2, X) belongs to the Sobolev space
Wh2(Q, X) if there exists h € L*(Q2) such that for every z € X the
composition u, is contained in the classical Sobolev space W'%(€Q) and
its weak gradient satisfies |Vu,| < h almost everywhere on .

Each Sobolev map u has an associated trace tr(u) € L*(9Q, X),
see [KS93]. If u extends continuously to a map @ on ©, then tr(u) is
represented by the restriction a|yq.

There are several natural definitions of energy for Sobolev maps, see
[LW17, Section 4]. We will only use the Korevaar—Schoen energy. It can
be defined in many different ways, for instance, using the approximate
metric differentials [LW17, Proposition 4.6]. The expression we are
going to use is the following one.

Any map v € W?(Q, X) has a representative, also denoted by wu,
which is absolutely continuous on almost all curves in €2, [HKST15].
Then, for any vector v € R" the restriction of v to almost any segment
parallel to v is absolutely continuous, hence has a well defined finite
velocity at almost all times. Thus the function m,,(z,v) which measures
the velocity of the curve t — u(xz + tv) at t = 0 is well-defined almost
everywhere on €2 x R". We mention that, for almost all x € €, the
function v — my(z,v) is a semi-norm on R", the approzimate metric
differential of u at x, which in fact is Euclidean, if X is CAT(x), [KS93],
[LW17, Section 11].

The energy density of u is defined as
1
e2(z) = —/ Im(z,0)* dv,
Sn—l

Wn

where w,, denotes the Lebesgue measure of the unit ball in R". The
Korevaar—Schoen energy of u is given by

The map v € W'?(Q, X) is called harmonic if for all w € WH2(Q, X)
with the same trace as u one has

E*(u) < E*(w) .

If X is CAT(0) or a CAT(k) space of sufficiently small diameter,
then any harmonic map is locally Lipschitz continuous and uniquely
determined by a prescribed trace [KS93], [Ser95], [Fug08], [BFH"16].

3. FIRST VARIATION OF ENERGY

For Sobolev maps in CAT(k) spaces we have the following analog of
the classical first variation formula.

Lemma 3.1. Let X be a CAT(k) space and f a Lipschitz continuous
A-conver function on X with gradient flow ® : [0,00) x X — X.
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Let u € WY2(Q, X) be given. For any Lipschitz continuous test
function p : Q — [0,00) with compact support in ), define a variation
u; of u by

w(x) = (tp(x), u(x)).
Then uy € WH2(Q, X) and the following inequality holds

(3.1) % t:0E2(ut) < —2/()\-63(1’)-p(q:)—i—(Vx(fOu),Vmp» dx

where the left-hand side 1s the upper Dini derivative.

Proof. We fix t > 0. As a composition of a Sobolev and a Lipschitz
map, the map u; is contained in W12(Q, X).
Consider the curves y(s) = u(x+sv) and n(s) = ¢(t-p(z+sv),v(s)).
By definition, for almost all z,v € Q x S"°!, the velocities of 7
respectively n at s = 0 are exactly m,(z,v) and m,, (z,v), the val-
ues of the corresponding approximate metric differentials. Applying
Corollary 2.1 we get the estimate, valid at all such x, v:

2, (2,0) < € (102 (3,0) =2 (T, (f 0 ), v)-(Vap, 0)H T 12 (T, 0))
Averaging over S"~! and using the equality

1

— (wy,v) - (we,v) dv = (wy, ws) ,

wn Sn—1
valid for all wq,ws € R™ | we obtain the estimate of the energy densities,
valid pointwise almost everywhere on €:
e, (1) < e (R (@) = 2 (Vap, Vo f 0 0)) + 8|V fI? - [ Vapl?) <

Ut

< (1= 2)p(@) - t)(en(®) = 2t (Vap, Va(f 0 u))) + CF7

for some constant C' depending on A, p, f and w.
The claim follows now directly by integration over 2. O

Now we can easily derive:

Proof of Theorem 1.2. Appyling Lemma 3.1 and the definition of har-
monicity, we see that the right hand side of (3.1) must be non-negative
for any non-negative Lipschitz continuous function p with compact sup-
port in . Thus the distributional Laplacian A(f o u) satisfies

Mfoup =~ [

Q

(Vi(f ou), Vap) dz > A/ e p.

