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Semiconcave Functions in Alexandrov’s Geometry

Anton Petrunin*

ABSTRACT. The following is a compilation of some techniques in
Alexandrov’s geometry which are directly connected to convexity.

Introduction

This paper is not about results, it is about available techniques in
Alexandrov’s geometry which are linked to semiconcave functions. We con-
sider only spaces with lower curvature bound, but most techniques described
here also work for upper curvature bound and even in more general
settings.

Many proofs are omitted, I include only those which necessary for a
continuous story and some easy ones. The proof of the existence of quasi-
geodesics is included in appendix A (otherwise it would never be published).

I did not bother with rewriting basics of Alexandrov’s geometry but
I did change notation, so it does not fit exactly in any introduction. I
tried to make it possible to read starting from any place. As a result the
dependence of statements is not linear, some results in the very beginning
depend on those in the very end and vice versa (but there should not be any
cycle).

Here is a list of available introductions to Alexandrov’s geometry:

e [BGP] and its extension [Perelman 1991] is the first introduction to
Alexandrov’s geometry. I use it as the main reference.

Some parts of it are not easy to read. In the English translation of
[BGP] there were invented some militaristic terms, which no one ever
used, mainly burst point should be strained point and explosion should
be collection of strainers.

e [Shiohama] intoduction to Alexandrov’s geometry, designed to be reader
friendly.
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[Plaut 2002] A survey in Alexandrov’s geometry written for topologists.
The first 8 sections can be used as an introduction. The material covered
in my paper is closely related to sections 7—10 of this survey.

[BBI, Chapter 10] is yet an other reader friendly introduction.

I want to thank Karsten Grove for making me write this paper, Stephanie

Alexander, Richard Bishop, Sergei Buyalo, Vitali Kapovitch, Alexander Lyt-
chak and Conrad Plaut for many useful discussions during its preparation
and correction of mistakes, Irina Pugach for correcting my English.
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Notation and conventions

By Alex™ (k) we will denote the class of m-dimensional Alexandrov’s
spaces with curvature >k. In this notation we may omit « and m, but
if not stated otherwise we assume that dimension is finite.

Gromov—Hausdorff convergence is understood with fixed sequence of

approximations. I.e. once we write X, SR X that means that we fixed
a sequence of Hausdorff approximations f, : X,, — X (or equivalently
X = X,).
This makes possible to talk about limit points in X for a sequence

T, € X,, limit of functions f, : X,, — R, Hausdorff limit of subsets
Sn C X, as well as weak limit of measures p, on X,.
regular fiber — see page 167
£Lryz — angle at y in a geodesic triangle Axyz C A

£(&,m) — an angle between two directions &,n € ¥,
A.xyz — a comparison angle, i.c. angle of the model triangle Azyz in
JI, at y.
Z,i(a, b,c) — an angle opposite b of a triangle in JI,, with sides a,b and
c.Incase a+b<corb+c<a weassume £,(a,bc)=0.
14 — a direction at p of a minimazing geodesic from p to ¢
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fi3 — the set of all directions at p of minimazing geodesics from p to g
A — usually an Alexandrov’s space

argmax — see page 184

0A — boundary of A

dist;(y) = |zy| — distance between = and y

dy,f — differential of f at p, see page 140

gexp, — see section 3

gexp, (k;v) — see section 3.2

4 — right/left tangent vector, see 2.1

JI, — model plane see page 140

JI7 — model halfplane see page 156

JI7' — model m-space see page 174

log,, — see page 141

V,f — gradient of f at p, see definition 1.3.2

pr — see page 140

¥(X) — the spherical suspension over X see [BGP, 4.3.1], it is called
spherical cone, see [Plaut 2002, 89] and [Berestovskii].
o, — see footnote 15 on page 156

T, =T,A — tangent cone at p € A, see page 140

T,E — see page 164

¥, = XpA — see footnote 4 on page 141

YpE — see page 164

f* — see page 145

1. Semi-concave functions

1.1. Definitions.

DEFINITION FOR A SPACE WITHOUT BOUNDARY 1.1.1. Let A € Alex,
0A =@ and ) C A be an open subset.

A locally Lipschitz function f: € — R is called A-concave if for any
unit-speed geodesic « in €2, the function

fon(t)—At?/2
is concave.

If A is an Alexandrov’s space with non-empty boundary?, then its dou-
blingZ A is also an Alexandrov’s space (see [Perelman 1991, 5.2]) and
0A=02.

Set p: A — A to be the canonical map.

DEFINITION FOR A SPACE WITHOUT BOUNDARY 1.1.2. Let A € Alex,
0A # & and () C A be an open subset.

IBoundary of Alexandrov’s space is defined in [BGP, 7.19].

2j.e. two copies of A glued along their boundaries.
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A locally Lipschitz function f: Q — R is called A-concave if fop is
A-concave in p~1(Q) C A.

REMARK. Note that the restriction of a linear function on R™ to a ball
is not 0-concave in this sense.

1.2. Variations of definition. A function f: A — R is called semi-
concave if for any point = € A there is a neighborhood €, > z and A € R
such that the restriction f|q, is A-concave.

Let ¢ : R — R be a continuous function. A function f: A — R is called
©(f)-concave if for any point = € A and any € > 0 there is a neighborhood
Q, > x such that f|o, is (¢ o f(z)+ €)-concave.

For the Alexandrov’s spaces with curvature > k, it is natural to consider
the class of (1 — kf)-concave functions. The advantage of such functions
comes from the fact that on the model space® JI,;, one can construct model
(1—kf)-concave functions which are equally concave in all directions at any
fixed point. The most important example of (1 — kf)-concave function is
pr o dist,, where dist,(y) = |xy| denotes distance function from x to y and

L(1—cos(zy/k)) if k>0
pr(x) = x2/2 if k=0
L(ch(zy/=r) —1) if k<0

In the above definition of A-concave function one can exchange Lipschitz
continuity for usual continuity. Then it will define the same set of functions,
see corollary 3.3.2.

1.3. Differential. Given a point p in an Alexandrov’s space A, we
denote by T, = T),A the tangent cone at p.
For an Alexandrov’s space, the tangent cone can be defined in two equiv-
alent ways (see [BGP, 7.8.1]):
e As a cone over space of directions at a point and
e As a limit of rescalings of the Alexandrov’s space, i.e.:
Given s > 0, we denote the space (A,s-d) by sA, where d denotes
the metric of an Alexandrov’s space A, i.e. A= (A,d). Let i5:s4 — A
be the canonical map. The limit of (sA,p) for s — oo is the tangent cone
(Tp,0p) at p with marked origin o,.

DEFINITION 1.3.1. Let A € Alex and €2 C A be an open subset.
For any function f : {2 — R the function d,f: T, — R, p € Q defined by

dpf = lim s(foi, = f(p), foisisA—R
is called the differential of f at p.

3i.e. the simply connected 2-manifold of constant curvature x (the Russian L is for
Lobachevsky).
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It is easy to see that the differential d, f is well defined for any semicon-
cave function f. Moreover, d,f is a concave function on the tangent cone
T, which is positively homogeneous, i.e. d,f(r-v) =7r-d,f(v) for r > 0.

Gradient. With a slight abuse of notation, we will call elements of the
tangent cone T}, the “tangent vectors” at p. The origin o = o, of T}, plays
the role of a “zero vector”. For a tangent vector v at p we define its absolute
value |v| as the distance |ov| in Tj,. For two tangent vectors v and v at p
we can define their “scalar product”

(u, ) & (Jul? + [v]? = Juv[?)/2 = |u] - v] cosa,

where o = Luov = Louov in Tj.
It is easy to see that for any u € T}, the function x +— —(u,z) on T}, is
concave.

DEFINITION 1.3.2. Let A € Alex and €2 C A be an open subset. Given
a A-concave function f: € — R, a vector g € T}, is called a gradient of f
at p € Q (in short: g =V, f) if

(i) dpf(z) < (g,x) for any x € T},, and

(i) dpf(9) = {g,9)-

It is easy to see that any A-concave function f : € — R has a uniquely
defined gradient vector field. Moreover, if d,f(x) < 0 for all & € T}, then
Vpf = op; otherwise,

fo = dpf(gmax) : gmax

where &pax € Bp? is the (necessarily unique) unit vector for which the
function d,f attains its maximum.

For two points p, ¢ € A we denote by 17 € ¥, a direction of a minimizing
geodesic from p to q. Set log, ¢ = [pg|-1}€ Tp,. In general, 1} and log, q are
not uniquely defined.

The following inequalities describe an important property of the “gradi-
ent vector field” which will be used throughout this paper.

LEMMA 1.3.3. Let A € Alex and Q2 C A be an open subset, f:Q — R
be a A-concave function. Assume all minimizing geodesics between p and q
belong to 2, set £ = |pq|. Then

A
(19, Vo) = {f(0) = F(0) = SL}/0,
and in particular
(18, Vo) + (15, Ve f) = =L

4By 3, C T, we denote the set of unit vectors, which we also call directions at p.
The space (X,, £) with angle metric is an Alexandrov’s space with curvature >1. (X,, £)
it is also path-isometric to the subset ¥, C T}, .
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PROOF. Let v : [0,/] — Q be a unit-speed minimizing geodesic from p
to q, so

7(0) =p, () =¢q, 77(0) =1} .

From definition 1.3.2 and the A-concavity of f we get
(19, Vpf) = (77(0), V. f) = dpf(v7(0)) =

foy(l) = fory(0) — A?/2
]

and the first inequality follows (for definition of " and (f o)™ see 2.1).
The second inequality is just a sum of two of the first type. O

= (foy)™(0) =

LEMMA 1.3.4. Let A, GH, A, A, € Alex™ (k).

Let f, : A, — R be a sequence of \-concave functions and f, — f :
A—R.

Let x, € A, and z,, > x € A.

Then

|V f| <liminf |V, ful.
n—oo

In particular we have lower-semicontinuity of the function = — |V, f|:

COROLLARY 1.3.5. Let A € Alex and Q2 C A be an open subset.
If f:Q — R is a semiconcave function then the function

x> [Vof|
s lower-semicontinuos, i.e. for any sequence x, — x € {2, we have
Ve f| <liminf |V, f|.
n—o0
PrROOF OF LEMMA 1.3.4. Fix an £ > 0 and choose ¢ near p such that

f(q) = f(p)

> |V, f| —e.
pq] Vo]
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Now choose ¢, € A, such that ¢, — ¢. If |pq| is sufficiently small and n is
sufficiently large, the A-concavity of f,, then implies that
liminf dy, f,(192) > [V, f] - 2.

Hence,
liminf |V, fn| > |Vpf] —2¢ for any € >0
n—oo

and therefore
lirginﬂvpnfn\ = [Vpfl.

Supporting and polar vectors.

DEFINITION 1.3.6. Assume A € Alex and 2 C A is an open subset,
peQ,let f:Q — R be a semiconcave function.
A vector s € T}, is called a supporting vector of f at p if

dpf(xz) < —(s,z) forany z €T,
The set of supporting vectors is not empty, i.e.

LEMMA 1.3.7. Assume A € Alex and 2 C A is an open subset,
f:Q =R is a semiconcave function, p € 2. Then set of supporting vectors
of f at p form a non-empty convex subset of T}, .

Proor. Convexity of the set of supporting vectors follows from con-
cavity of the function z — —(u,z) on T,. To show existence, consider a
minimum point &yin € X, of the function d,f lgp. We will show that the
vector

s = [~dpf(&min)] - Emin
is a supporting vector for f at p. Assume that we know the existence of
supporting vectors in dimension <m. Applying it to dpf|s, at &min, we
get de . (dpfls,) = 0. Therefore, since d,f|s, is (—dpf)-concave (see sec-
tion 1.2) for any n € ¥, we have

dpf(’?) < dpf(gmin) + COS K(gmim 77)
hence the result. O

In particular, it follows that if the space of directions ¥, has a diameter®
< 7/2 then V,f = o for any A-concave function f.
Clearly, for any vector s, supporting f at p we have

|s| = [V fl.

SWe always consider ¥, with angle metric.
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DEFINITION 1.3.8. Two vectors w,v € T, are called polar if for any
vector x € T, we have
(u,z) + (v,z) > 0.
More generally, a vector u € T, is called polar to a set of vectors V C T, if

{u,) + sup(v, ) > 0.
veY

Note that if u,v € T}, are polar to each other then
dp () + dp f (v) < 0. (+)
Indeed, if s is a supporting vector then
dp f(u) + dy f(0) < —(s,u) — (s,v) <.

Similarly, if u is polar to a set )V then

dy f(u) + inf d, f(v) <O0. (xx)
veEV
Examples of pairs of polar vectors.
(i) If two vectors w,v € T), are antipodal, i.e. |u| = |v| and Luopv = 7
then they are polar to each other.
In general, if |u| = |v| then they are polar if and only if for any

x € T, we have Luopx + Lxo,v < .
(ii) If 1% is uniquely defined then 1% is polar to V, dist,.
More generally, if C X, denotes the set of all directions from p
to ¢ then V,dist, is polar to the set 1%.
Both statement follow from the identity

dq(v) = ?é%% —(&v)

and the definition of gradient (see 1.3.2).

Given a vector v € T, applying above property (ii) to the function
dist, : T, — R we get that V,f, is polar to 17. Since there is a natural
isometry 1,1, — T}, we have

LEMMA 1.3.9. Given any vector v € T), there is a polar vector v* € T}, .
Moreover, one can assume that |v*| < |v|

In A.4.2 using quasigeodesics we will show that in fact one can assume

2. Gradient curves

The technique of gradient curves was influenced by Sharafutdinov’s
retraction, see [Sharafutdinov]|. These curves were designed to simplify
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Perelman’s proof of existence of quasigeodesics. However, it turned out that
gradient curves themselves provide a superior tool, which is in fact almost
universal in Alexandrov’s geometry. Unlike most of Alexandrov’s techniques,
gradient curves work equally well for infinitely dimensional Alexandrov’s
spaces (the proof requires some quasifications, but essentially is the same),
for spaces with curvature bounded above and for locally compact spaces
with well defined tangent cone at each point, see [Lytchak]. It was pointed
out to me that some traces of these properties can be found even in general
metric spaces see [AGS].

2.1. Definition and main properties. Given a curve ~(t) in an
Alexandrov’s space A, we denote by () the right, and by ~~(t) the
left, tangent vectors to 7(t), where, respectively,

lo tte
C i 080 Y(t +e) '
e—0+ g

YE() € Tywy, (1)

This sign convention is not quite standard; in particular, for a function
f:R — R, its right derivative is equal to f* and its left derivative is equal
to —f~(t). For example

if f(t)=t then fT(t)=1 and f(t)=—1.

DEFINITION 2.1.1. Let A € Alex and f : A — R be a semiconcave
function.
A curve a(t) is called f-gradient curve if for any ¢

o (t) = Vo f-

PROPOSITION 2.1.2. Given a A-concave function f on an Alexandrov’s
space A and a point p € A there is a unique gradient curve a: [0,00) — A
such that a(0) = p.

The gradient curve can be constructed as a limit of broken geodesics,
made up of short segments with directions close to the gradient. Conver-
gence, uniqueness, follow from lemma 1.3.3, while corollary 1.3.5 guarantees
that the limit is indeed a gradient curve.

Distance estimates.

LEMMA 2.1.3. Let A € Alex and f: A — R be a A-concave function
and «o(t) be an f-gradient curve.