Q

By the representation theorem of Riesz in distirbution theory, this is
sufficient to draw the conclusion. Il
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4. PREPARATIONS

4.1. Length spaces and their conformal changes. The length of
a rectifiable curve 7 in a metric space X is denoted by £(7y). A metric
space X is a length space if the distance between any two points is
equal to the greatest lower bound for lengths of curves connecting the
respective points. A curve ¢ : [a,b] — X will be called geodesic if it is
an isometric embedding. The space X itself will be called geodesic if
any two points in X are joined by a geodesic.

We refer to [L.S17] for more details on what follows here. Let X be
a length space and f : X — (0,00) be a continuous function.

We define the f-length of a rectifiable curve v : [a,b] — X by

b
(4.1) 0(y) = / FOE) - 130 dt

where |[§(¢)| denotes the velocity of the curve v at time ¢. The confor-
mally changed metric dy on the space X is defined by

(4.2) d¢(z,y) =inf {¢() ; v Lipschitz curve from = to y} .
bl

The space f-X := (X,dy) is a length space called the metric space
conformally equivalent to X with conformal factor f.

The identity map idy : X — f-X is a locally bilipschitz homeomor-
phism. If f is bounded from below by a positive constant and X is
complete then f - X is complete as well.

We will need the following observation:

Lemma 4.1. Let X be a length space and assume X = B,(x) for some
x € X andr > 0. Let £ :[0,7) = (0,00) be continuous and consider
the function f(y) := &(d(z,y)) on X. Then, in the conformally changed
space f - X, the distance function to x can be computed as:

d(z,y)
dy(z,y) = / (1) di

Proof. Consider concentric metric spheres Sg(z) of radii s < d(z,y)
around z. Then for any 0 < sy < s; < d(z,y) and any point z € Sy, (x)
we can estimate the dy-distance from z to Sy, () as

[s1 = so| - min {(s) < dy(z, 5 (x)) < [s1— s - max {(s).

s0<s<s1 $0<s<s1

The proof of the lemma follows by writing the integral fod(m’y) £(t) dt
as a limit of Riemann sums as on the right and left hand sides of the

above inequality.
O
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4.2. Recognizing CAT(x) spaces. For us it will be important that
CAT(k) spaces can be recognized without referring to geodesic tri-
angles. By a Jordan curve in a metric space X we denote a subset
homeomorphic to a circle.

We say that a metric space Y majorizes a rectifiable Jordan curve I"
in a metric space X if there exists a 1-Lipschitz map P : Y — X which
sends a Jordan curve IV C Y bijectively in an arc length preserving way
onto I'. The following is proved in [LS17, Proposition 2| for CAT(0)
spaces. Along the same lines we deduce:

Proposition 4.2. Let k € R and A > 0 be such that A < \/LE if Kk > 0.
Let X be a complete length metric space.

If any Jordan curve I' in X of length < 2\ is majorized by some
CAT(k) space Yr, then any closed ball B in X of any radius r < % I8
convez in X and CAT(k) .

Moreover, if k>0 and A = 7= then X is CAT(k).

Proof. The argument in [L.S17, Proposition 2| shows that any pair of
points in X at distance less than A is connected by a unique geodesic in
X. Moreover, such geodesics depend continuously on their endpoints.

As in [LS17, Proposition 2| the assumption implies that any trian-
gle in X of perimeter less than 2A is not thicker than its comparison
triangle in the constant curvature surface.

For k > 0 and A = \/LE this implies by definition, that X is CAT (k).

For general A, the condition implies that X is locally CAT(x) and
the statement follows from [Bal04, 6.10], see Lemma 4.3 below. O

4.3. Local-to-global in CAT (k) spaces. The basic local-to-global
theorem about CAT(k) spaces is the theorem of Cartan-Hadamard,
saying that a complete length space, which is locally CAT (k) with
k <0, is a CAT(k) space if and only if it is simply connected.