Assume a(s) is the reparametrization of «(t) by arclength. Then foa
1§ A-concave.
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ProoF. For s > s,

(f 0 @)*(50) = [Vaa) ] > dager (1300
|

Therefore, since s — sg = |a(s) @(sg)| = s — so — o(s — sg), we have

(f o a)+($0) > f(@(s)) — f(C_V(SO)) — )‘(S _ 80>2/2

S — S0

+ o(s — so)
i.e. foa is A-concave. U

The following lemma states that there is a nice parametrization of a

gradient curve (by v)) which makes them behave as a geodesic in some
respects.

LEMMA 2.1.4. Let A € Alex, f: A — R be a A-concave function and
a,:1]0,00) = A be two f-gradient curves with «(0) =p, ((0) =gq.
Then
(i) for any t >0,

l(1)B(t)] < eMpq]
(ii) for any t >0,

la(t)ql® < [pal® + {2f(p) — 2f(q) + Alpg|*} - OA(t) + [V, f 7 - 93(1),

where .
At t if A=0
19)\(t) /0 e™dt I:em;_l ’if )\7&0
(i17) if t, >ty >0 then
|a(tp) B(tg)[* < €M [|pg|*+
+{2f(p) — 2f(q) + Alpal®} - Ix(tp — tg)+
HVRf? - 93ty — tg)]-

In case A > 0, this lemma can also be reformulated in a geometer-
friendly way:

LEMMA. 2.1.4! Let o, 3, p and q be as in lemma 2.1.4 and X\ > 0.
Consider points 6,p,G C R? defined by the following:

il = Ipal, Nop| = 9,1,
2 (ol ~ [08P) = F(a) ~ F(0)
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Let a(t) and B(t) be (3 dist?) -gradient curves in R% with &(0) = p,
B(0) = G. Then,

(i) lo(®)ql < |Gl for any ¢ >0

(i) lea()B()] < |a(t)B(t)] i

(i) if tp >ty then |a(ty)B(te)| < [a(ty)B(ty)]

PrOOF. (ii). If A =0, from lemma 2.1.3 it follows that®
2
foa(t) = foa(0) < |Vagf| -t

Therefore from lemma 1.3.3, setting ¢ = £(t) = |qa(t)], we get”

(¢/2) < f(p) = (@) + IVpf P -,
hence the result.

(i) follows from the second inequality in lemma 1.3.3;
(iii) follows from (i) and (ii).

a(t)

0

Passage to the limit. The next lemma states that gradient curves
behave nicely with Gromov-Hausdorff convergence, i.e. a limit of gradient
curves is a gradient curve for the limit function.

LEMMA 2.1.5. Let A, CH A, A, € Alex™(k), Ap D pp — pE A.

Let f, : A, — R be a sequence of A-concave functions and
fn—>f:A—=R.

Let oy, : [0,00) — A, be the sequence of fy,-gradient curves with
an(0) = p, and let a :[0,00) — A be the f-gradient curve with a(0) = p.

Then oy — « as 1 — 0.

OFor A # 0 it will be f o a(t) — f o a(0) < |Vaw f|” - [9x(t) + A03(t)/2].
TFor A # 0 it will be (€2/2)" — M?/2 < f(p) — £(q) + [V f|* - [0x(2) + M03(t)/2].
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PROOF. Let @y(s) denote the reparametrization of ay,(t) by arc length.
Since all &, are 1-Lipschitz, we can choose a partial limit, say @(s) in
A. Note that we may assume that f has no critical points and so d(f o
a) # 0. Otherwise consider instead the sequence A/, = A, x R with
fala x @) = fula) + @

Clearly, & is also 1-Lipschitz and hence, by Lemma 1.3.4,

b
. — b s
i foodlt = Jim [V, o flds >

/ (Vo flds > / dago f(@*(s))ds = f o al?,

where a(s) denotes any partial limit of logs ) (s +¢)/e, € — 0+.
On the other hand, since &, — & and f, — f we have

fr o nlh = foaly,
i.e. equality holds in both of these inequalities. Hence

Vas) [l = JLH;O‘Vdn(s)fn\, lat(s)| =1 ae.

and the directions of a*(s) and Va(s)f coincide almost everywhere.

This implies that a(s) is a gradient curve reparametrized by arc length.
It only remains to show that the original parameter t,(s) of a, converges
to the original parameter t(s) of «.

Notice that |Vg, (s fuldtn = ds or dt,/ds = ds/d(f, o an). Likewise,
dt/ds = ds/d(f o &). Then the convergence t, — t follows from the A-
concavity of f,oa,, (see Lemma 2.1.3) and the convergence f, o &, — foa.

O

2.2. Gradient flow. Let f be a semi-concave function on an Alex-
androv’s space A. We define the f-gradient flow to be the one parameter
family of maps

t A — A, <I>t( ) = ap(t),
where ¢ > 0 and o : [0, oo) — A is the f-gradient curve which starts at p
(i-e. ap(0) = p).® Obviously

T _ it
(Pfo@fo@}.

This map has the following main properties:
(1) CD} is locally Lipschitz (in the domain of definition). Moreover, if

f is A-concave then it is e*-Lipschitz.
This follows from lemma 2.1.4(i).

8In general the domain of definition of CI>} can be smaller than A, but it is defined
on all A for a reasonable type of function, say for A-concave and for (1 — kf)-concave
functions.
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(2) Gradient flow is stable under Gromov-Hausdorff convergence,
namely:

If A, € Alex™(k), A, CH A, fn + A, — R is a sequence
of A-concave functions which converges to f : A — R then
P’ A, — A, converges pointwise to &4 : A — A.

This follows from lemma 2.1.5.

(3) For any x € A and all sufficiently small ¢t > 0, there is y € A so
that ®%(y) = z.

From [Grove—Petersen 1993, lemma 1], this follows for spaces
without boundary. For spaces with boundary one should consider
its doubling.

Gradient flow can be used to deform a mapping with target in A. For
example, if X is a metric space, then given a Lipschitz map F': X — A
and a positive Lipschitz function 7: X — R, one can consider the map F’
called gradient deformation of F which is defined by

F'(z) = @ o F(z), F':X — Al

From lemma 2.1.4 it is easy to see that the dilation” of F’ can be esti-
mated in terms of A\, sup, 7(z), dilation of F' and the Lipschitz constants
of f and 7.

Here is an optimal estimate for the length element of a curve which
follows from lemma 2.1.4:

LEMMA 2.2.1. Let A € Alex. Let vo(s) be a curve in A parametrized by
arc-length, f: A — R be a A-concave function, and 7(s) be a non-negative
Lipschitz function. Consider the curve

() = 25 0 90(s).
If 0 = o(s) is its arc-length parameter then

do? < e [ds® + 2d(f o 70)dT + [V (s f|2dT?]

2.3. Applications. Gradient flow gives a simple proof to the following
result which generalizes a key lemma in [Liberman]. This generalization
was first obtained in [Perelman—Petrunin 1993, 5.3], a simplified proof
was given in [Petrunin 1997, 1.1]. See sections 4 and 5 for definition of
extremal subset and quasigeodesic.

GENERALIZED LIEBERMAN’S LEMMA 2.3.1. Any unit-speed geodesic for
the induced intrinsic metric on an extremal subset is a quasigeodesic in the
ambient Alexandrov’s space.

YN.e. its optimal Lipschitz constant.
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PROOF. Let v : [a,b] — E be a unit-speed minimizing geodesic in an
extremal subset £ C A and f be a A-concave function defined in a neigh-
borhood of . Assume f o~ is not A-concave, then there is a non-negative
Lipschitz function 7 with support in (a,b) such that

b

/[(fo’y)/T/—l-)\T] ds <0

a

Then as follows from lemma 2.2.1, for small ¢t > 0

t-
(s) = 247 0 50(s)
gives a length-contracting homotopy of curves relative to ends and according
to definition 4.1.1, it stays in E — this is a contradiction. O

The fact that gradient flow is stable with respect to collapsing has the
following useful consequence: Let M,, be a collapsing sequence of Riemann-

ian manifolds with curvature >~ and M, SH A, For a regular point p let
us denote by Fy,(p) the regular fiber'® over p, it is well defined for all large
n. Let f: A — R be a A-concave function. If a(t) is an f-gradient curve
in A which passes only through regular points, then for any tg < ¢; there is
a homotopy equivalence F,(a(tg)) — Fy,(a(t1)) with dilation ~ et1—t0)

This observation was used in [KPT] to prove some properties of almost
nonnegatively curved manifolds. In particular, it gave simplified proofs of
the results in [Fukaya—Yamaguchil:

NILPOTENCY THEOREM 2.3.2. Let M be a closed almost nonnegatively
curved manifold. Then a finite cover of M is a nilpotent space, i.e. its
fundamental group is nilpotent and it acts nilpotently on higher homotopy
groups.

THEOREM 2.3.3. Let M be an almost nonnegatively curved m-manifold.
Then (M) is Const(m)-nilpotent, i.e., w1 (M) contains a nilpotent sub-
group of index at most Const(m).

Gradient flow also gives an alternative proof of the homotopy lifting
theorem 4.2.3. To explain the idea let us start with definition:

Given a topological space X, a map F : X — A, a finite sequence of
A-concave functions {f;} on A and continuous functions 7; : X — Ry one
can consider a composition of gradient deformations (see 2.2)

Fla)=27 "o 002 00l oFe), F':X -4,
which we also call gradient deformation of F'.

108ee footnote 31 on page 167.
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Let us define gradient homotopy to be a gradient deformation of trivial
homotopy
F:0,1]x X — A, F(z)= Fy(z)
with the functions

7;:[0,1] x X — Ry such that 7;(0,z) = 0.

If Y C X, then to define gradient homotopy relative to Y we assume in
addition
7i(t,y) =0 forany yevY, te]|0,1].

Then theorem 4.2.3 follows from lemma 2.1.5 and the following lemma:

LEMMA 2.3.4. [Petrunin GH]| Let A be an Alexandrov’s space without
proper
extremal subsets and K be a finite simplicial complex. Then, given € > 0,
for any homotopy
F,:K— A, tel0,1]

one can construct an €-close gradient homotopy

Gt K- A
such that Gy = Fy.

3. Gradient exponent

One of the technical difficulties in Alexandrov’s geometry comes from
nonextendability of geodesics. In particular, the exponential map, exp, :
T, — A, if defined the usual way, can be undefined in an arbitrary small
neighborhood of origin. Here we construct its analog, the gradient exponen-
tial map gexp,, : Tj, — A, which practically solves this problem. It has many
important properties of the ordinary exponential map, and is even “better”
in certain respects.

Let A be an Alexandrov’s space and p € A, consider the function f =
distz /2. Recall that is : sA — A denotes canonical maps (see page 140).
Consider the one parameter family of maps

@?oiet:etA%A as t—o00 so (etA,p)E)(Tp,op)

where <I>’} denotes gradient flow (see section 2.2). Let us define the gradient
exponential map as the limit

gexp, : ThA — A, gexp, = tliglo <I>'} 0 Gyt

Ezistence and uniqueness of gradient exponential. If A is an Alexandrov’s

space with curvature > 0, then f is 1-concave, and from lemma 2.1.4, <I>'}



152 A. PETRUNIN

is an e’-Lipschitz and therefore compositions ®% od,: : e’A — A are short'l.

Hence a partial limit gexp, : T,A — A exists, and it is a short map.!?
Clearly for any partial limit we have

@ o gexp,,(v) = gexp, (e’ - v) (%)
and since ®! is e’-Lipschitz, it follows that gexp,, is uniquely defined.

PROPERTY 3.1.1. If E € A is an extremal subset, p € F and { € ¥, F
then gexp,(t-&) € £ for any t > 0.

It follows from above and from definition of extremal subset (4.1.1).
Radial curves. From identity (x), it follows that for any § € X,,, curve

ag it gexpp(t )

satisfies the following differention equation

ozg“(t) = ‘po‘f(t)'v%(t) dist, forall t>0 and of(0)=¢ (o)
We will call such a curve radial curve from p in the direction £. From above,
such radial curve exists and is unique in any direction.

Clearly, for any radial curve from p, [pog(t)| < t; and if this inequality is
exact for some to then oy : [0,t9] = A is a unit-speed minimizing geodesic
starting at p in the direction § € ¥,. In other words,

gexp, olog, =idy A3
Next lemma gives a comparison inequality for radial curves.

LEMMA 3.1.2. Let A € Alex, f: A — R be a A-concave function X\ = 0
then for any pe A and { € ¥,

[ ogexpy(t-€) < () +t-dpf(€) + 12+ A/2.

e, maps with Lipschitz constant 1.

12For general lower curvature bound, f is only (14-O(r?))-concave in the ball B, (p).
Therefore ®} : B,/.(p) — B (p) is e(1+0(r?))-Lipschitz. By taking compositions of these
maps for different r we get that ®} : B, .~ (p) = Br(p) is eN (1 4 O(r?))-Lipschitz.
Obviously, the same is true for any t > 0, i.e. ®% : B, /.t(p) — Br(p) is e'(1+ O(r?))-
Lipschitz, or

@’}oiez cefA— A

is (1 + O(r?))-Lipschitz on B,(p) C e'A. This is sufficient for existence of partial limit
gexp, : TpA — A, which turns out to be (14 O(r?))-Lipschitz on a central ball of radius
rin Tp.

13In proposition 3.3.6 we will show that g ((0,%0)) does not meet any other radial
curve from p.
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Moreover, the function
O(t) = {f o gexpy(t-€) — f(p) — 2 - A\/2}/t
18 non-increasing.
In particular, applying this lemma for f = distg /2 we get
COROLLARY 3.1.3. If A € Alex(0) then for any p,q,€ A and § € £,
Lo(t,| gexp, (t&)al, pal)
is non-increasing in t.'* In particular,

Lo(t, | gexp, () ql, Ipal) < £(€,19).

In 3.2 you can find a version of this corollary for arbitrary lower curvature
bound.

PROOF OF LEMMA 3.1.2. Recall that V,dist, is polar to the set C T,
(see example (ii) on page 144). From inequality (x*) on page 144, we have

dqf(Vqdisty) + inf {dqf(C)} <O
Cefry

On the other hand, since f is A-concave,

f(p) — f(q) — Alpq|?/2
g

f(a) = f(p) + Alpal*/2.

def(¢) > for any ¢ €fi?,

therefore
dqf(Vgdist,) <

Ipq|
Set ag(t) = gexp(t-§£), ¢ = ag(to), then ag’(to) = @Vq dist, as in (o).
Therefore,
(F 0 a¢)* () = dy (0 () <
Ipal [£(a) = f(p) + Alpg] /2} _ f@) = fp) + Npal?/2 _
= o pq] to h

since |pg| < tp and A >0,

f@) = f(p) + M§/2 _ flae(to)) — F(p) +M5/2.
to lo

<

Substituting this inequality in the expression for derivative of ¥,

(1) = L ag)t(t)  fogexpy(to-§) — f(p)

— /2
to 3 /2
we get 97 <0, i.e. ¥ is non-increasing.
Clearly, ¥(0) = d, f(£) and so the first statement follows. O

14ZH(a, b, c) denotes angle opposite to b in a triangle with sides a,b,c in JL..



154 A. PETRUNIN

3.2. Spherical and hyperbolic gradient exponents. The gradient
exponent described above is sufficient for most applications. It works per-
fectly for non-negatively curved Alexandrov’s spaces and where one does
not care for the actual lower curvature bound. However, for fine analysis on
spaces with curvature > k, there is a better analog of this map, which we
denote gexp,(k;v); gexp,(0;v) = gexp,(v).