In order to describe related local-to-global statements for all x, we
recall that the injectivity radius of a local CAT(k) space X is the
supremum of all » > 0, such that any pair of points x and y in X at
distance less than r are connected by a unique geodesic and that this
geodesic depends continuously on the endpoints.

Combining [Bal04, 6.10] and [AKP16, 8.11.3] we obtain the following.

Lemma 4.3. Let X be a complete length space which is locally CAT(k ).
Let r > 0 be such that r < ﬁforn>0.

If the injectivity radius of X is larger than r then any ball B,(z) is
a convex CAT(k) subset of X.

The next local-to-global result is also well-known.

Lemma 4.4. Let X be a complete length space which is locally CAT (k).
Let A > 0 be such that A < \/LE if Kk > 0.
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Assume that for any closed curve I' of length less than 2\ there exists
a homotopy Uy, t € [0,1] from T' =Ty to a constant curve I'y such that
the length of T'y is less than 2A for all t.

Then any closed ball of radius less than % in X is conver and CAT (k).

Proof. Let T" be a closed curve of length less than 2 A. Our assumptions
allow to apply [AKP16, 8.13.4], to conclude that I' is majorized by a
CAT (k) space. The claim now follows from Proposition 4.2. O

Corollary 4.6 below will slightly strengthen the next result.

Proposition 4.5. Let Z be a compact geodesic space homeomorphic to
D. If Z is locally CAT(1) and has Hausdorff area H*(Z) less than 2,
then Z is CAT(1).

Proof. Otherwise Z contains an isometric embedding I' of a round circle
Sy, of length 2] < 27 in Z, [Bal04, 6.9]. The closed Jordan domain Z;
cut out of Z by I' is convex, hence locally CAT(1) and its Hausdorff
area is also less than 2.

Doubling Z;, thus gluing two copies of it along I', we obtain a space
homeomorphic to the 2-dimensional sphere, which has Hausdorff area
less than 47 and which is locally CAT(1), by Reshetnyak’s gluing the-
orem, [AKP16, Theorem 8.9.1].

But this contradicts the Gauss-Bonnet formula, [Res93, (8.15)]. O

As a consequence we deduce the following analog of [LW18, Propo-
sition 12.1] for k # 0.

Corollary 4.6. Let Z be a length space homeomorphic to the open disc
D. For k € R let Z be locally CAT(k) and assume that for k > 0 the
area H*(Z) is at most 2=. Then the completion Z of Z is CAT(k).

Proof. We exhaust the space Z by compact closed discs Z,, with bound-
ary being a geodesic polygon as in the proof of [LW18, Proposition
12.1]. As in [LW18, Section 11.2], we readily see that these subsets Z,
are locally CAT(x ) in their intrinsic metrics.

Moreover, a limiting argument as in [LW18, Proposition 12.1] shows
that it suffices to verify that the closed discs Z,, are globally CAT (k).

For k < 0, this statement follows directly by the theorem of Cartan—
Hadamard. For x > 0, we may rescale the space and assume x = 1.
Any open non-empty subset of Z, has positive H?-area, [LN19, Theo-
rem 1.2], thus H?(Z,) < 2, for any n. The global CAT(1) property of
Z, is exactly Proposition 4.5. U

4.4. Surfaces. In the case of flat domains the curvature of conformally
changed metrics has been investigated in detail by Yuri Reshetnyak,
see [Res93| and the references therein. In this case it is even possible to
relax the continuity and positivity assumptions on conformal factors.
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We say that a function f : U — [0,00) on a domain U C R? is
k-log-subharmonic, if f is upper semi-continuous, contained in L}, and
satisfies weakly

Alogf+gf220.

For a k-log-subharmonic function f one can use formulas (4.1) and
(4.2) to define the conformally changed metric on U. Indeed, we have
the following result due to Reshetnyak, see Theorem 7.1.1 in [Res93],
see also [Mes01, Theorem 6.1] and [LW18, Theorem 8.1, Section 17].

Theorem 4.7. Let U C R? be a domain and f a k-log-subharmonic
function on U. Then f-U is locally CAT(k) and idy : U — f-U is a

homeomorphism.

The next computational lemma will provide control on double con-
formal changes.

Lemma 4.8. Let ¢,C,k,\ € R. Let U C R? be a domain and ¢
a k-log-subharmonic function on U. Suppose that i : U — [¢,C] is
a continuous function which safisfies A > - ©* weakly. Then the
product e¥ - ¢ is K-log-subharmonic, with

E=e2C (k—2u) if k 21 < 0;

e (k—2u) if Kk —2u > 0.

x|
Il

[ ]

[ J
Proof. Suppose k —2p < 0. Then —(k —2u) > —F-(e¥)? and the claim
follows from

1
Alog(eVp) = Ay + Alogp > i o* — 5902 =5k - 21)
The case Kk — 2 > 0 is analogous. U

Combining Theorem 4.7 and Lemma 4.8 leads to:

Lemma 4.9. Let ¢,C Kk, u € R and set

k=e2 (k—2u) if k =21 < 0;
e 2 (k—2u) if Kk —2u > 0.

Suppose that ¢ is a k-log-subharmonic function on D and let ¢-D be
the conformally changed disc. Let Z denote the completion of p-D. If
k> 0, assume in addition H*(¢-D) < e - 22 Finally, let o : Z —
le, C] be a continuous function on Z such that the restriction of ¥ to
D satisfies A > - @* weakly. Then e¥-Z is CAT(k).

=
I

Proof. The proof of Lemma 4 of [LS17] implies e¥- Z is the completion
of the length space e¥ - (¢- D). Moreover, it shows that (e¥-¢)- D is
isometric to e¥ - (¢- D). Hence Lemma 4.8 together with Theorem 4.7
imply that (e¥-)- D is locally CAT(R).

The claim then follows from Corollary 4.6. U
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4.5. Minimal discs. A general solution of the classical Plateau’s prob-
lem has been provided in [LW17] for proper metric spaces and in
[GW17] for complete CAT(0) spaces. We need to discuss an appro-
priate extension to non-proper CAT (k) spaces with x > 0.

Lemma 4.10. Let X be a CAT(k) space and let I be a Jordan curve

i X of finite length l. If Kk > 0 assume in addition, that | < \2/—% Then

there erists a closed ball B = B,.(x) which contains I'. Moreover, if
k > 0 we can choose r < ﬁﬁ

The space A(T', B) of all maps v € WY(D, B) such that tr(v) is
a weakly monotone parametrization of I' is non-empty and contains a
map ug of smallest energy E*(ug) < - 1% in A(T', B).

Moreover, any such map ug has a unique representative which ex-
tends continuously to D.

Proof. Without loss of generality, we may assume x = 1. By Reshet-
nyak’s majorization theorem there exists a closed convex domain C' in
the open unit hemisphere and a 1-Lipschitz map P : C' — X which
sends JC in a an arclength preserving bijective way onto I'. Due to the
isoperimetric inequality in the unit sphere we have

2 =031 > 21 - H*(C) .

Any closed convex subset C' of an open unit hemisphere contains a
point p such that

T
r=sup{d(p,q); g€ C} < 3"

(Cf. [LRC11, 2.1.2].) Therefore, P(C) and, in particular, I is contained
in the ball B = B.(P(p)).

We find a conformal parametrization f : D — C. Then the en-
ergy E?(f) equals the area of C'. Since the map P is 1-Lipschitz, the
composition u = P o f is an element of A(I', B) and has energy

F2(u) < BX(f) = H2(C) < % 2

If B is compact, the existence of an energy minimizer in A(T', B) is
proved in [LW17]. The same classical argument, extended in [LW17]
to proper metric spaces also works in the present non-compact case as
follows.