In addition to case x = 0, it is enough to consider only two cases:
k = £1, the rest can be obtained by rescalings. We will define two maps:
gexpp(—l, %) and gexpp(l, ), and list their properties, leaving calculations
to the reader. These properties are analogous to the following properties of
the ordinary gradient exponent:

o if A € Alex(0), then gexp, : T), — A is distance non-increasing.
Moreover, for any g € A, the angle

Lot | gexp,(t - ) ql, Ipql)

is non-increasing in t (see corollary 3.1.5). In particular

Lo(t, | gexpy(t - €) al, [pal) < £(€,1h)-

The calculations for the case x = 1 are more complicated than for
k = —1. Note that formulas in definitions of these two cases are really
different; the formulas for k > 0 and k < 0 are not analytic extension of
each other.

Case k = —1. The hyperbolic radial curves are defined by the following
differential equation

sh [pae(t)]

+t:
o (t) sht

: Vaedist, and  af(0) =&,

These radial curves are defined for all ¢ € [0, 00). Let us define

gexp,(—1;t- &) = ae(t).
This map is defined on tangent cone T},. Let us equip the tangent cone with
a hyperbolic metric h(u,v) defined by the hyperbolic rule of cosines
ch(h(u,v)) = ch|u|ch |v| — sh |u]| sh |v| cos a,

where u,v € T, and a = Luopv. (I, h) € Alex(—1), this is a so called

elliptic cone over ¥,; see [BGP, 4.3.2], [Alexander—Bishop 2004|. Here

are the main properties of gexp(—1;*):

o if A € Alex(—1), then gexp(—1;%*) : (T, h) — A is distance non-increasing.
Moreover, the function

t > £_1(t, | gexp(—1;t - €) ql, |pa])
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is non-increasing in t. In particular for any ¢ > 0,
L1t | gexp(—1:t - &) ql, Ipal) < £(£,19).

Case x = 1. For unit tanget vector £ € X, the spherical radial curve
is defined to satisfy the following identity:

b () = 8 pae(®)| o

¢ tat ae(r) disty and ag(O):@

These radial curves are defined for all ¢ € [0, 7/2]. Let us define the spherical
gradient exponential map by

gexp, (15t - &) = ag(t).

This map is well defined on B, 2(0p) C Tp. Let us equip B, /2(0p) with a
spherical distance s(u,v) defined by the spherical rule of cosines

cos(s(u,v)) = cos|u| cos |v| + sin |u| sin |v]| cos c,
where u,v € Br(o,) C T, and o = Luopv. (Bﬂ(op),s) € Alex(1), this is
isometric to spherical suspension (X)), see [Alexander—Bishop 2004],
[BGP, 4.3.1]. Here are the main properties of gexp(1;*):
o If A € Alex(1) then gexp,(1,%) : (Br2(0p),s) = A is distance non-
increasing.
Moreover, if |pg| < 7/2, then function

t > £1(t, | gexp,(L;t- &) ql, [pql)

is non-increasing in t. In particular, for any ¢ > 0
£1(t, | gexp, (15t - €) ql, Ipgl) < £(£,19).

3.3. Applications. One of the main applications of gradient exponent
and radial curves is the proof of existence of quasigeodesics; see property 4
page 169 and appendix A for the proof.

An infinite-dimensional generalization of gradient exponent was intro-
duced in [Perelman—Petrunin QG] to make the last step in the proof
of equality of Hausdorff and topological dimension for Alexandrov’s spaces.
According to [Plaut 1996] (or [Plaut 2002, 151]), if dimyg A > m, then
there is a point p € A, the tangent cone of which contains a subcone W C T,
isometric to Euclidean m-space. Then infinite-dimensional analogs of prop-
erties in section 3.2 ensure that image gexp, (W) has topological dimension
> m and therefore dim A > m.

The following statement has been proven in [Perelman 1991], then its
formulation was made more exact in [Alexander—Bishop 2003]. Here we
give a simplified proof with the use of a gradient exponent.
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THEOREM 3.3.1. Let A € Alex(k) and OA # & ; then the function f=o,0
distoa 1% is (—kf)-concave in Q = A\OA .1°
In particular,
(i) if k=0, distga is concave in
(i) if k> 0, the level sets L, = dist; 1 (z) C A, x > 0 are strictly concave
hypersurfaces.

PrOOF. We have to show that for any unit-speed geodesic ~y, the func-
tion f o~y is (—kf)-concave; i.e. for any tg,

(fo)"(to) < —kf o(to)

in a barrier sense'”. Without loss of generality we can assume tg = 0.

) W(Q
4(0)
_—
(0]
B3
. _ont
D q

Direct calculations show that the statement is true for A = JI}, the
halfspace of the model space JI,.
Let p € OA be a closest point to y(0) and a = £(y*(0), T];(o))'

150% : R — R is defined by

oo o ﬁ sin(zy/k) k>0
ox(r) = Z %xznﬂ = x ifk=0.
= @n+ 1) —L_sh(zy/—k) ifk<0

16Note that by definition 1.1.2, f is not semiconcave in A.
TFor a continuous function f, f(to) < ¢ in a barrier sense means that there is a
smooth function f such that f < f, f(to) = f(to) and f"'(t0) < c.
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Consider the following picture in the model halfspace JI;": Take a point
p € OJIF and consider the geodesic 4 in JI; such that

[(0)p| = [7(0)p] = |7(0)0I1 L],

so p is the closest point to 7(0) on the boundary'® and
~+ Py —
L0, 1) = .
Then it is enough to show that
distga y(7) < disty,+ (1) + o(?).

Set,
B(r) = £v(0) py(7)

and

B(r) = £3(0) p(7).

From the comparison inequalities

lpy(7)] < [pY(7)]

and

9(r) = max {o, B(r) — 5(7)} = o(7). (+)

Note that the tangent cone at p splits: T,A = Ry x Tp(?A.lg Therefore
we can represent v = log,y(7) € TpA as v = (s,w) € Ry x T,0A. Let
G = q(7) € dJ1,; be the closest point to ¥(7), so

K(szvw) — g —B(1) < g — B(r) = (1) = £3(7)pG + o(7).

Set q = gexp,, </—£; |pq| ﬁ) .20 Since gradient curves preserve extremal subsets

q € 0OA (see property 3.1.1 on page 152). Clearly |pg| = O(7), therefore
applying the comparison from section 3.2 (or Corollary 3.1.3 if k = 0)
together with (%), we get

distoa v(1) < lgv(7)] < |§7(7)| + O (|pg] - (7)) = distyy+ (1) + o(r?).

g

The following corollary implies that the Lipschitz condition in the defi-
nition of convex function 1.1.2-1.1.1 can be relaxed to usual continuity.

181y case k> 0 it is possible only if |v(0)p| < but this is always the case since

2k’
otherwise any small variation of p in A decreases distance |y(0)p]|.

19T his follows from the fact that p lies on a shortest path between two preimages of
4(0) in the doubling A of A, see [BGP, 7.15].

2OAlternaL‘cively, one can set ¢ = y(|pg|), where ~ is a quasigeodesic in JA starting
at p in direction ﬁ € 3, (it exists by second part of property 4 on page 169).
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COROLLARY 3.3.2. Let A € Alex, A=, A€ R and QX C A be open.
Assume f: Q) — R is a continuous function such that for any unit-speed
geodesic v in § we have that the function

t»—>fo’y—)\t2/2

is concave; then f is locally Lipschitz.
In particular, f is A-concave in the sense of definition 1.1.2.

PROOF. Assume f is not Lipschitz at p € 2. Without loss of generality
we can assume that € is convex?! and A < 0%2. Then, since f is continuous,
sub-graph -

Xy =A{(z,y) € @ xRly < f(x)}
is closed convex subset of A x R, therefore it forms an Alexandrov’s space.

Since f is not Lipschitz at p, there is a sequence of pairs of points

(Pn,qn) in A, such that

PryGn — p and f(pn)*f(Qn)%_i_oo

|ann|
Consider a sequence of radial curves «;, in X; which extend shortest paths
from (pn, f(pn)) to (gn,f(gn)). Since the boundary 0X; C Xy is an
extremal subset, we have «,(t) € 0X for all

t = Ly = |(pn: F(Pn))(@ns F(@0))] = V/|Pn@nl® + (f (pn) — f(an))?-

Clearly, the function h : Xy — R, h: (z,y) — y is concave. Therefore, from
3.1.2, there is a sequence t, > {, so an(t,) — (p, f(p) — 1). Therefore,
(p, f(p) = 1) € 0Xy thus p € 0A, i.e. 0A # &, a contradiction. O

COROLLARY 3.3.3. Let A € Alex™(k), m > 2 and v be a unit-speed
curve in A which has a convex k-developing with respect to any point. Then
v s a quasigeodesic, i.e. for any A-concave function f, function f oy is
A-concave.

PRrROOF. Let us first note that in the proof of theorem 3.3.1 we used only
two properties of curve v: |[y*| = 1 and the convexity of the x-development
of v with respect to p.

Assume k = A = 0 then sub-graph of f

Xy={(z,y) e AxR[y< f(z)}

is a closed convex subset, therefore it forms an Alexandrov’s space.
Applying the above remark, we get that if v is a unit-speed curve in
X \0X with convex 0-developing with respect to any point then distsx ;oY

210therwise, pass to a small convex neighborhood of p which exists by by corol-
lary 7.1.2.
22Otherwise7 add a very concave (Lipschitz) function which exists by theorem 7.1.1.



SEMICONCAVE FUNCTIONS IN ALEXANDROV’S GEOMETRY 159

is concave. Hence, for any ¢ > 0, the function f., which has the level set
distg)lff () C R x A like the graph, has a concave restriction to any curve
in A with a convex 0-developing with respect to any point in A\7y. Clearly,
fe = f as e — 0, hence f o~ is concave.

For A-concave function the set X is no longer convex, but it becomes
convex if one changes metric on A x R to parabolic cone*® and then one can
repeat the same arguments. O

REMARK One can also get this corollary from the following lemma:

LEMMA 3.34. Let A € Alex™(k), 2 be an open subset of A and f :
Q — R be a A-concave L-Lipschitz function. Then function

Je(y) = min{f(2) + Hoy|*}

is (A+0)-concave in the domain of definition®* for some®® § = (L, A\ K, €),
6—0ase—0.

Moreover, if m > 2 and ~ is a unit-speed curve in A with K-conver
developing with respect to any point then fz oy is also (A + 0)-concave.

PRrROOF. It is analogous to theorem 3.3.1. We only indicate it in the
simplest case, Kk = A = 0. In this case § can be taken to be 0.

Let 7 be a unit-speed geodesic (or it satisfies the last condition in the
lemma). It is enough to show that for any to

(fe07)"(to) <0

in a barrier sense.

Let y = v(to) and = € © be a point for which f.(y) = f(z)+21|zy|?. The
tangent cone T, splits in direction Ty, ie. there is an isometry
T, — R x Cone such that 14— (1,0), where o € Cone is its origin. Let

log, v(t) = (a(t),v(t)) € R x Cone = T,.
Consider vector
w(t) = (a(t) — |zy|,v(t)) € R x Cone = T,.

Clearly |w(t)| > [zv(t)|. Set z(t) = gexp,(w(t)) then lemma 3.1.2 gives an
estimate for f o z(t) while corollary 3.1.3 gives an estimate for |y(t)z(¢)|?.
Hence the result. O

23 6. warped-product R Xcxp(constt) A, which is an Alexandrov’s space, see
[BGP, 4.3.3], [Alexander—Bishop 2004].

24 ¢. at the set where the minimum is defined.

25This function 0(L, A\, k,¢€) is achieved for the model space Ay.
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Here is yet another illustration for the use of gradient exponents. At first
sight it seems very simple, but the proof is not quite obvious. In fact, I did
not find any proof of this without applying the gradient exponent.

LYTCHAK’S PROBLEM 3.3.5. Let A € Alex™(1). Show that
vol,,—1 0A < vol,,_1 S™ 1
where A denotes the boundary of A and S™~ ! the unit (m — 1)-sphere.

The problem would have followed from conjecture 9.1.1 (that boundary
of an Alexandrov’s space is an Alexandrov’s space), but before this conjec-
ture has been proven, any partial result is of some interest. Among other
corollaries of conjecture 9.1.1, it is expected that if A € Alex(1) then 0A,
equipped with induced intrinsic metric, admits a noncontracting map to
S™=1 1In particular, its intrinsic diameter is at most 7, and perimeter of
any triangle in A is at most 27 . This does not follow from the proof below,
since in general gexp,(1;0B;/2(0.)) ¢ 0A, ie. gexp,(1;0B;/2(0.)) might
have some creases left inside of A, which might be used as a shortcut for
curves with ends in JA.

Let us first prepare a proposition:

ProprosiTION 3.3.6. The inverse of the gradient exponential map
gexp,, Yk %) is uniquely defined inside any minimizing geodesic starting
at p.

PROOF. Let 7 : [0,t9) — A be a unit-speed minimizing geodesic,
v(0) =p, ~(to) =¢q. From the angle comparison we get that
|V dist) | > —cosdyprq. Therefore, for any ¢ we have

pac(t)l > ~laf ()] cos Zepac(t) g and |ac(B)alf > ~laf (1),

Therefore, Z,{pqag(t) is nondecreasing in ¢, hence the result. O

Proof of 8.8.5. Let z € A be the point at maximal distance from A,
in particular it realizes maximum of f = o7 o distyq = sinodistys. From
theorem 3.3.1, f is (—f)-concave and f(z) < 1.

Note that A C By js(z), otherwise if y € A with |yz| > 7/2, then
since f is (—f)-concave and f(y) = 0, we have df(1%) > 0, i.e. z is not a
maximum of f.

From this it follows that gradient exponent

gexpz(l; *) : (B’/F/Q(Oz)aﬁ) — A

is a short onto map.
Moreover,
0A C gexpz(aBﬂ/Z(Oz‘))‘
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Indeed, gexp gives a homotopy equivalence 9B /5(0.) — A\z. Clearly,
¥, = 0(Br)2(02),5) has no boundary, therefore H,, 1(0A,Z2) # 0, see
[Grove—Petersen 1993, lemma 1]. Hence for any point « € A, any min-
imizing geodesic zz must have a point of the image gexp(1;9By/2(0)) but,
as it is shown in proposition 3.3.6, it can only be its end x.
Now since
gexp, (15 %) : (Brj2(0z2),5) = A
is short and (0B /2(0),5) is isometric to ¥, A we get vol9A < vol X, A and
clearly, vol ¥, A < vol S™~ 1. O

4. Extremal subsets

Imagine that you want to move a heavy box inside an empty room
by pushing it around. If the box is located in the middle of the room, you
can push it in any direction. But once it is pushed against a wall you can not
push it back to the center; and once it is pushed into a corner you cannot
push it anywhere anymore. The same is true if one tries to move a point in
an Alexandrov’s space by pushing it along a gradient flow, but the role of
walls and corners is played by extremal subsets.

Extremal subsets first appeared in the study of their special case — the
boundary of an Alexandrov’s space (see [Perelman—Petrunin 1993], and
[Petrunin 1997], [Perelman 1997]).

An Alexandrov’s space without extremal subsets resembles a very non-
smooth Riemannian manifold. The presence of extremal subsets makes it
behave as something new and maybe intersting; it gives an interesting addi-
tional combinatoric structure which reflects geometry and topology of the
space itself, as well as of nearby spaces.

4.1. Definition and properties. It is best to define extremal subsets
as “ideals” of the gradient flow, i.e.

DEFINITION 4.1.1. Let A € Alex.
E C A is an extremal subset, if for any semiconcave function f on A,
t>0 and x € E, we have @?(m) eL.

Recall that <I>’} denotes the f-gradient flow for time ¢, see 2.2. Here is
a quick corollary of this definition:

(1) Extremal subsets are closed. Moreover:

(i) For any point p € A, there is an ¢ > 0, such that if an
extremal subset intersects e-neighborhood of p then it
contains p.

(ii) On each extremal subset the intrinsic metric is locally finite.
These properties follow from the fact that the gradient flow for a
A-concave function with dy,f[s, < 0 pushes a small ball B(p) to
p in time proportionate to €.
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Ezamples.

(i) An Alexandrov’s space itself, as well as the empty set, forms an
extremal subsets.

(ii) A point p € A forms a one-point extremal subset if its space of direc-
tions ¥, has a diameter < /2

(iii) If one takes a subset of points of an Alexandrov’s space with tan-
gent cones homeomorphic?® to each other then its closure?” forms an
extremal subset.

In particular, if in this construction we take points with tangent
cone homeomorphic to R, x R™~! then we get the boundary of an
Alexandrov’s space.

This follows from theorem 4.1.2 and the Morse lemma (property 7
page 181).

(iv) Let A/G be a factor of an Alexandrov’s space by an isometry group,
and Sy C A be the set of points with stabilizer conjugate to a sub-
group H C G (or its connected component). Then the closure of the
projection of Sy in A/G forms an extremal subset.

For example: A cube can be presented as a quotient of a flat torus
by a discrete isometry group, and each face of the cube forms an
extremal subset.

The following theorem gives an equivalence of our definition of extremal
subset and the definition given in [Perelman—Petrunin 1993|:

THEOREM 4.1.2. A closed subset E in an Alexandrov’s space A is
extremal if and only if for any q € A\E, the following condition is fulfilled:

If disty has a local minimum on E at a point p, then p is a critical
point of disty on A, i.e., V,disty = 0,.

PRrROOF. For the “only if” part, note that if p € F is not a critical point
of dist,, then one can find a point z close to p so that 1 is uniquely defined
and close to the direction of V, disty, so dj, disty(1;) > 0. Since V,, dist, is
polar to 1 (see page 143) we get

dy, disty(V, dist,) < 0,

see inequality 1.3 on page 144. Hence, the gradient flow CDfﬁStx pushes the
point p closer to ¢, which contradicts the fact that p is a minimum point
disty on E.

To prove the “if” part, it is enough to show that if F© C A satisfies
the condition of the theorem, then for any p € F, and any semiconcave
function f, either V,f = o, or % € X,F. If so, an f-gradient curve

26]5]quivalently7 with homeomorphic small spherical neigborhoods. The equivalence
follows from Perelman’s stability theorem.
27 As well as the closure of its connected component.
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can be obtained as a limit of broken lines with vertexes on F', and from
uniqueness, any gradient curve which starts at F' lives in F'.

Let us use induction on dim A. Note that if F' C A satisfies the condi-
tion, then the same is true for ¥,F' C X, for any p € F'. Then using the
inductive hypothesis we get that ¥,F' C ¥, is an extremal subset.

If p is isolated, then clearly diam ¥, < m/2 and therefore V,f = o, so
we can assume X,F # &.

Note that d,f is (—dpf)-concave on ¥, (see 1.2, page 140). Take § =

IV f|’ so £ € ¥, is the maximal point of d,f. Let n € ¥,F be a direction

closest to &, then £(£,n) < m/2; otherwise F' would not satisfy the condition
in the theorem for a point ¢ W1th 13~ £. Hence, since X,F C ¥, is an
extremal subset, V,d,f € ¥,%,F and therefore

dydyf(15) < (Vndpf, 15) <O

Hence, d,f(n) = d,f(€), and therefore £ =7, i.e. |V fl € X,F. O

From this theorem it follows that in the definition of extremal subset
(4.1.1), one has to check only squares of distance functions. Namely: Let
A € Alex, then EE C A is an extremal subset, if for any point p € A, and
anyer we have <I>d t2( x) € E for any t > 0.

In particular, applylng lemma 2.1.5 we get

LEMMA 4.1.3. The limit of extremal subsets is an extremal subset.

Namely, if A, € Alex™(k), A, SR A and E, C A, is a sequence of
extremal subsets such that E, — E C A then F is an extremal subset of A.

The following is yet another important technical lemma:

LEMMA 4.1.4. [Perelman—Petrunin 1993, 3.1(2)] Let A € Alex be
compact, then there is € > 0 such that distg has no critical values in (0,¢).
Moreover,

|Vadistg | > e if 0<distg(z) <e.

For a non-compact A, the same is true for the restriction distg|q to

any bounded open ) C A.

Proor. Follows from lemma 4.1.5 and theorem 4.1.2. O

LEMMA ABOUT AN OBTUSE ANGLE 4.1.5. Given v > 0, r >0, Kk € R
and m € N, there is € = (v, 7, kK, m) > 0 such that if A € Alex™(k), p€ A,
vol,, Br(p) > v, then for any two points x,y € B,(p), |ry| < € there is
point z € B,(p) such that Lzzy > 7/2+¢ or Lzyx > 7w/2+¢.

The proof is based on a volume comparison for log, : A — T, similar to
[Grove—Petersen 1988, lemma 1.3].
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Note that the tangent cone T,E of an extremal subset £ C A is well
defined; i.e. for any p € E, subsets sE in (sA,p) converge to a subcone
of T,EF C T,A as s — o0o. Indeed, assume £ C A is an extremal subset
and p € F. For any ¢ € %,E? the radial curve gexp(t - £) lies in E.%
In particular, there is a curve which goes in any tangent direction of F.
Therefore, as s — 0o, (sE C sA,p) converges to a subcone T,E C T,A,
which is simply cone over ¥,E (see also [Perelman—Petrunin 1993, 3.3])

Next we list some properties of tangent cones of extremal subsets:

(2) A closed subset £ C A is extremal if and only if the following
condition is fulfilled:

e At any point p € E, its tangent cone T, C T, A is well defined,
and it is an extremal subset of the tangent cone T),A.(compare
[Perelman—Petrunin 1993, 1.4])

(Here is an equivalent formulation in terms of the space of direc-
tions: For any p € E, either (a) ¥,F = @ and diam ¥, < 7/2 or
(b) pE = {&} is one point extremal subset and By /5(£) = X, or
(c) E,E is extremal subset of ¥, with at least two points.)

T, FE is extremal as a limit of extremal subsets, see lemma 4.1.3.
On the other hand for any semiconcave function f and p € E, the
differential d, f : T;, — R is concave and since T,/ C T}, is extremal
we have V, f € T, F. Le. gradient curves can be approximated by
broken geodesics with vertices on F, see page 145.

(3) [Perelman—Petrunin 1993, 3.4-5] If F and F' are extremal sub-
sets then so are
(i) ENF and for any p € ENF we have T,(EUF) = T,EUL,F
(ii) EUF and for any p € EUF we have T,(ENF) =T,ENYE,F
(iii) E\F and for any p € E\F we have T,(E\F) = T,E\T,F
In particular, if T,FF = T,F then E and F coincide in a
neighborhood of p.

The properties (i) and (ii) are obvious. The property (iii) follows

from property 2 and lemma 4.1.4.

We continue with properties of the intrinsic metric of extremal subsets:

(4) [Perelman—Petrunin 1993, 3.2(3)] Let A € Alex™ (k) and £ C A
be an extremal subset. Then the induced metric of E is locally bi-
Lipschitz equivalent to its induced intrinsic metric. Moreover, the
local Lipschitz constant at point p € E can be expressed in terms
of m, x and volume of a ball v = vol B,(p) for some (any) r > 0.

From lemma 4.1.5, it follows that for two sufficiently close points
x,y € E near p there is a point z so that (V,dist,, %) > ¢ or
(Vydist,, 7y) > €. Then, for the corresponding point, say z, the

28For a closed subset X C A,and p € X, ¥,X C ¥, denotes the set of tangent
directions to X at p, i.e. the set of limits of 17 for ¢» = p, ¢n € X.

29That follows from the fact that the curves t — gexp(t -14m) starting with ¢, belong
to E and their converge to gexp(t-¢&).
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gradient curve t — @4 () lies in E, it is 1-Lipschitz and the
distance |®%, (x)y| is decreasing with the speed of at least .
Hence the result.
Let A, € Alex™(k), A, SR A without collapse (i.e. dimA = m)
and E, C A, be extremal subsets. Assume E,, — E C A as
subsets. Then
(i) [Kapovitch 2007, 9.1] For all large n, there is a homeomor-
phism of pairs (4, E,) — (A, E). In particular, for all large
n, E, is homeomorphic to F,
(ii) [Petrunin 1997,1.2] E, SR E as length metric spaces (with
the intrinsic metrics induced from A, and A).
The first property is a coproduct of the proof of Perelman’s stability
theorem. The proof of the second is an application of
quasigeodesics .
[Petrunin 1997, 1.4] The first variation formula. Assume A € Alex
and F C A is an extremal subset, let us denote by |«*|g its intrinsic
metric. Let p,q € F and «(t) be a curve in E starting from p in
direction a™(0) € £,E. Then

la(t) q|e = |pg|lE — cos @ -t + oft).

where ¢ is the minimal (intrinsic) distance in X, E between ot (0)
and a direction of a shortest path in F from p to ¢ (if ¢ > 7, we
assume cos = —1).
Generalized Lieberman’s Lemma. Any minimizing geodesic for the
induced intrinsic metric on an extremal subset is a quasigeodesic
in the ambient space.

See 2.3.1 for the proof and discussion.

Let us denote by Ext(z) the minimal extremal subset which contains

(8)

a point z € A. Extremal subsets which can be obtained this way will be
called primitive. Set

Ext®(z) = {y € A|Ext(y) = Ext(z)};

let us call Ext®(x) the main part of Ext(z). Ext°(x) is the same as Ext(z)
with its proper extremal subsets removed. From property 3iii on page 162,
Ext°(z) is open and everywhere dense in Ext(x). Clearly the main parts of
primitive extremal subsets form a disjoint covering of M .

[Perelman—Petrunin 1993, 3.8] Stratification. The main part of
a primitive extremal subset is a topological manifold. In particular,
the main parts of primitive extremal subsets stratify Alexandrov’s
space into topological manifolds.

This follows from theorem 4.1.2 and the Morse lemma (pro-
perty 7 page 181); see also example iii, page 162.
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4.2. Applications. The notion of extremal subsets is used to make
more precise formulations. Here is the simplest example, a version of the
radius sphere theorem:

THEOREM 4.2.1. Let A € Alex™(1), diam A > 7/2 and A have no
extremal subsets. Then A is homeomorphic to a sphere.

From lemma 5.2.1 and theorem 4.1.2, we have A € Alex(1), rad A >
7/2 implies that A has no extremal subsets. Le. this theorem does indeed
generalize the radius sphere theorem 5.2.2(ii).

PRrROOF. Assume p,q € A realize the diameter of A. Since A has no
extremal subsets, from example iii, page 162, it follows that a small spherical
neighborhood of p € A is homeomorphic to R™. From angle comparison,
dist, has only two critical points p and ¢. Therefore, this theorem follows
from the Morse lemma (property 7 page 181) applied to dist),. O

The main result of such type is the result in [Perelman 1997]. It
roughly states that a collapsing to a compact space without proper extremal
subsets carries a natural Serre bundle structure.

This theorem is analogous to the following:

FIBRATION THEOREM 4.2.2. [Yamaguchi].Let A, € Alex™(k) and

Ap GH M, M be a Riemannian manifold.

Then there is a sequence of locally trivial fiber bundles o, : A, — M.
Moreover, o, can be chosen to be almost submetries®® and the diameters of
its fibers converge to 0.

The conclusion in Perelman’s theorem is weaker, but on the other hand
it is just as good for practical purposes. In addition it is sharp, i.e. there
are examples of a collapse to spaces with extremal subsets which do not
have the homotopy lifting property. Here is a source of examples: take a
compact Riemannian manifold M with an isometric and non-free action by
a compact connected Lie group G, then (M x eG)/G S M/G as € — 0

and since the curvature of G is non-negative, by O’Naill’s formula, we get
that the curvature of (M x ¢G)/G is uniformly bounded below.

HOMOTOPY LIFTING THEOREM 4.2.3. Let A, A< A, A, € Alex(k),
A be compact without proper extremal subsets and K be a finite simplicial
complex.

Then, given a homotopy

F:K— A telol]

303 . Lipshitz and co-Lipschitz with constants almost 1.
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and a sequence of maps Go., : K — A, such that Go, — Fy as n — o0
one can extend Gy,, by homotopies

Gt;n K — A
such that Gy, — F; as n — oo.
An alternative proof is based on Lemma 2.3.4.

REMARK 4.2.4. As a corollary of this theorem one obtains that for all
large n it is possible to write a homotopy exact sequence:

e Wk(Fn) — Wk(An) — Wk(A) - 7Tk:—l(Fn) )

where the space F), can be obtained the following way: Take a point p € A,
and fix € > 0 so that dist, : A — R has no critical values in the interval
(0, 2¢). Consider a sequence of points A4,, > p, — p and take F,, = B:(py) C
A, . In particular, if p is a regular point then for large n, F;, is homotopy
equivalent to a regular fiber over p>L.

Next we give two corollaries of the above remark. The last assertion
of the following theorem was conjectured in [Shioya] and was proved in
[Mendonga].

THEOREM 4.2.5. [Perelman 1997, 3.1]. Let M be a complete noncom-
pact Riemannian manifold of nonnegative sectional curvature. Assume that
its asymptotic cone Cones, (M) has no proper extremal subsets, then M
splits isometrically into the product L x N, where L is a compact Riemann-
ian manifold and N is a non-compact Riemannian manifold of the same
dimension as Coneso(M).

In particular, the same conclusion holds if radius of the ideal boundary
of M is at least w/2.

The proof is a direct application of theorem 4.2.3 and remark 4.2.3 for
collapsing

5Mg>Coneoo(M), as ¢ — 0.

THEOREM 4.2.6. [Perelman 1997, 3.2]. Let A, € Aler™(1), A, ~o> A

be a collapsing sequence (i.e. m > dim A ), then Cone(A) contains proper
extremal subsets. In particular, rad A < 7/2.

310t is constructed the following way: take a distance chart G : Bac(p) — RF, k =
dim A around p € A and lift it to A,. It defines a map Gr : Be(pn) — R*. Then take
F, =G;lo G(p) for large n. If A, are Riemannian then F, are manifolds and they
do not depend on p up to a homeomorphism. Moreover, F, are almost non-negatively
curved in a generalized sense; see [KPT, definition 1.4].
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The last assertion of this theorem (in a stronger form) has been proven
in [Grove—Petersen 1993, 3(3)].

The proof is a direct application of theorem 4.2.3 and remark 4.2.3 for
collapsing of spherical suspensions

D(An) 28 ¥ (4), n— oo

5. Quasigeodesics

The class of quasigeodesics®? generalizes the class of geodesics to non-
smooth metric spaces. It was first introduced in [Alexandrov 1945] for
2-dimensional convex hypersurfaces in the Fuclidean space, as the curves
which “turn” right and left simultaneously. This type of curves was studied
further in [Alexandrov—Burago|, [Pogorelov], [Milka 1971]. They were
generalized to surfaces with bounded integral curvature [Alexandrov 1949],
to multidimensional polyhedral spaces [Milka 1968], [Milka 1969] and to
multidimensional Alexandrov’s spaces [Perelman—Petrunin QG].

In Alexandrov’s spaces, quasigeodesics behave more naturally than
geodesics, mainly:

e There is a quasigeodesic starting in any direction from any point;
e The limit of quasigeodesics is a quasigeodesic.

Quasigeodesics have beauty on their own, but also due to the generalized
Lieberman lemma (2.3.1), they are very useful in the study of intrinsic metric
of extremal subsets, in particular the boundary of Alexandrov’s space.