As in the classical case, we can precompose with Moebius maps and
restrict to the subspace Ag(I') of all maps in A(I") whose trace sends
three fixed points in S* to three prescribed points in I, [LW17, Section
7]. Take an energy minimizing sequence u,, in Ay(I'). For any u,, we
find a unique harmonic map v, € A¢(I") with the same trace as u,,
[Ser95], [Fug08, Theorem 4], since r < 7. In particular, E(v,) < E(u,)
and v, is an energy-minimizing sequence as well.
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By the lemma of Courant-Lebesgue, the traces tr(v,) are uniformly
continuous, [LW17, Section 7]. By [Ser95], [Fug08, Theorem 2], the
maps v, have unique representatives, which continuously extend to D.
Moreover, these representatives converge uniformly, once their traces
converge uniformly. Thus, using the semi-continuity of energy, we ob-
tain an energy minimizer in Ay(I") by taking a uniform limit of a sub-
sequence of the maps v,,. The so obtained map wug of minimal energy
clearly satisfies

1
E%(ug) < E*(u) < — - 17
2m

The statement about the continuous extendability of ug follows from
[Fug08, Theorem 2. O

We call a continuous map uo : D — B provided by the above result
a minimal filling of I' in B and are going to summarize its properties:

Theorem 4.11. Let T" be a Jordan curve of length | in a CAT (k) space
X, with | < \2/—7% if k > 0. As in Lemma 4.10, let B = B,.(x) be a closed

ball which contains T' and let uw: D — B be a minimal filling of T.
Then the following hold true:

(1) w is harmonic and E*(u) < LI2.

(2) There erists a function ¢ € L*(D), the conformal factor of u,
such that the approximate metric differential satisfies m,(z,v) =
©(2) - ||v|| for almost all z € D and all v € R®.

(3) The conformal factor ¢ can be chosen to be k-log-subharmonic.

(4) The completion Z of ¢-D is a CAT(k) space.

(5) The space Z is homeomorphic to D, the map u : p-D — X s
1-Lipschitz and extends to a majorization v : Z — X of I.

Proof. (1) follows by definition of a minimal filling and Lemma 4.10.

(2) is verified in [LW17, Theorem 11.3]

(3) is verified in [Mes01].

In order to verify (4), we use (3) and Theorem 4.7 to see that ¢- D
is locally CAT (k). The area of ¢+ D can be computed as H%(p- D) =
[ ¢* = 3E*(u) < 5=12. In particular, if & > 0, we have H*(¢-D) < 2=
Thus, (4) is a consequence of Corollary 4.6.

Finally, (5) is verified in [LS17, Theorem 9] for x = 0, hence also for

t < 0. The proof applies without changes to the case xk > 0. U

5. MAIN RESULT

5.1. Local control of curvature under conformal changes. Along

the lines of [LLS17], we are going to prove the following local version of
Theorem 1.4.

Theorem 5.1. Forc,C, k, A € R there exists some py = po(c, C, k, A) >
0 with the following property.
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Let X be a CAT(k) space and let f : X — [c,C| be a Lipschitz
continuous \-convex function. Further, let Y = ef - X denote the
conformally equivalent space. Then any closed ball of radius at most py

in'Y is CAT(R), where
o i=e2C (k—4)\) if Kk —4) < 0;
o k=c 2. (k—4\) if Kk —4X > 0.

Proof. Set Y = e/ - X. Since f is bounded, the identity map from Y
to X is a bilipschitz homeomorphism. Thus any complete subset of X
is also complete in Y. Rescaling Y by the factor e™¢, thus subtracting
the constant ¢ from f we may assume that ¢ = 0.

Choose a positive constant A < e~ - \2/—7%

We claim that any Jordan curve I' in Y of length < A is majorized
by a CAT(k) space. Fix I' and denote by I' the curve T considered in
X. Since the identity map Y — X is 1-Lipschitz, the length of Din X

is at most A < \2/—’%

By Lemma 4.10, we obtain a minimal filling u of [in X , Whose
properties are described in Theorem 4.11. Denote by ¢ the conformal
factor of u. By Theorem 4.11, u : ¢-D — X extends to a majorization
v: Z — X, where the completion Z of ¢-D is CAT(x). Moreover, the
area of Z is less than =A% < ¢72¢ . 22,

Due to Theorem 1.2 and the conformality of u, the composition fou
fulfills A(f ou) > 2X-p* weakly. Hence, Lemma 4.9 ensures that
elf*v). 7 is CAT (). Moreover, the majorization v : Z — X of I' defines
a majorization v : el .7 el . X =Y of I.

Thus, any Jordan curve I' of length less than A in Y is majorized by
a CAT(R) space. We finish the proof by setting py = % and applying
Lemma 4.4.