Since quasigeodesics behave almost as geodesics, they are often used
instead of geodesics in the situations when there is no geodesic in a given
direction. In most of these applications one can instead use the radial curves
of gradient exponent, see section 3; a good example is the proof of the-
orem 3.3.1, see footnote 20, page 157. In this type of argument, radial
curves could be considered as a simpler and superior tool since they can
be defined in a more general setting, in particular, for infinitely dimensional
Alexandrov’s spaces.

5.1. Definition and properties. In section 1, we defined A-concave
functions as those locally Lipschitz functions whose restriction to any unit-
speed minimizing geodesic is A-concave. Now consider a curve < in an
Alexandrov’s space such that restriction of any A-concave function to ~
is A-concave. It is easy to see that for any Riemannian manifold v has to
be a unit-speed geodesic. In a general Alexandrov’s space v should only be
a quasigeodesic.

321t should be noted that the class of quasigeodesics described here has nothing to
do with the Gromov’s quasigeodesics in d-hyperbolic spaces.
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DEFINITION 5.1.1. A curve v in an Alexandrov’s space is called quasi-
geodesic if for any A € R, given a A-concave function f we have that f o~
is A-concave.

Although this definition works for any metric space, it is only reasonable
to apply it for the spaces where we have A-concave functions, but not all
functions are A-concave, and Alexandrov’s spaces seem to be the perfect

choice.

The following is a list of corollaries from this definition:

(1)

Quasigeodesics are unit-speed curves. i.e., if y(t) is a quasigeodesic
then for any ty, we have

L O]
t—to |t — t0|

To prove that quasigeodesic « is 1-Lipschitz at some t = g,
it is enough to apply the definition for f = distg(to) and use the
fact that in any Alexandrov’s space dis‘cf7 is (2+O(r?))-concave in
B,(p). The lower bound is more complicated, see theorem 7.3.3.
For any quasigeodesic the right and left tangent vectors v, v~
are uniquely defined unit vectors.

To prove, take a partial limits ¢+ € Ty (1y) for

log¢y) V(to £ 7)
T

, as 7 — 0+

It exists since quasigeodesics are 1-Lipschitz (see the previous prop-
erty). For any semiconcave function f, (f ov)* are well defined,
therefore

(f 0 1) *(to) = dyro) F(€7).

Taking f = distg for different ¢ € A, one can see that &+ is defined
uniquely by this identity, and therefore y¥(tg) = ¢+ .
Generalized Lieberman’s Lemma. Any unit-speed geodesic for the
induced intrinsic metric on an extremal subset is a quasigeodesic
in the ambient Alexandrov’s space.

See 2.3.1 for the proof and discussion.
For any point z € A, and any direction £ € X, there is a quasi-
geodesic v : R — A such that v(0) = z and y*(0) = £.

Moreover, if E C A is an extremal subset and x € E, £ € X, F,
then ~ can be chosen to lie completely in F.

The proof is quite long, it is given in appendix A.

Applying the definition locally, we get that if f is a (1 — xf)-concave
function then f o~ is (1 — kf o)-concave (see section 1.2). In particular,



170 A. PETRUNIN

if A is an Alexandrov’s space with curvature > k, p € A and h,(t) =
pr © disty, oy(t) 33 then we have the following inequality in the barrier sense

hg <1 — Khy.

This inequality can be reformulated in an equivalent way: Let
A € Alex™(k), p € A and v be a quasigeodesic, then function

t = L(I7(0)pl, [y(8)pl, 1)

is decreasing for any ¢ > 0 (if x > 0 then one has to assume t < 7/y/K).
In particular,

Zn(h’(o)p‘v v(®)pl,t) < K(Tz(o),’y'i_(()))

for any ¢ > 0 (if x > 0 then in addition ¢t < 7/\/k).

It also can be reformulated more geometrically using the notion of devel-
oping (see below):

Any quasigeodesic in an Alexandrov’s space with curvature > k, has a
convex k-developing with respect to any point.

DEFINITION OF DEVELOPING 5.1.2. [Alexandrov 1957] Fix a real .

Let X be a metric space, v : [a,b] — X be a 1-Lipschitz curve and
p € X\v.If k > 0, assume in addition that [py(t)| < 7/\/k for all ¢ € [a, b].

Then there exists a unique (up to rotation) curve ¥ : [a,b] — Jl,,
parametrized by the arclength, and such that |o%(t)| = |py(t)| for all ¢ and
some fixed o € JI,;, and the segment 07(t) turns clockwise as ¢ increases
(this is easy to prove). Such a curve 7 is called the k-development of v with
respect 1o p.

The development 7 is called convez if for every t € (a,b), for sufficiently
small 7 > 0 the curvilinear triangle, bounded by the segments oy(t+7) and
the arc J|i—r 4, is convex.

In [Milka 1971], it has been proven that the developing of a quasigeo-
desic on a convex surface is convex.

(5) Let A € Alex™(k), m > 134 A curve v in A is a quasigeodesic if
and only if it is parametrized by arc-length and one of the following
properties is fulfilled:

(i) For any point p € A\~ the k-developing of v with respect to
p is convex.

(ii) For any point p € A, if hy(t) = p, o dist, oy(t), then we have
the following inequality in a barrier sense

hg <1 — khy.

33Function pr : R — R is defined on page 140.
34This condition is only needed to ensure that the set A\7y is everywhere dense.
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(iii) Function
t = L(Iy(0)pl, [y (t)pl, 1)

is decreasing for any ¢ > 0 (if x > 0 then in addition

t <m/VE).

(iv) The inequality

L1 07 H(0)) = LIy (0)pls [4(8)pl 1)

holds for all small ¢ > 0.
The “only if” part has already been proven above, and the “if”
part follows from corollary 3.3.3
(6) A pointwise limit of quasigeodesics is a quasigeodesic. More
generally:

Assume A, SR A, A, € Alex™(k), dim A = m (i.e. it is not
a collapse).

Let v, : [a,b] — A, be a sequence of quasigeodesics which
converges pointwise to a curve v : [a,b] — A. Then ~ is a
quasigeodesic.

As it follows from lemma 7.2.3, the statement in the definition is
correct for any A-concave function f which has controlled convexity
type (A, k). Le. 7y satisfies the property 7.3.4. In particular, the x-
developing of v with respect to any point p € A is convex, and as
it is noted in remark 7.3.5, « is a unit-speed curve. Therefore, from
corollary 3.3.3 we get that it is a quasigeodesic.

Here is a list of open problems on quasigeodesics:

(i) Is there an analog of the Liouvile theorem for “quasigeodesic flow”?
(ii) Is it true that any finite quasigeodesic has bounded variation of turn?
or
Is it possible to approximate any finite quasigeodesic by sequence of
broken lines with bounded variation of turn?
(iii) Is it true that in an Alexandrov’s space without boundary there is an
infinitely long geodesic?

As it was noted by A. Lytchak, the first and last questions can be reduced
to the following: Assume A is a compact Alexandrov’s m-space without
boundary. Let us set V(r) = [, vol,(B,(x)), then

V(r) = voly, (A)wpyr™ + o(rmH).

The technique of tight maps makes it possible to prove only that V(r) =
VOl (A)wmr™ + O(r™1). Note that if A is a Riemannian manifold with
boundary then

V(1) = vl (A)wpm ™ + voly, 1 (DA)w!, r™ + o(r™T1).
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5.2. Applications. The quasigeodesics is the main technical tool in
the questions linked to the intrinsic metric of extremal subsets, in particular
the boundary of Alexandrov’s space. The main examples are the proofs of
convergence of intrinsic metric of extremal subsets and the first variation
formula (see properties 5ii and 6, on page 165).

Below we give a couple of simpler examples:

LEMMA 5.2.1. Let A € Alex™ (1) and rad A > w/2. Then for any p € A
the space of directions ¥, has radius >m/2.

PROOF. Assume that X, has radius <7 /2, and let £ € 3, be a direc-
tion, such that Be(w/2) = ¥,. Consider a quasigeodesic v starting at p in
direction £.

Then for ¢ = ~(n/2) we have By(r/2) = A. Indeed, for any point
z € A we have £(£,17) < 7/2. Therefore, by the comparison inequality
(property 5iv, page 171), |zq| < /2. This contradicts our assumption that
rad A > /2. O

COROLLARY 5.2.2. Let A € Alex™(1) and rad A > 7w/2 then

(i) A has no extremal subsets.
(ii) [Grove—Petersen 1993|(radius sphere theorem) A is homeomorphic
to an m-sphere.

Yet another proof of the radius sphere theorem follows immediately from
[Perelman—Petrunin 1993, 1.2, 1.4.1]; theorem 4.2.1 gives a slight gener-
alization.

PRrROOF. Part (i) is obvious.

Part (ii): From lemma 5.2.1, rad¥, > 7/2. Since dim3¥, < m, by
the induction hypothesis we have X, ~ S™m=1. Now the Morse lemma (see
property 7, page 181) for dist, : A — R gives that A ~ 3(X,) ~ S™, here
Y (X,) denotes a spherical suspension over 3. O

6. Simple functions

This is a short technical section. Here we introduce simple functions,
a subclass of semiconcave functions which on one hand includes all func-
tions we need and in addition is liftable; i.e. for any such function one can
construct a nearby function on a nearby space with “similar” properties.

Our definition of simple function is a modification of two different def-
initions of so called “admissible functions” given in [Perelman 1993, 3.2
and [Kapovitch 2007, 5.1].

DEFINITION 6.1.1. Let A € Alex, a function f: A — R is called simple if
there is a finite set of points {g;})¥; and a semiconcave function © : R¥ — R
which is non-decreasing in each argument such that

. .92 ) . .9
f(z) = O(disty,, dist,, ..., dist )
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It is straightforward to check that simple functions are semiconcave.
Class of simple functions is closed under summation, multiplication by a
positive constant®® and taking the minimum.

In addition this class is liftable; i.e. given a converging sequence of Alex-
androv’s spaces A, SH A and a simple function f : A — R there is a
way to construct a sequence of functions f, : A, — R such that f, — f.

Namely, for each ¢; take a sequence A, > ¢;n — ¢ € A and consider
function f, : A, — R defined by

fo = O(disty, ,distz, ... dist7 ).

6.2. Smoothing trick. Here we present a trick which is very use-
ful for doing local analysis in Alexandrov’s spaces, it was introduced in
[Otsu—Shioya, section 5].

Consider function

dist, = 7{ dist, dz.
Be(p)
In this notation, we do not specify £ assuming it to be very small. It is easy

to see that agjcp 1s semiconcave.
Note that

d, dist,, = jq{ d, dist, dz.
B:(p)

If y € A isregular, i.e. T, is isometric to Euclidean space, then for almost all
x € B.(p) the differential d, dist, : T, — R is a linear function. Therefore

dist, is differentiable at every regular point, i.e.
d,dist, : T, — R

is a linear function for any regular y € A.
The same trick can be applied to any simple function

f(z) = O©(dist?,, dist?, ..., dist2 ).

q1° q2’

This way we obtain function

dist?

ol "

O(dist?

o .. ,distz,N)da:ldxg codry,

fo - ¢
Be(q1) % Be(gq2) XX Be(an)

which is differentiable at every regular point, i.e. if T is isometric to the
Euclidean space then
dyf :Ty =R

is a linear function.

35As well as multiplication by positive simple functions.
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7. Controlled concavity

In this and the next sections we introduce a couple of techniques
which use comparison of m-dimensional Alexandrov’s space with a model
space of the same dimension JI" (i.e. simply connected Riemannian man-
ifold with constant curvature k). These techniques were introduced in
[Perelman 1993] and [Perelman DC].

We start with the local existence of a strictly concave function on an
Alexandrov’s space.

THEOREM 7.1.1. [Perelman 1993, 3.6]. Let A € Alex.

For any point p € A there is a strictly concave function f defined in an
open neighborhood of p.

Moreover, given v € T}, the differential, d,f(x), can be chosen arbitrar-
ily close to x — —(v,x)

Proor. Consider the real function

Pre(@) = (w—1) = cle —r)*/r,

so we have
SOT,C(T> = O, QO;”,C(T’) =1 (p;“/,c(r) = —26/7’.

Let v be a unit-speed geodesic, fix a point ¢ and set
alt) = £(r*(1),1).

If r > 0 is sufficiently small and |gy(t)| is sufficiently close to r, then direct
calculations show that

— 2
(9re o disty 07)'(1) < 2=l
r
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Now, assume {¢;}, i = {1,.., N} is a finite set of points such that |pg;| =
r for any i. For z € A and & € 3, set a;(&) = £(&,1F). Assume
we have a collection {g;} such that for any = € B.(p) and &, € X, we
have max; |a;(&z) — /2| = € > 0. Then taking in the above inequality
¢ > 3N/ cos?e, we get that the function

f= Z @r.c o distg,
i

is strictly concave in B (p) for some positive &' < ¢.

To construct the needed collection {g¢;}, note that for small » > 0 one
can construct N5 > Const /6™~ points {g;} such that |pg;| = r and
£.qipg; > 0 (here Const = Const(%,) > 0). On the other hand, the set of
directions which is orthogonal to a given direction is smaller than S™~2 and
therefore contains at most Const(m)/6(™2) directions with angles at least
. Therefore, for small enough 6 > 0, {¢;} forms the needed collection.

If r is small enough, points g; can be chosen so that all directions 17
will be e-close to a given direction & and therefore the second property
follows. O

Note that in the theorem 7.1.1 (as well as in theorem 7.2.2), the function
f can be chosen to have maximum value 0 at p, f(p) =0 and with d, f(x)
arbitrary close to —|z|. It can be constructed by taking the minimum of the
functions in these theorems.

In particular it follows that

CLAIM 7.1.2. For any point of an Alexandrov’s space there is an arbitrary
small closed convex neighborhood.

By rescaling and passing to the limit one can even estimate the size of
the convex hull in an Alexandrov’s space in terms of the volume of a ball
containing it:

LEMMA ON CONVEX HULLS 7.1.3. [Perelman—Petrunin 1993, 4.3]. For
any v > 0, r > 0 and Kk € R, m € N there is ¢ > 0 such that, if
A € Alex™ (k) and vol By(p) = v then for any p < er,

diam Conv B,(p) < p/e.

In particular, for any compact Alexandrov’s A space there is Const € R
such that for any subset X C A

diam (Conv X') < Const - diam X.

7.2. General definition. The above construction can be generalized
and optimized in many ways to fit particular needs. Here we introduce one
such variation which is not the most general, but general enough to work in
most applications.
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Let A be an Alexandrov’s space and f: A — R,

f=O(dist? ,dist?,, ... dist] )
be a simple function (see section 6). If A is m-dimensional, we say that
such a function f has controlled concavity of type (A, k) at p € A, if for any
e > 0 there is § > 0, such that for any collection of points {p,;} in the
model m -space>0 JI? satisfying

|GiGj] > |¢igj| — 0 and Hﬁ(ji] - ]pq,-H < ¢ for all 4,7,
we have that the function f : J* — R defined by

f = O(dist2 , dist?

. .2
e qz,..,dlstqn)

is (A — ¢)-concave in a small neighborhood of p.
The following lemma states that the conrolled concavity is stronger than
the usual concavity.

LEMMA 7.2.1. Let A € Alex™(k).
If a simple function
f=0(dist dist? ,...dist; ), f:A—>R
has a conrolled concavity type (A, k) at each point p € Q, then f is
A-concave in §2.

The proof is just a direct calculation similar to that in the proof of 7.1.1.
Note also, that the function constructed in the proof of theorem 7.1.1 has
controlled concavity. In fact from the same proof follows:

EXISTENCE 7.2.2. Let A € Alex, p € A, A,k € R. Then there is a
function f of controlled concavity (A, k) at p.

Moreover, given v € T),, the function f can be chosen so that its differ-
ential d,f(x) will be arbitrary close to x — —(v, ).

Since functions with a conrolled concavity are simple they admit liftings,
and from the definition it is clear that these liftings also have controlled
concavity of the same type, i.e.

CONCAVITY OF LIFTING 7.2.3. Let A € Alex™.
Assume a simple function

[ A= R, f=0O(dist] ,dist?, .., dist] )

q1’ q2°
has controlled concavity type (A, k) at p.

36ie. a simply connected m-manifold with constant curvature .
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Let A, € Alex™(k), Ay, CH Y4 (so, no collapse) and {pn},{din} € An
be sequences of points such that p, —p € A and q;n — ¢ € A for each i.
Then for all large n, the liftings of f,

fo: Ay =R, fr=0O(disty disty, .. dist; )
have controlled concavity type (\,K) at py .

In other words, if f: A — R has controlled concavity type (A, k) at all
points of some open set 2 C A, then f, : A, — R have controlled concavity
type (A, k) at all points of some sequence of open sets €, C A, , such that
Q,, complement-converges to Q (i.e. 4,\Q, — A\Q in Hausdorff sense).

7.3. Applications. As was already noted, in the theorems 7.1.1 and
7.2.2, the function f can be chosen to have a maximum value 0 at p,
and with dpf(z) arbitrary close to —|z|. This observation was used in
[Kapovitch 2002] to solve the second part of [Petersen 1996, problem 32]:

PETERSEN’S PROBLEM 7.3.1. Let A be a smoothable Alexandrov’s
m-space, i.e. there is a sequence of Riemannian m-manifolds M, with

curvature = k such that M, GHH A.
Prove that the space of directions Y, A for any point x € A is homeo-
morphic to the standard sphere.

Note that Perelman’s stability theorem only gives that ;A has to be
homotopically equivalent to the standard sphere.

SKETCH OF THE PROOF. Fix a big negative A and construct a function
[+ A— R with d,f(z) = —|z| and controlled concavity of type (A, k).
From 7.2.1, the liftings f, : M,, — R of f (see 7.2.3) are strictly concave
for large n. Let us slightly smooth the functions f,, keeping them strictly
concave. Then the level sets f, !(a), for values of a, which are little below
the maximum of f,,, have strictly positive curvature and are diffeomorphic
to the standard sphere?”.

Let us denote by p, € M, a maximum point of f,. Then it is not
hard to choose a sequence {a,} and a sequence of rescalings {s,} so that
(80 My, pn) SR (T, 0p) and s, f,, H(an) C sp M, converge to a convex hyper-
surface S close to ¥, C T},. Then, from Perelman’s stability theorem, it fol-
lows that S and therefore ¥, is homeomorphic to the standard sphere. [

REMARK. From this proof it follows that ¥, is itself smoothable. More-
over, there is a non-collapsing sequence of Riemannian metrics g, on S™~!

such that (S™1, g,) ALY Y. This observation makes possible to proof a
similar statement for iterated spaces of directions of smoothable Alexandrov
space.

37Since f has only one critical value above a and it is a local maximum.
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In the case of collapsing, the liftings f, of a function f with controlled
concavity type do not have the same controlled concavity type.

Nevertheless, the liftings are semiconcave and moreover, as was noted in
[Kapovitch 2005], if M,, is a sequence of m + k-dimensional Riemannian

manifolds with curvature > x, M, CGH A, dim A = m, then one has a good
control over the sum of k41 maximal eigenvalues of their Hessians. In partic-
ular, a construction as in the proof of theorem 7.1.1 gives a strictly concave
function on A for which the liftings f, on A, have Morse index < k. It
follows that one can retract an e-neighborhood of p, to a k-dimensional
CW-complex®®, where p,, € A4, is a maximum point of f, and e does not
depend on n. This observation gives a lower bound for the codimension of a
collapse® to particular spaces. For example, for any lower curvature bound
%, the codimension of a collapse to X (HP™)%? is at least 3, and for ¥(CaP?)
is at least 8 (it is expected to be 00). In addition, it yields the following the-
orem, which seems to be the only sphere theorem which does not assume
positiveness of curvature.

FUNNY SPHERE THEOREM 7.3.2. If a 4(m + 1) Riemannian manifold
M with sectional curvature >k is sufficiently close*' to S(HP™), then it is
homeomorphic to a sphere.

The controlled concavity also gives a short proof of the following result:
THEOREM 7.3.3. Any quasigeodesic is a unit-speed curve.

Proor. To prove that a quasigeodesic v is 1-Lipschitz at some ¢ = tg,
it is enough to apply the definition for f = distg(to) and use the fact that in

any Alexandrov’s space dis‘cf7 is (2 4+ O(r?))-concave in B, (p).

Note that if A,, A € Alex™(k), A, SH A without collapse, and ~, in
A, is a sequence of quasigeodesics which converges to a curve v in A, then
~ has the following property??:

PRrROPERTY 7.3.4. For any function f on A with controlled concavity
type (A, k) we have that f o~y is A-concave.

If v is a quasigeodesic in A with «(0) = p, then the curves (t/s) are
quasigeodesics in sA. Therefore, as s — 0o, the limit curve

_[lth*O) i 120
Yoo ) = | tj4(0) if £ <0

381t is unknown whether it could be retracted to an k-submanifold. If true, it would
give some interesting applications.

39n our case, it is k; the difference between the dimension of spaces from the col-
lapsing sequence and the dimension of the limit space.

40ie. a spherical suspension over HP™.

4L e. e-close for some & = e(k, m).
42From statement 6, page 171, we that v is a quasigeodesic, but its proof is based on

this theorem.
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in 7, has the above property. By a construction similar*?® to theorem 7.1.1,
for any € > 0 there is a function f of controlled concavity type (—2+¢, —¢)
on a neighborhood of 4+ € T, such that

ft-7) ==t =1 +o((t—1)%).
Applying the property above we get [y*(0)| > 1. O

REMARK 7.3.5. Note that we have proven a slightly stronger statement;
namely, if a curve v satisfies the property 7.3.4 then it is a unit-speed
curve.

QUESTION 7.3.6. Is it true that for any point p € A and any ¢ > 0,
there is a (—24¢)-concave function f, defined in a neighborhood of p, such
that f,(p) =0 and f, > —dist>?

Existence of a such function would be a useful technical tool. In particu-
lar, it would allow for an easier proof of the above theorem.

8. Tight maps

The tight maps considered in this section give a more flexible version of
distance charts.

Similar maps (so called regular maps) were used in [Perelman 1991,
Perelman 1993]; in [Perelman DC], they were modified to nearly this
form. This technique is also useful for Alexandrov’s spaces with upper cur-
vature bound, see [Lytchak—Nagano].

DEFINITION 8.1.1. Let A € Alex™ and €2 C A be an open subset. A

collection of semiconcave functions fo, f1,..., fe on A is called tight in Q if
sup {d.fi(Vzf;)} <O0.
T€Q, i#£]

In this case the map
F:Q=RY Fras (fo(z), filz),. .., fol@))

is called tight.
A point x € Q is called a critical point of F if min; d, f; < 0, otherwise
the point z is called regular.

438etting v =~5(0) € T, and w = 2y%(0), this function can be presented as a sum

f =A@, o disto +p,c o distu) + B> @y o o disty,,

for appropriately chosen positive reals A, B, r, r’, ¢, ¢ and a collection of points g;
such that, Lopg; = Loopgs = /2, |pg;| = 7.
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MAIN EXAMPLE 8.1.2. If A € Alex™ (k) and ag,aq,...,as,p € A such
that

Lpaipaj > /2 for all i# j
then the map x — (|apz|, |a1z|, ..., |agz|) is tight in a neighborhood of p.

The inequality in the definition follows from inequality (%) on page 144
and a subsequent to it example (ii).
This example can be made slightly more general. Let fy, fi,..., f¢r be a
collection of simple functions
fi = ©i(dist?, ,dist?, ,,...,dist2 )

ay;? az,;T’

and the sets of points K; = {ay;} satisfy the following inequality

Lyxpy > m/2 forany z € K;, ye Kj, i#].

Then the map = — (fo(x), f1(x),..., fe(x)) is tight in a neighborhood of p.
We will call such a map a simple tight map.

Yet further generalization is given in the property 1 below.

The maps described in this example have an important property, they
are liftable and their lifts are tight. Namely, given a converging sequence

An G A, A, € Alex™ (k) and a simple tight map F : A — R around
p € A, the construction in section 6 gives simple tight maps F, : A, — R’
for large n, F, — F.

I was unable to prove that tightness is a stable property in a sense
formulated in the question below. It is not really important for the theory
since all maps which appear naturally are simple (or, in the worst case
they are as in the generalization and as in the property 1). However, for
the beauty of the theory it would be nice to have a positive answer to the
following question.

QUESTION 8.1.3. Assume A, CR A, A, € Aled™(k), f,g: A—Risa
tight collection around p and fn, g, : An — R, fnn = f, gn — g are two
sequences of A-concave functions and A, 3 p, — p € A. Is it true that for
all large n, the collection f,, g, must be tight around p,?

If not, can one modify the definition of tightness so that

(i) it would be stable in the above sense,
(ii) the definition would make sense for all semiconcave functions
(iii) the maps described in the main example above are tight?

Let us list some properties of tight maps with sketches of proofs:

(1) Let = — (fo(x), fi(z),..., fe(z)) be a tight map in an open subset
Q C A, then there is € > 0 such that if gg, g1, ..., gn is a collection
of e-Lipschitz semiconcave functions in {2 then the map

z = (fo(x) + g0(x), fr(@) + g1(2), - ., fo(x) + ge(x))
is also tight in 2.
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The set of regular points of a tight map is open.

Indeed, let x € Q be a regular point of tight map F' = (fo, f1,

.., fr). Take real X so that all f; are A-concave in a neighborhood

of z. Take a point p sufficiently close to x such that d.f;(1%) >
0 and moreover f;(p) — fi(x) > Azp|?/2 for each i. Then, from
A-concavity of f;, there is a small neighborhood €2, > x such that
for any y € Q, and i we have dy f;(1}) > ¢ for some fixed £ > 0.
If one removes one function from a tight collection (in ) then
(for the corresponding map) all points of 2 become regular. In
other words, the projection of a tight map F to any coordinate
hyperplane is a tight map with all regular points (in ).

This follows from the property 3 on page 149 applied to the
flow for the removed f;.
The converse also holds, i.e. if F' is regular at = then one can find
a semiconcave function g such that map z +— (F(z),g(2)) is tight
in a neighborhood of z. Moreover, g can be chosen to have an
arbitrary controlled concavity type.

Indeed, one can take g = dist,, where p as in the property 2.
Then we have

dzg(v) = —max(¢, v)
cenk

and therefore

dzg(Vafi) = —max(&, Vo fi) < —maxd, f(§) < —e.
gent cend

On the other hand, from inequality (#*) on page 144 and example
(ii) subsequent to it, we have

dzfz(vzg) + min dzfz(g) <0.
gt

The last statement follows from the construction in theorem 7.1.1.
A tight map is open and even co-Lipschitz** in a neighborhood of
any regular point.

This follows from lemma 8.1.4.
Let A € Alex, Q C A be an open subset. If F : Q — R is tight
then ¢ < dim A.

Follows from the properties 3 and 5.
Morse lemma. A tight map admits a local splitting in a neighbor-
hood of its regular point, and a proper everywhere regular tight
map is a locally trivial fiber bundle. Namely

447 map F : X — Y between metric spaces is called L-co-Lipschitz in 2 C X if for
any ball B,(z) C Q we have F(B,(z)) D B,/ (F(z)) in Y.
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(i) If F:Q — R is a tight map and p € Q is a regular point,
then there is a neighborhood 2 O €, > p and homeomor-
phism

h:Y x F(Q,) — Qp,

such that F o h coincides with the projection to the second
coordinate T x F () — F(€p).

(ii) If F: Q — A C R is a proper tight map and all points in
A C R! are regular values of F', then F is a locally trivial
fiber bundle.

The proof is a backward induction on ¢, see [Perelman 1993, 1.4],
[Perelman 1991, 1.4.1] or [Kapovitch 2007, 6.7].

The following lemma is an analog of lemmas [Perelman 1993, 2.3] and
[Perelman DC, 2.2].

LEMMA 8.1.4. Let = be a regular point of a tight map

Fraze (fo(z), i), ..., fo(x)).

Then there is € > 0 and a neighborhood €, > x such that for any y €
and i € {0,1,...,0} there is a unit vector w; € ¥, such that df;(w;) > €
and dg fj(w;) =0 for all j #1i.

Moreover, if E C A is an extremal subset and y € E then w; can be
chosen in Ly E.

Proor. Take p as in the property 2 page 181. Then we can find a
neighborhood €, > x and € > 0 so that for any y € €,

(i) dyfi(1h) > ¢ for each ;
(i) —dyfi(Vyfj) >e. forall i #j.

Note that if «(t) is an f;-gradient curve in €, then

(fica)™ >0 and (fjoa)t < —¢ for any j # .

Applying lemma 2.1.5 for (sA,y) GH Ty, slfi = fi(y)] = dyfi, we get the
same inequalities for d, f;-gradient curves on T, i.e. if 3(t) is an dyf;-
gradient curve in T}, then

(dyfioB)" >0 and (dyfjoB)" < —¢ for any j #i.

Moreover, dyf;j(v) > 0 implies (V,d,fi,19) < 0, therefore in this case
B > 0.
Take wg € Ty to be a maximum point for d, fo on the set

{veTylfi(v) = 0,]v] <1}
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Then
dy fo(wo) = dy fo(1h) > e.
Assume for some j # 0 we have f;(wg) > 0. Then

Igéin{dwodyfia d'woy} < 07
i#]

where the function v is defined by v : v — —|v|; this is a concave function
on T, . Therefore, if §;(t) is a d,f;-gradient curve with an end?® point at
wp, then moving along B; from wo backwards decreases only d,f;, and

increases the other d, f; and v in the first order; this is a contradiction.
To prove the last statement it is enough to show that wg € T}, E', which
follows since T, E C T}, is an extremal subset (see property 2 on page 164).
O

MAIN THEOREM 8.1.5. Let A € Alex™(k), 2 C A be the interior of a
compact convex subset, and

F:Qo5RAY Fizes (fo(z), filz),..., fe(z))

be a tight map. Assume all f; are strictly concave. Then
(i) the set of critical points of F' in € forms an ¢-submanifold M
(ii) F: M — R is an embedding.
(iii) F(M) C R is a convex hypersurface which lies in the boundary of
F(Q)%,

REMARK 8.1.6. The condition that all f; are strictly concave seems to
be very restrictive, but that is not really so; if = is a regular point of a tight
map F then, using properties 1 and 4 on page 180, one can find € > 0 and
g such that

F' oy (foly) +e9(v), .- foly) +e9(y), 9(y))

is tight in a small neighborhood of z and all its coordinate functions are
strictly concave. In particular, in a neighborhood of = we have

F=LoF'
where L : R*2 — R ig linear.

COROLLARY 8.1.7. In the assumptions of theorem 8.1.5, if in addi-
tion m = £ then M = Q, F(Q) is a convex hypersurface in R™ and
F :Q — R™ s q locally bi-Lipschitz embedding. Moreover, each projection
of F to a coordinate hyperplane is a locally bi-Lipschitz homeomorphism.

451t does exist by property 3 on page 149.
461n fact F(M) = OF(Q) N F(Q).
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PROOF OF THEOREM 8.1.5. Let 7 : [0,s] = A be a minimal unit-speed
geodesic connecting x,y € 2, so s = |zy|. Consider a straight segment ¥
connecting F'(z) and F(y):

7:[0,8] = R*, 5(t) = Fa) + L [F(y) — F(2)].

s

Each function f; o« is concave, therefore all coordinates of

Fory(t) —7(t)

are non-negative. This implies that the Minkowski sum*”

Q= F(Q) + (R)*!

is a convex set.