O

5.2. Global versions. Now we can turn to the main theorems.

Proof of Theorem 1.4. Due to Theorem 5.1, the space Y is a complete
length space, which is locally CAT(k). It remains to globalize the
statement.

Assume first that A > 0 and consider the gradient flow ®, of the
function f on the space X. Let I' denote a rectifiable closed curve in
Y. Considering I' as a curve in X, we apply the gradient flow ®, to
I" and obtain closed curves I'; in X. The value of f (and hence of e)
does not increase along flow lines of ®. Since ¥, contracts length in X,
at least by a factor of e™*, Lemma 3.1, we deduce the following two
consequences. Firstly, the e/-length of I'; (thus the length of T'; in V)
is non-increasing in t. Secondly, for any I' as above, any € > 0 and any
sufficiently large ¢, the length of I'; in Y is less than e.

Taking € to be smaller than py in Theorem 5.1 and appyling the
globalization Lemma 4.4, we deduce that Y is CAT(g).
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It remains to deal with the case A < 0 and x — 4X < 0. But then
r < 0, hence X is simply connected. Since X is homeomorphic to Y, we
deduce from the theorem of Cartan-Hadamard that Y is CAT(8). O

5.3. Conclusions. We can now easily prove:

Theorem 5.2. Let x be a point in a CAT(0) space X. Define the
function f: X — R by f(y) = %dz(x,y). Then the space Y =ef - X
is CAT(0). Moreover, for any R > 0, the closed ball Br(z) around
inY is CAT(k) for some k = kK(R) < 0.

Proof. The function f is 1-convex and Lipschitz continuous on bounded
balls. Thus, Y is CAT(0) by [LS17].

By Lemma 4.1, the closed ball Bg(x) in Y has the form e/- B, where
B is the closed ball B,(z) in X and 7(R) is such that

/ e%tht:R.
0

From Theorem 1.4 we deduce that e/ - B is CAT(k) with

kK=—4-e" .

Finally we can provide

Proof of Theorem 1.1. Clearly, we may assume x > 0 and, by rescaling,
even Kk = 1.

Thus let X be a CAT(1) space and let O = B,(z) be an open ball
in X with r < 7.

We can replace X by the closed ball B,(z). In order to simplify
the calculation we proceed as follows. First we improve the curvature
bound on the closed ball to 0. In a second step, we change the metric
on the open ball, to make it complete and simultaneously decrease the
upper curvature bound to —1.

There exists A > 0 depending only on r, such that the function
g(y) = A-d?*(z,y) is 1-convex on X. Due to Theorem 1.4, the space
Z = e9-X is a CAT(0) space. Moreover, by Lemma 4.1, the subset
e9-O C Z is an open ball in Z around the point x. Replacing the space
X by Z we have reduced our task to the case k = 0. In this case the

1

function g(y) = $d*(x,y) is l-convex on X.

Now consider the function A : [0, é) — R given by

2

h(t) = —log(5 —1) .

Then the function h is convex and lirln h(t) = co. Moreover,
t—512

W(t) = e®
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Consider the locally Lipschitz continuous function f(y) := h(g(y)) on
O = B,(z) and the space Y = ¢/ - O.

For an arbitrary point y € O, we choose a small closed ball U around
y, such that for all z € U holds

H(g(=) > 5 (g(y)) = 5" and  h(g(2)) < 20(g(y))

Due to the convexity of A and the 1-convexity of g, the restriction
of f to any geodesic v in O is at least A-convex, where A denotes the
minimum of 2’ on the image g(v) C [0, %)

Hence for any such ball U, the space e/ -U is CAT(-1), by Theorem
1.4. This shows that the space Y is locally CAT(-1).

For any s < r we deduce from Lemma 4.1, that the subset e/-B,(x) C
e/ - O coincides with the closed ball in Y around z of radius

R(s):/osh(%ﬁ)dtz—/oslog(’" D

Moreover, this ball is CAT(0) by Theorem 1.4. Since R(s) converges to
infinity as s converges to r, we deduce that Y is CAT(0). In particular,
it is complete, simply connected and geodesic. Since we have already
seen that Y is locally CAT(-1), this finishes the proof. 0
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