Let zp € 2 be a critical point of F'. Since min; d,, f; < 0, at least one of
coordinates of F(x) is smaller than the corresponding coordinate of F(x¢)
for any x € Q. In particular, F' sends its critical point to the boundary
of Q.

Consider map

G Ré+1 — A’ G: (y07y1’ s 7yf) = argmaX{Iniin{f’i - .%}}

where argmax{f} denotes a maximum point of f. The function min;{f;—y;}
is strictly concave; therefore argmax{min;{f; —v;}} is uniquely defined and
G is continuous in the domain of definition.*® The image of G coincides
with the set of critical points of F' and moreover G o F'|y; = idps. Therefore

F| is a homeomorphism™. O

PROOF OF COROLLARY 8.1.7. It only remains to show that F' is locally
bi-Lipschitz.

Note that for any point = € €2, one can find € > 0 and a neighbor-
hood €2, > z, so that for any direction § € ¥, y € €}, one can choose f;,
i €{0,1,...,m}, such that d,f;(§) < —e. Otherwise, by a slight perturba-
tion® of collection {f;} we get a map F : A™ — R™F! regular at y, which
contradicts property 5.

47Equivalently Q= {(z0,z1,...,2¢) € R I(yo,y1,...,9¢) € FQVi z; < i}
48We do not need it, but clearly

G(yo,y1,---,ye) = G(yo+h,y1 +h,...,ye +h)

for any h € R.

4911 general, G is not Lipschitz (even on F(M)); even in the case when all functions
fi are (—1)-concave it is only possible to prove that G is Holder continuous of class
%z (In fact the statement in [Perelman 1991], page 20, lines 2325 is wrong but the
proposition 3.5 is still OK.)

50As in the property 1 on page 180.
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Therefore applying it for ¢ =1 and 15 2y €, we get two values ¢, j
such that

fily) = fi(2) = elyz| and f;(2) = fi(y) > elyz].

Therefore F' is bi-Lipschits.
Clearly i # j and therefore at least one of them is not zero. Hence the
projection map F': x — (fi(x),..., fm(x)) is also locally bi-Lipschitz. O

8.2. Applications. One series of applications of tight maps is Morse
theory for Alexandrov’s spaces, it is based on the main theorem 8.1.5. It
includes Morse lemma (property 7 page 181) and

e Local structure theorem [Perelman 1993]. Any small spherical neighbor-
hood of a point in an Alexandrov’s space is homeomorphic to a cone over
its boundary.

o Stability theorem [Perelman 1991]. For any compact A € Alex™ (k)
there is € > 0 such that if A" € Alex™ (k) is e-close to A then A and A’
are homeomorphic.

The other series is the regularity results on an Alexandrov’s space. These
results obtained in [Perelman DC] are improvements of earlier results in
[Otsu—Shioyal, [Otsu]. It use mainly the corollary 8.1.7 and the smoothing
trick; see subsection 6.2.

e Components of metric tensor of an Alexandrov’s space in a chart are
continuous at each regular point®!. Moreover they have bounded variation
and are differentiable almost everywhere.

e The Christoffel symbols in a chart are well defined as signed Radon
measures.

e Hessian of a semiconcave function on an Alexandrov’s space is defined
almost everywhere. L.e. if f: — R is a semiconcave function, then for
almost any zg € (2 there is a symmetric bi-linear form Hessy such that

f(@) = f(0) + duy f (v) + Hessy (v, ) + of|v]*),

where v = log, z. Moreover, Hessy can be calculated using standard
formulas in the above chart.

Here is yet another, completely Riemannian application. This statement
has been proven by Perelman, a sketch of its proof is included in an appendix
to [Petrunin 2003]. The proof is based on the following observation: if
is an open subset of a Riemannian manifold and F : Q — Rl is a tight
map with strictly concave coordinate functions, then its level sets F'~!(x)
inherit the lower curvature bound.

o Continuity of the integral of scalar curvature. Given a compact Riemann-
ian manifold M, let us define F(M) = [,,Sc. Then F is continuous on

5lie. at each point with Euclidean tangent space.
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the space of Riemannian m-dimensional manifolds with uniform lower
curvature and upper diameter bounds.??

9. Please deform an Alexandrov’s space

In this section we discuss a number of related open problems. They seem
to be very hard, but I think it is worth to write them down just to indicate
the border between known and unknown things.

The main problem in Alexandrov’s geometry is to find a way to vary
Alexandrov’s space, or simply to find a nearby Alexandrov’s space to a given
Alexandrov’s space. Lack of such variation procedure makes it impossible to
use Alexandrov’s geometry in the way it was designed to be used:

For example, assume you want to solve the Hopf conjecture 3. Assume
it is wrong, then there is a volume maximizing Alexandrov’s metrics d on
S? x S? with curvature >1°%. Provided we have a procedure to vary d while
keeping its curvature >1, we could find some special properties of d and in
ideal situation show that d does not exist.

Unfortunately, at the moment, except for boring rescaling, there is no
variation procedure available. The following conjecture (if true) would give
such a procedure. Although it will not be sufficient to solve the Hopf conjec-
ture, it will give some nontrivial information about the critical Alexandrov’s
metric.

CONJECTURE 9.1.1. The boundary of an Alexandrov’s space equipped
with induced intrinsic metric is an Alexandrov’s space with the same lower
curvature bound.

This also can be reformulated as:

CONJECTURE 9.1.17 Let A be an Alexandrov space without boundary.
Then a convex hypersurface in A equipped with induced intrinsic metric is
an Alexandrov’s space with the same lower curvature bound.

This conjecture, if true, would give a variation procedure. For example if
A is a non-negatively curved Alexandrov’s space and f: A — R is concave
(so A is necessarily open) then for any ¢ the graph

A =A{(z,tf(x)) € Ax R}

with induced intrinsic metric would be an Alexandrov’s space. Clearly

GH . . .
Ay — A as t — 0. An analogous construction exists for semiconcave

52In fact F is also bounded on the set of Riemannian m-dimensional manifolds with
uniform lower curvature, this is proved in [Petrunin 2007] by a similar method.

53 . you want to find out if S? x S? carries a metric with positive sectional curvature.
54There is no reason to believe that this metric d is Riemannian, but from Gromov’s

compactness theorem such Alexandrov’s metric should exist.
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55 instead

functions on closed manifolds, but one has to take a parabolic cone
of the product.

It seems to be hopeless to attack this problem with purely synthetic
methods. In fact, so far, even for a convex hypersurface in a Riemann-
ian manifold, there is only one proof available (see [Buyalo]®®) which uses
smoothing and the Gauss formula. There is one beautiful synthetic proof (see
[Milka 1979]) for a convex surface in the Euclidian space, but this proof
heavily relies on Euclidean structure and it seems impossible to generalize
it even to the Riemannian case.

There is a chance of attacking this problem by proving a type of the
Gauss formula for Alexandrov’s spaces. One has to start with defining a
curvature tensor of Alexandrov’s spaces (it should be a measure-valued ten-
sor field), then prove that the constructed tensor is really responsible for the
geometry of the space. Such things were already done in the two-dimensional
case and for spaces with bilaterly bounded curvature, see [Reshetnyak] and
[Nikolaev]| respectively. So far the best results in this direction are given
in [Perelman DC], see also section 8.2 for more details. This approach, if
works, would give something really new in the area.

Almost everything that is known so far about the intrinsic metric of
a boundary is also known for the intrinsic metric of a general extremal
subset. In [Perelman—Petrunin 1993], it was conjectured that an analog
of conjecture 9.1.1 is true for any primitive extremal subset, but it turned
out to be wrong; a simple example was constructed in [Petrunin 1997].
All such examples appear when codimension of extremal subset is >3. So it
still might be true that

CONJECTURE 9.1.2. Let A € Alex(k), E C A be a primitive extremal
subset and codim £ = 2 then E equipped with induced intrinsic metric
belongs to Alex(k)

The following question is closely related to conjecture 9.1.1.

QUESTION 9.1.3. Assume A, S A, A, € Alex™(k), dimA = m (i.e.
it is not a collapse).

Let f be a A-concave function of an Alexandrov’s space A. Is it always
possible to find a sequence of A-concave functions f, : A, — R which
converges to f: A — R?

Here is an equivalent formulation:

QUESTION 9.1.3! Assume A4, S A, A, € Alex™(k), dimA = m (i.e.
it is not a collapse) and 0A = &.

55gee footnote 23 on page 159.
5611 fact in this paper the curvature bound is not optimal, but the statement follows
from nearly the same idea; see [AKP].
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Let S C A be a convex hypersurface. Is it always possible to find a
sequence of convex hypersurfaces S,, C A, which converges to S?

If true, this would give a proof of conjecture 9.1.1 for the case of a
smoothable Alezandrov’s space (see page 177).

In most of (possible) applications, Alexandrov’s spaces appear as limits
of Riemannian manifolds of the same dimension. Therefore, even in this
reduced generality, a positive answer would mean enough.

The question of whether an Alexandrov space is smoothable is also far
from being solved. From Perelamn’s stability theorem, if an Alexandrov’s
space has topological singularities then it is not smoothable. Moreover,
from [Kapovitch 2002] one has that any space of directions of a smooth-
able Alexandrov’s space is homeomorphic to the sphere. Except for the 2-
dimensional case, it is only known that any polyhedral metric of non-negative
curvature on a 3-manifold is smoothable (see [Matveev—Shevchishin]).
There is yet no procedure of smoothing an Alexandrov’s space even in a
neighborhood of a regular point.

Maybe a more interesting question is whether smoothing is unique up to
a diffeomorphism. If the answer is positive it would imply in particular that
any Riemannian manifold with curvature >1 and diam > 7/2 is diffeomor-
phic(!) to the standard sphere, see [Grove—Wilhelm]| for details. Again,
from Perelman’s stability theorem ([Perelman 1991)), it follows that any
two smoothings must be homeomorphic. In fact it seems likely that any two
smoothings are PL-homeomorphic; see [Kapovitch 2007, question 1.3] and
discussion right before it. It seems that today there is no technique which
might approach the general uniqueness problem (so maybe one should try
to construct a counterexample).

One may also ask similar questions in the collapsing case. In [PWZ]
there were constructed Alexandrov’s spaces with curvature >1 which can
not be presented as a limit of an (even collapsing) sequence of Riemann-
ian manifolds with curvature > k > 1/4. In [Kapovitch 2005] there were
found some lower bounds for codimension of collapse with arbitrary lower
curvature bound to some special Alexandrov’s spaces, see section 7.3 for
more discussion. It is expected that the same spaces (for example, the spher-
ical suspension over the Cayley plane) can not be approximated by sequence
of Riemannian manifolds of any fixed dimension and any fixed lower curva-
ture bound, but so far this question remains open.

A. Existence of quasigeodesics
This appendix is devoted to the proof of property 4 on page 169, i.e.

EXISTENCE THEOREM A.0.1. Let A € Alex™ , then for any point © € A,
and any direction £ € 3, there is a quasigeodesic v : R — A such that

2(0) = and v+ (0) = €.
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Moreover if E C A is an extremal subset and x € E, £ € ¥, E then ~
can be chosen to lie completely in E.

The proof is quite long; it was obtained by Perelman around 1992; here
we present a simplified proof similar to [Perelman—Petrunin QG| which
is based on the gradient flow technique. We include a complete proof here,
since otherwise it would never be published.

Quasigeodesics will be constructed in three big steps.

A.2: Monotonic curves — convex curves.
A.3: Convex curves — pre-quasigeodesics.
A.4: Pre-quasigeodesics — quasigeodesics.

In each step, we construct a better type of curves from a given type of
curves by an extending-and-chopping procedure and then passing to a limit.
The last part is most complicated.

The second part of the theorem is proved in the subsection A.5.

A.1. Step 1: Monotonic curves. As a starting point we use radial
curves, which do exist for any initial data (see section 3), and by lemma 3.1.2
are monotonic in the sense of the following definition:

DEFINITION A.1.1. A curve «a(t) in an Alexandrov’s space A is called
monotonic with respect to a parameter value tg if for any A-concave function
fy A >0, we have that function

. foa(tthO)];ooz(to) f)\t2/2

is non-increasing for ¢ > 0.

Here is a construction which gives a new monotonic curve out of two. It
will be used in the next section to construct convex curves.

EXTENTION A.1.2. Let A € Alex, ajla,00) — A and ay : [b,o0) — A
be two monotonic curves with respect to a and b respectively.
Assume

a<b, ai(b)=azd) and of (b) = af (b).

Then its joint

‘ _Jaa(t) if t<b
B:la,00) = A, [B(t) = a;(t) if t>0

is monotonic with respect to a and b.
PRroOOF. It is enough to show that

o foaa(t+a) —J;oal(a) — At?/2

t
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is non-increasing for ¢ > b — a. By simple algebra, it follows from the
following two facts:

e (9 is monotonic and therefore

. foozz(t+b)—];ooz2(b) — At2/2

is non-increasing for ¢ > 0.
e From monotonicity of aq,

(f o a2)™(b) = da, ) f(f (b)) = (f 0 1) ™ (b) <

_ foaa) +fom(a) = Ab—ap/?
= b—a '

O

A.2. Step 2: Convex curves. In this step we construct convex curves
with arbitrary initial data.

DEFINITION A.2.1. A curve 3 : [0,00) — A is called convex if for any
A-concave function f, A > 0, we have that function

t fopB(t) — M\?/2

is concave.

Properties of convex curves. Convex curves have the following prop-
erties; the proofs are either trivial or the same as for quasigeodesics:

(1) A curve is convex if and only if it is monotonic with respect to any
value of parameter.

(2) Convex curves are 1-Lipschitz.

(3) Convex curves have uniquely defined right and left tangent vectors.

(4) A limit of convex curves is convex and the natural parameter con-
verges to the natural parmeter of the limit curves (the proof the
last statement is based on the same idea as theorem 7.3.3).

The next is a construction similar to A.1.2 which gives a new convex
curve out of two. It will be used in the next section to construct pre-
quasigeodesics.

EXTENTION A.2.2. Let A € Alex, (3 : [a,00) = A and [y : [b,00) — A
be two convex curves. Assume

a<b, Pi(b)=pF(b) and B (b) = By (b)
then its joint

vilao0) o A, ) = |20 ¥ t;b

Ba(t) if t20

1S @ CONVEX curve.
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PrOOF. Follows immidetely from A.1.2 and property 1 above. O

EXISTENCE A.2.3. Let A € Alex, x € A and £ € ¥,. Then there is a
convex curve f¢ : [0,00) = A such that $¢(0) =z and 5;(0) =£.

PRrROOF. For v € T A, consider the radial curve

ay(t) = gexp,(tv)

According to lemma 3.1.2 if |v| = 1 then «, is 1-Lipschitz and mono-
tonic. Moreover, straightforward calculations show that the same is true for
lv| < 1.

Fix ¢ > 0. Given a direction & € X, let us consider the following
recursively defined sequence of radial curves a,, (t) such that vg = £ and
vp = of _ (e). Then consider their joint

Pee(t) = ., (t —et/e]).

Applying an extension procedure A.1.2 we get that (B¢, : [0,00) — A is
monotonic with respect to any ¢ = ne.

By property 1 on page 190, passing to a partial limit B¢ — B¢ as € — 0
we get a convex curve [ : [0,00) — A.

It only remains to show that ﬁgr(O) =¢.

Since (¢ is convex, its right tangent vector is well defined and
]Bg(0)| <1°". On the other hand, since (. are monotonic with respect
to 0, for any semiconcave function f we have

A JBEO) = (1 0 6 (0) < T (1 e.) (0) = def(€)
Substituting in this inequality f = dist, with £(1%,£) < e, we get
(B (0),12) > 1 ¢

for any ¢ > 0. Together with |ﬁgr(0)\ < 1 (property 2 on page 190), it
implies that
BH0) = ¢

g

A.3. Step 3: Pre-quasigeodesics. In this step we construct a pre-
quasigeodesic with arbitrary initial data.

DEFINITION A.3.1. A convex curve 7 : [a,b) — A is called a pre-
quasigeodesic if for any s € [a,b) such that |yT(s)] > 0, the curve ~*

defined by
t
v (t) =~ (S + >
g )

57See properties 3 and 2, page 190.
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is convex for ¢ > 0, and if [y*(s)| =0 then v(¢) = v(s) for all ¢ > s.

Let us first define entropy of pre-quasigeodesic, which measures “how
far” a given pre-quasigeodesic is from being a quasigeodesic.

DEFINITION A.3.2. Let v be a pre-quasigeodesic in an Alexandrov’s
space.
The entropy of v, ., is the measure on the set of parameters defined by

py((a,0)) = In [y (a)| — Infy~ (B)].

Here are its main properties:

(1) The entropy of a pre-quasigeodesic v is zero if and only if 7 is a
quasigedesic.
(2) For a converging sequence of pre-quasigeodesics 7, — <, the
entropy of the limit is a weak limit of entropies, fi., — f.
It follows from property 4 on page 190.

The next statement is similar to A.1.2 and A.2.2; it makes a new pre-
quasigeodesic out of two. It will be used in the next section to construct
quasigeodesics.

EXTENTION A.3.3. Let A € Alex, 1 : [a,00) = A and 2 : [b,00) — A
be two pre-quasigeodesics. Assume

a<b, 7(b)=2(b), v (b) ispolar to ’y;'(b) and |’y§'(b)\ < |y (b))
then its joint

_m@) i t<b

v:la,00) = A, A(t) = vo(t) if t>=b

18 a pre-quasigeodesic. Moreover, its entropy is defined by

(be) = Mz and 115 ({b}) = In[y" (b)| — In |y~ (B)].

:u'y|(a,b) = Hyrs Hy

PROOF. The same as for A.1.2. O

EXISTENCE A.3.4. Let A € Alex, x € A and £ € X,. Then there is a
pre-quasigeodesic v : [0,00) — A such that v(0) =z and v*(0) = €.

PrOOF. Let us choose for each point x € A and each direction & € 3,
a convex curve [ : [0,00) — A such that (¢(0) = =z, ﬁg(O) =¢ . Ifv=rg,
then set

51) (t) = B& (Tt)-

Clearly (3, is convex if 0 < r < 1.
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Let us construct a convex curve . : [0,00) — M such that there is a
representation of [0,00) as a countable union of disjoint half-open intervals
[a;,a;), such that |a; — a;| < ¢ and for any t € [a;,a;) we have

W (ai)l = ()] = (1 =)l (ai)]- (%)

Moreover, for each 7, the curve % : [0,00) — A,

20 =7 (00 )

is also convex.

Assume we already can construct v in the interval [0, tpax), and can-
not do it any further. Since 7. is 1-Lipschitz, we can extend it continuously
to [0, tmax). Use lemma 1.3.9 to construct a vector v* polar to v (tmax)
with [v*| < |77 (tmax)|. Consider the joint of ~. with a short half-open
segment of (,, a longer curve with the desired property. This is a contra-
diction.

Let ~ be a partial limit of 7. as € — 0. From property 4 on page 190,
we get that for almost all ¢ we have |y*(t)| = lim |y} (¢)|. Combining this
with inequality (*) shows that for any a > 0

0= (o )

is convex. O

A.4. Step 4: Quasigeodesics. We will construct quasigeodesics in an
m-dimensional Alexandrov’s space, assuming we already have such a con-
struction in all dimensions <m. This construction is much easier for the case
of an Alexandrov’s space with only §-strained points; in this case we con-
struct a sequence of special pre-quasigeodesics only by extending/chopping
procedures (see below) and then pass to the limit. In a general Alexandrov’s
space we argue by contradiction, we assume that € is a maximal open set
such that for any initial data one can construct an 2-quasigeodesic (i.e. a
pre-quasigeodesic with zero entropy on 2, see A.3.2), and arrive at a con-
tradiction with the assumption Q # A.

The following extention and chopping procedures are essential in the
construction:

EXTENTION PROCEDURE A.4.1. Given a pre-quasigeodesic
v 1[0, tmax) = A we can extend it as a pre-quasigeodesic v : [0,00) — A
so that

M'y({tmax}) =0.
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PROOF. Let us set y(tmax) to be the limit of v(t) as t — tyax (it exists
since pre-quasigeodesics are Lipschitz).

From Milka’s lemma A.4.2, we can construct a vector T (tmax) which
is polar to v~ (tmax) and such that |[y* (tmax)| = |7~ (fmax)|- Then extend
by a pre-quasigeodesic in the direction v (tmax). By A.3.3, we get

fir {tmax} = 0 [y (tmax)| = I [y (tmax)| = 0. U

MILKA’S LEMMA A.4.2. (existence of the polar direction). For any unit
vector § € Xy, there is a polar unit vector £, i.e. £ € ¥}, such that

(&v) +{&"v) 20
for any veT,.

The proof is taken from [Milka 1968]. That is the only instance where
we use existence of quasigeodesics in lower dimensional spaces.

PROOF. Since ¥, is an Alexandrov’s (m — 1)-space with curvature >1,
given £ € ¥, we can construct a quasigeodesic in X, of length m, starting
at &; the comparison inequality (theorem 5(5iv)) implies that the second
endpoint £* of this quasigeodesic satisfies

[Enls, + 10 s, = £(&n) +£(n, &) < forall nei,
which is equivalent to the statement that  and {* are polar in Tj,. O

CHOPPING PROCEDURE A.4.3. Given a pre-quasigeodesic vy : [0,00) —
A, for any t >0 and € > 0 there is t >t such that

py ((8,0) <e@+t—t], t—t<e V<e,

where

(1) ~(f)

ProOOF. For all sufficiently small 7 > 0 we have

d(t,t+7) <e
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and from convexity of 4* it follows that
w((t,t+7/3)) < CO*(t,t+ 7).
The following exercise completes the proof. O

EXERCISE A.4.4. Let the functions h, g : Ry — R, be such that for any
sufficiently small s,

h(s/3) < g*(s), s < g(s) and lin&g(s) = 0.
5—
Show that for any € > 0 there is s > 0 such that
h(s) < 10g*(s) and g(s) < e.

Construction in the §-strained case.. From the extension proce-
dure, it is sufficient to construct a quasigeodesic v : [0,7) — A with any
given initial data y*(0) = ¢ € X, for some positive T'= T (p).

The plan: Given € > 0, we first construct a pre-quasigeodesic

Vet [07T) — A, 7;(0) =¢

such that one can present [0,7") as a countable union of disjoint half-open
intervals [a;,a;) with the following property (¢ is defined in the chopping
procedure A.4.3):

,u([ai,di)) < 619((11‘,&1'), a; —a; <€, ﬂ(ai,&i) < E. (*)

Then we show that the entropies 1, ([0,7)) — 0 as ¢ — 0 and passing to
a partial limit of 7. as € — 0 we get a quasigeodesic.

Ezistence of 7.: Assume that we already can construct 7. on an interval
[0, tmax), tmax < T and cannot construct it any further, then applying the
extension procedure A.4.1 for 7. : [0, tmax) — A and then chopping it (A.4.3)
starting from .y, we get a longer curve with the desired property; that is
a contradiction.

Vanishing entropy: From (%) we have that

T + Z 19((1@, C_Lz)] .

Therefore, to show that u,.([0,7)) — 0, it only remains to show that
>;V(a;,a;) is bounded above by a constant independent of ¢.

That will be the only instance, where we apply that p is d-strained for
a small enough ¢.

It is easy to see that thereis e =¢(0) =0 as 6 -0 and T'=T(p) >0
such that there is a finite collection of points {gx} which satisfy the following

1 ([0,T)) <€
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property: for any x € By(p) and £ € ¥, there is g such that £(&,1%) < e.
Moreover, we can assume distg, is A-concave in Br(p) for some A > 0.

Note that for any convex curve v : [0,7) — Br(p) C A, the measures
Xk on [0,7T), defined by

Xk ((a, b)) = (distq, o)~ (b) — (disty, o) " (a) + A(b — a),

are positive and their total mass is bounded by AT + 2 (this follows from
the fact that distg, is A-concave and 1-Lipschitz).

Let z € Bp(p), and § be small enough. Then for any two directions
&, v € Xy there is ¢ which satisfies the following property:

1
Eix(ﬁ, v) < dgdistg, (§) — dydistg, (v) and d,distg, (v) > 0. (%)
Substituting in this inequality
¢ =7ta)/ I ()], v =10,

and applying lemma A.4.5, we get
Hai,a:) = £(&,v) < 102%([%@0)-

Therefore
> d(ai,a;) < 1ON(AT + 2),

O

where N is the number of points in the collection {g}.

LEMMA A.4.5. Let A € Alex, v :[0,t] — A be a convez curve |y (0)
1 and f be a A-concave function, X = 0. Set p = v(0), ¢ = (), &
(7)T(0) and v =1}. Then

dpf (&) = dpf(v) < (fo9)T(0) = (foy)™(8) + ¢,
provided that dyf(v) > 0.

ProOF. Clearly,

f(a) < £(p) + dpf(v)lpal + Alpal®/2 < f(p) + dpf ()t + At /2.
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On the other hand,

Fp) < fg) = (f o)~ ()t + At?/2.
Clearly, dy,f(€) = (f o)™ (0), whence the result. O

What to do now? We have just finished the proof for the case, where
all points of A are d-strained. From this proof it follows that if we denote
by s the subset of all §-strained points of A (which is an open everywhere
dense set, see [BGP, 5.9]), then for any initial data one can construct a pre-
quasigeodesic 7 such that p,(771(Qs)) = 0. Assume A has no boundary;
set € = A\Qjs. In this case it seems unlikely that we hit € by shooting a pre-
quasigeodesic in a generic direction. If we could prove that it almost never
happens, then we obtain existence of quasigeodesics in all directions as the
limits of quasigeodesics in generic directions (see property 6 on page 171)
and passing to doubling in case 0A # @ . Unfortunately, we do not have any
tools so far to prove such a thing®®. Instead we generalize inequality (*).

THE (%) INEQUALITY A.4.6. Let A € Alex™ (k) and € C A be a closed
subset. Let p € € be a point with d-mazximal vol,,_1 3, i.e.

Voly—1 3p +0 > infC voly,—1 2p.
S

Then, if 6 is small enough, there is a finite set of points {q;} and € > 0,
such that for any € € N B.(p) and any pair of directions & € ,¢% and
v € X, we can choose q; so that

1
Eéx(f, v) < dgdisty, (§) — dp distg, (v)  and  d distg, (v) > 0.

PROOF. We can choose ¢ > 0 so small that for any = € B.(p), X, is
almost bigger than Ep.ﬁo Since vol,,—1 X, is almost maximal we get that
for any x € € N B.(p), ¥, is almost isometric to ¥,. In particular, if one
takes a set {g;} so that directions 13’ form a sufficiently dense set and
£qipqj ~ Zﬁqiqu, then directions 1% will form a sufficiently dense set in
¥, for all x € €N B.(p).

Note that for any * € € N B.(p) and ¢ € ¥,€, there is an almost
isometry ¥, — X(X¢X,) such that & goes to north pole of the spherical
suspension X (2¢%,) = 8¢ T,.%

4a;
Using these two properties, we can find ¢; so that Tg%Tg in X,X,A
and £(£,1%) > 7/2, hence the statement follows. O

5814 might be possible if we would have an analog of the Liouvile theorem for “pre-
quasigeodesic flow”.

59%,¢ is defined on page 164.

60i.¢. for small § > 0 there is a map f : 5, — X, such that |f(z)f(y)| > |zy| — 6.

61Othervvise7 taking a point y € ¢, close to z in direction £ we would get that
voly,—1 2y is essentially bigger than vol,,—1 X5, which is impossible since both are almost
equal to vol,,—1%,.
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Now we are ready to finish construction in the general case. Let us define
a subtype of pre-quasigeodesics:

DEFINITION A.4.7. Let A € Alex and 2 C A be an open subset. A
pre-quasigeodesic v : [0,7) — A is called -quasigeodesic if its entropy
vanishes on (2, i.e.

() = 0

From property 2 on page 192, it follows that the limit of {2-quasigeodesics
is a Q-quasigeodesic. Moreover, if for any initial data we can construct an
Q-quasigeodesic and an €)' -quasigeodesic, then it is possible to construct an
Q U Q' -quasigeodesic for any initial data; for T € QU Q’, T-quasigeodesic
can be constructed by joining together pieces of Q and €'-quasigeodesics
and QU -quasigeodesic can be constructed as a limit of Y, -quasigeodesics
as T, - QU .

Let us denote by €2 the maximal open set such that for any initial data
one can construct an -quasigeodesic. We have to show then that Q = A.

Let € = A\Q, and let p € € be the point with almost maximal vol,,_;
Y,. We will arrive to a contradiction by constructing a B.(p) U
2-quasigeodesic for any initial data.

Choose a finite set of points ¢; as in A.4.6. Given € > 0, it is enough to
construct an 2-quasigeodesic 7. : [0,7) — A, for some fixed T > 0 with the
given initial data = € B:(p), £ € X;, such that the entropies p1.((0,7)) — 0
as € = 0.

The Q-quasigeodesic v. which we are going to construct will have the
following property: one can present [0,7) as a countable union of disjoint
half-open intervals [a;,a;) such that

it @) oy e then 4 ([ai,@5)) < e0(ai, @)
‘/y+(a1)| fy(ai) Y 7y ¥ ~ 7y M
and
+
. RN _
if Mgzw(ai)e then p([as,a;)) =0

Existence of 4. is being proved the same way as in the J-strained case,
with the use of one additional observation: if

’Y+ (tmaX)

= I\
o ()] & )

then any -quasigeodesic in this direction has zero entropy for a short time.

Then, just as in the d-strained case, applying inequality A.4.6 we get that
. (0,T) — 0 as € — 0. Therefore, passing to a partial limit . — v gives
a B:(p) U Q-quasigeodesic «y : [0,7) — A for any initial data in B.(p). O
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A.5. Quasigeodesics in extremal subsets. The second part of
theorem A.1.4 follows from the above construction, but we have to mod-
ify Milka’s lemma A.4.2:

EXTREMAL MILKA’S LEMMA A.5.1. Let E C T, be an extremal subset
of a tangent cone then for any vector v € E there is a polar vector v* € E
such that |v| = |v*].

PROOF. Set X = ENY,. If ¥:X # @ then the proof is the same as
for the standard Milka’s lemma; it is enough to choose a direction in ¥¢X
and shoot a quasigedesic v of length 7 in this direction such that v C X
(v exists from the induction hypothesis).

If X = {¢} then from the extremality of E we have B/ (§) = %.
Therefore ¢ is polar to itself.

Otherwise, if XX = @ and X contains at least two points, choose {* to
be closest point in X\¢ from &. Since X C ¥, is extremal we have that for
any 1 € X, £x,n¢*¢ < 7/2 and since ¥ X = @ we have {x n{&* < m/2.
Therefore, from triangle comparison we have

€nls, + n€fs, = £(&n) + £, &) <7 O
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